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ABSTRACT 

Most pavement design methods consider static loading conditions 

in designing and evaluating pavements whereas failure in roads is 

caused mainly by excessive repeated flexural stresses. The behavior of 

stabilized materials under repeated actions of loads is an aspect of 

design that, until recently, has not received much consideration. The 

aim of this investigation is to study the behavior of an asphalt stabi

lized soil subjected to repetitive flexural stresses. Wind-blown sand 

is chosen for this study owing to the fact that the surface of most of 

the world's deserts consists largely of dune sands with little or no 

natural suitable road construction materials available. 

Samples \1\ in. in diameter, manufactured by the Jimenez knead

ing compactor, were tested in the Jimenez def1ectometer machine, which 

is essentially a controlled stress type, under controlled repetitive 

loading. Variables such as (1) asphalt content, (2) testing temperature, 

(3) initial support pressure, (4) radius of loaded area, and (5) speci

men thickness were chosen, to study their effects on the fatigue charac

teristics of the asphalt-stabilized dune sand. 

The study indicated that the resistance to fatigue failure in

creases in a linear logarithmic relationship with the decrease in the 

testing temperature and with the increase in the specimen thickness and 

the radius of loaded area. The trend of the data indicates the exist

ence of a linear relationship between the logarithm of the number of 

load repetitions to failure and the initial support pressure given to 

xx 



the specimen at the start of the test. Moreover, this'study shows the 

existence of an optimum asphalt content at which the number of load rep

etitions to failure and the dynamic modulus of elasticity attain their 

maximum values. This optimum asphalt content value is unique in that 

the testing temperature has no effect on it. It is interesting to note 

that the optimum asphalt content for maximum fatigue life coincides with 

that obtained for maximum stability. 

Knowing the applied stress levels, the support pressures, spec

imen thicknesses, loaded area, effective specimen diameter, measured 

repeated surface deflection, and Poisson's ratio of the material, the 

radial stresses and the dynamic moduli of elasticity were computed using 

modifications to Grashof's equations for stresses and deflections in a 

circular plate. These equations are based on the assumption that the 

material behaves elastically. 

The results of this dissertation indicate that the dynamic modu

lus of elasticity is greatly affected by testing temperature, with which 

it has a linear logarithmic relationship. To a lesser degree, the dy

namic modulus is also affected by specimen thickness, initial support 

pressure, radius of loaded area, and asphalt content. Moreover, this 

study indicates that there exists a linear logarithmic relationship be

tween the fatigue life and both the radial stress and radial strain lev

els. However, there is no evidence that the radial strain is the most 

governing factor in fatigue testing. It is believed that such a finding 

is attributable to the shear deformations resulting from test procedure. 

From the results of the controlled repeated load tests and from 

fatigue and dynamic modulus characteristics and within the framework of 
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the existing layered-elastic system theory, a tentative two-layer pave

ment design procedure is suggested. Design charts that represent re

lationships between the number of load repetitions to failure and the 

pavement thickness are developed based on limiting the tensile strain at 

the underside of the surface layer. The suggested design procedures in

dicate that dune sand-asphalt roads can resist only light to medium 

traffic. 



CHAPTER 1 

INTRODUCTION 

The continuing rapid growth of highway use, along with the in

crease in allowable axle loads, creates demands for improved highway 

systems. Provision for safe, economical, durable, and smooth pavements 

that are capable of carrying the anticipated loads is a necessity. To 

achieve such a goal, any studies toward improving highway services should 

start with an understanding of what is involved. Highway design is not 

an easy matter; it involves many complex and interrelated factors. This 

complexity has led some researchers (Finn, Hudson, McCullough, and Nair, 

1968; Hutchinson and Haas, 1968; Kasianchuk, 1968; Haas and Anderson, 

1969; Kher, Hudson, and McCullough, 1971) to formulate pavement design 

systems in an attempt to pull all those factors together as the first 

step toward improved pavement design methods. Figure 1.1 is an example 

of such a system. As shown in the upper portion of this figure, the 

goal might be the minimization of pavement distresses. 

Hveem (1958) classified the most common types of pavement dis

tress as follows: 

(1) disintegration or raveling of the surface course, 

( 2 )  c r a c k i n g  r e s u l t i n g  f r o m  i n a d e q u a c i e s  i n  t h e  p a v e m e n t  s u r f a c e  

composition, 

( 3 )  I n s t a b i l i t y  o r  p l a s t i c  d e f o r m a t i o n  r e s u l t i n g  f r o m  i n a d e q u a 

cies in the composition of the pavement layers, 

1 
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( 4 )  s l i p p a g e  c r a c k s  r e s u l t i n g  f r o m  l a c k  o f  p r o p e r  b o n d s  b e t w e e n  

layers of pavement structure, 

( 5 )  c r a c k i n g  c a u s e d  b y  w e a k n e s s  i n  t h e  p a v e m e n t  f o u n d a t i o n  m a 

terials, 

( 6 )  d e e p  g r o o v e s  o r  t r a n s v e r s e  w a v e s  c a u s e d  b y  i n a d e q u a c i e s  o f  

the foundation layers, and 

( 7 )  c o m p l e t e  p a v e m e n t  b r e a k t h r o u g h  c a u s e d  b y  a  p o o r  f o u n d a t i o n .  

The above-listed types of distress can be grouped into or related 

to three main modes of failure, namely cracking, deformation, and disin

tegration. The manifestations of each mode of distress, together with a 

listing of the causes associated with each type of distress, were clearly 

identified by Hveem (1962) in the form of a chart, which is represented 

here as Fig. 1.2. Close examination of this figure will reveal that the 

repeated application of load (traffic) either causes or aggravates such 

distresses. 

Deformation of pavements may be transient or permanent as classi

fied by Hveem (1955) and shown in Fig. 1.3. The interest in this present 

research lies in transient deformation. Pavement distress due to such 

deformation can be recognized by a pattern of "chicken-net" or "map" or 

"alligator" cracking of the bituminous surface. Figure 1.4 is an illus

tration of such cracks. This form of cracking has been attributed to the 

fatigue failure of pavements (Hveem, 1955). A complete and a more elab

orate definition of fatigue cracking was given by Vallerga (1967, p. 

473) as follows: 

In answer to Mr. Shook's question then, if I were to look at a 
pavement, I would identify a fatigue crack by the fact that there 
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is generally no rutting associated with fatigue cracking (not 
initially; subsequently there may be, but not initially); that 
the crack is progressive; that the cracks first form generally 
in the wheel path parallel to the direction of traffic, and 
that the cracks link up to form a "chicken-wire" pattern with 
elongated blocks generally oriented with the long axis in the 
direction of traffic. Finally, the development of cracks gen
erally occurs slowly over a relatively long period of time. 
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Fig. 1.3. Types of Pavement Deformation. 

(After Hveem, 1955.) 



Fig. 1. 4. Typical Fatigue Cracking . 

(After Hveem , 1955.) 
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Evidence of fatigue cracks as defined above has been reported by 

many investigators such as Hveem and Carmany (1948), Nijboer and Van Der 

Poel (1953), and Warden (1967). Perhaps the most striking and conclusive 

evidence that distress due to fatigue cracking can and does occur in 

asphalt concrete surfaces of flexible pavements is the one presented by 

Hveem (1955). For the four-lane highway under investigation, cracking 

was first observed and became more clear in the outer lane, which car

ried more than 80% of all the traffic and almost all of the heavily 

loaded trucks. Measurements of the pavement deflection occurring in the 

badly cracked and the uncracked sections of this lane along with those 

in the passing lane are shown in Fig. 1.5. It is evident from this fig

ure that the deflections occurring in both the outer and the passing 

lane are approximately equal. The absence of cracks in the lightly 

traveled lane (passing lane) may be attributed to the smaller number of 

load applications. 

At this point, it should be emphasized that the repetitive ac

tion of wheel loads on pavements is not the sole cause of fatigue crack

ing. There are other factors that, when combined with amount and volume 

of traffic, may cause such failure. Vallerga (1953) gave evidence that 

the resiliency of the foundation layers can cause such cracks. As evi

dence, he offered the following example (p. 232): 

There is a section of road in California that, shortly after con
struction, began to crack without any apparent deflection of the 
surface from original grade. In this case the cause of failure 
was ascribed to the fact that the base is more resilient than the 
surface, and the surface has cracked because of its inability to 
deflect as much or as quickly as the base under repeated wheel 
loading. 
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Dehlen (1962b) reported the results of a detailed investigation 

that was carried out on a heavily traveled South African road. The main 

purpose of his field study was to investigate the causes of the severe 

and extensive "chicken-net" or "alligator" cracking that developed in 

the bituminous surfacing of the road a few years after it had been re

constructed to high standards. Several possible causes were studied, 

which led Dehlen to conclude the following (p. 819): 

Investigations carried out on the road between Pietermaritzburg 
and Durban have revealed that the "chicken-net" cracking which 
developed was due to excessive flexure of the surfacing under 
traffic. It is probable that the fault lay both with the sur
facing, which was probably relatively inflexible, and with the 
foundation, which allowed high flexures under traffic. 

Dehlen's conclusion supports Hveem's (1962) arguments that fatigue crack

ing can be attributed to one or a combination of the following conditions 

(see Fig. 1.3): 

(1) the deforming effect of vehicular traffic, 

(2) resiliency of the foundation layers, and 

(3) stiffness or flexibility of the pavement structure. 

Jimenez and Gallaway (1962b) suggested, also, that the fatigue cracks in 

pavement surfaces are due to highly resilient foundations, heavy loads, 

and/or high traffic volumes. 

By way of conclusion, it may be said that improving the engi

neering properties of the road construction materials, usually known as 

"soil stabilization," will result, among other things, in minimizing the 

total and resilient deformations and in improving the strength and the 

load-spreading capacity of the road structure. The minimization of the 

pavement distresses, such as fatigue, will be the logical consequence. 
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Figure 1.1 supports this argument, as any modifications in the input 

parameters or variables of a system will be reflected by its output. 

Therefore, to reduce these forms of pavement distress, an under

standing of the behavior of road-building materials under repeated 

stresses is highly desirable. Materials such as portland cement and as

phalt concretes have received considerable study along this line as 

opposed to stabilized soils. It is the purpose of this research to in

vestigate the fatigue characteristics of a certain stabilized soil. The 

soil selected for this study is a dune sand. 

Dune sand is a natural resource material that occurs on every 

continent and in almost every climate, as shown in Fig. 1.6 (Rula, 

Grabau, and Miles, 1963). Although the occurrence of dune sand is char

acteristic of desert areas, the sand is also commonly found along the 

shores of,seas, lakes, and large streams (Rula et al., 1963). This type 

of sand usually travels through wind action from place to place, forming, 

when deposited on the ground surface, different shapes such as dunes and 

ripples. Figures 1.7 and 1.8 show one form of sand dunes known as bar-

chans. Ripples, which are waves of sand, are illustrated in Fig. 1.9. 

Star-shaped hills are another form of sand dunes (Fig. 1.10). 

The engineer, in designing a road through sand dune areas, will 

be faced with the following problems: 

(1) The unavailability of natural suitable road construction 

materials, which necessitates either upgrading the available 

material or importing suitable materials to the site. (The 

first choice might be economically more attractive.) 



Fig. 1.6. Location of Sand Dunes. 

(After Rula et al., 1963.) 



Fig. 1.7. A Barchan Dune. 

(Courtesy of Smith, 
1970.) 
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Fig. 1.8. Barchan Dunes on a Limestone Plateau, 
Northwestern Spanish Sahara. 

(From Scovel et al., 1965.) 
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Fig. 1.9. Typical Ripple Dune. 

(From Atlas Photographigue 
d'Algerie, 1952.) 
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Fig. 1.10. Star Dunes on a Sandy 
Surface, Western 
Algeria. 

(From Scovel et al., 
1965.) 

15 
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(2) Protecting the road, after construction, from the drifting 

sand, which might cause one or both of the following 

difficulties: 

(a) Erosion of the fills and the surface, or 

(b) Obscuring and in fact covering the road surface 

with sand, thus creating hazardous situations. 

A research program to solve the above-mentioned points is greatly 

needed in sandy desert areas, such as the Kingdom of Saudi Arabia. The 

solution of such problems will, undoubtedly, result not only in great 

savings in construction and maintenance costs, but also more importantly 

in safer roads through sand drift areas. 

The research program of this dissertation, which is concerned 

with the first problem listed above, is a first step in investigating the 

possibilities of utilizing dune sands as a road construction material.* 

The main purpose of this dissertation is to investigate the fa

tigue characteristics of an asphalt-stabilized dune sand (Yuma Dune 

Sand). Variables such as (a) asphalt content, (b) testing temperature, 

(c) radius of loaded area, (d) initial support pressure, and (e) speci

men thickness were selected to study their effect on the resistance of 

the asphalt-stabilized Yuma Dune Sand to repetitive loading. 

1. Protecting the constructed roads through sand dune areas 
will not be dealt with here. However, it might be mentioned that stabi
lization or fixation of sands in place by use of vegetation, physico-
chemical covers such as bitumen, clay, rubber, or polymers (Petrov, 
1971), and/or the use of sand fences are but a few of the possible solu
tions. Moreover, it should be emphasized that it is difficult, if not 
impossible, to answer this problem in clear-cut fashion. Therefore, the 
aim may be directed toward increasing the periodical maintenance inter
vals of roads. 



Using the results of this investigation along with the theory of 

elastic layered systems, an attempt is made to develop "provisional" 

thickness pavement design charts to be used in roads in sandy desert 

areas. These charts are a step forward and are not to be considered or 

assumed complete by any means. More information about such sandy mate

rials and methods for their improvement is needed. Regional and climatic 

factors are also important to consider. Extensive laboratory studies in 

addition to field work will result, undoubtedly, in a more complete de

sign method that can be used with great confidence in desert areas. 



CHAPTER 2 

REVIEW OF LITERATURE 

Current knowledge (as of 1973) of fatigue characteristics of 

asphalt-stabilized soils, especially dune sands, is practically nil. On 

the other hand, the literature contains a considerable amount of infor

mation regarding such characteristics for asphaltic materials usually 

used for road surfaces and bases. Although the aggregates for these 

mixes are subjected to certain specification controls, they lie within 

the general engineering definition of soils.* In light of this defini

tion, these mixtures may be considered as forms of asphalt-stabilized 

soils. Based on this understanding, therefore, the review of published 

material presented in this chapter is limited to bituminous concrete 

mixes. 

Fatigue, the loss of the material's resistance to repeated stress 

or strain, has been defined by the American Society for Testing and Ma

terials (1963, p. 2), as "...the process of progressive localized perma

nent structural change occurring in a material subjected to conditions 

which produce fluctuating stresses and strains at some point or points 

and which may culminate in cracks or complete fracture after a suffi

cient number of fluctuations." Fatigue was also referred to by Deacon 

1. An example of such a definition was given by Terzaghi and 
Peck (1948, p. 4): "Soil is a natural aggregate of mineral grains that can 
be separated by such gentle mechanical means as agitation in water." 

18 
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(1965, p. 19) as "...the phenomenon of fracture under repeated or fluc

tuating stress having a maximum value generally less than the tensile 

strength of the material." 

The moving traffic on the surfaces of the so-called flexible 

pavements produces, usually, these fluctuating stresses and strains 

(Monismith, Secor, and Blackmer, 1961). The schematic diagrams of Figs. 

2.1 and 2.2 show that a pavement surface is subjected to a wavelike ser

ies of alternating stresses and strains under moving-axle loads. Observ

ing Fig. 2.1 (the case of a single-axle load), one will notice that a 

single point on the surface is subjected to compression when the wheel 

is directly over it and to tension when the load is immediately in front 

of or behind it. Those alternating tensile and compressive strains in 

the surface were confirmed by Monismith et al. (1961), who took measure

ments with elastic resistance strain gauges bonded to the surface of an 

existing pavement. Ttie maximum tensile strains were found to be on the 

order of 1/4 to 1/5 of the maximum compressive strains. 

In the case of the tandem-axle loads as shown in Fig. 2.2, large 

tensile strains are shown to be developed between the axles. The magni

tudes of these developed compressive and tensile strains depend to a 

large degree on the stiffness* of the wearing course. 

For both single- and tandem-axle loads, those fluctuating 

stresses and strains are reversed if points at the underside of the sur

face layer are considered. This means that in the bottom of the asphalt 

1. Stiffness here is defined as the ratio of developed flexural 
stress to strain according to the terminology suggested by Van Der Poel 
(1954). 
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layer large tensile stresses and strain are developed at points directly 

under the center of the loaded area whereas compression exists at points 

just preceding and following that point. Cracking due to fatigue of the 

pavement will eventually occur if those fluctuating stresses and strains 

are repeated enough times. 

The subject of fatigue cracking of asphalt concrete pavements 

or, as termed by Pell (1965), "the lack of flexibility," was and is under 

continuous investigation by several researchers. Excellent summarization 

and evaluation of existing information were attempted by some research

ers such as Jimenez (1962a), Deacon (1965), Pell (1965), Monismith 

(1966a), Finn (1967), Hong (1967), Monismith and Deacon (1969), and Epps 

and Monismith (1972). To this writer's knowledge, the most active work

ers on fatigue behavior of bituminous concrete are Monismith and his as

sociates (Monismith, 1958, 1960, 1966a,b; Monismith, Secor, and Blackmer, 

1961; Monismith, Epps, and Kasianchuk, 1968; Monismith and Deacon, 

1969; Deacon and Monismith, 1967; Epps and Monismith, 1969, 1972), Pell 

and associated researchers (Pell, 1962, 1965, 1967a; Pell, McCarthy, and 

Gardner, 1961; Pell and Brown, 1972; Saal and Pell, 1960), and Jimenez 

(Jimenez, 1962a,b, 1967, 1972a,b; Jimenez and Gallaway, 1962a,b, 1965). 

Other studies that discuss laboratory fatigue behavior were reported by 

Nijboer (1954), Hveem (1955), Papazian and Baker (1959), Dehlen (1962a), 

Bazin and Saunier (1967), Kirk (1967), Vallerga, Finn, and Hicks (1967), 

Epps (1968), Kasianchuk (1968), Maupin (1968, 1970a,b), and Freeme and 

Marais (1973). 
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Results of laboratory fatigue tests* are greatly affected by 

many variables such as type of testing machine, method of testing, en

vironment during testing, and characteristics of specimen to be tested. 

An extensive compilation of those affecting variables was presented by 

Monismith and Deacon (1969). A listing of those variables is presented 

here as Table 2.1. This table will be discussed in Chapter 8. 

It is widely admitted that both loading conditions and mode of 

loading play an important role in the interpretation of fatigue test re

sults. As a matter of fact, confusion usually arises in reviewing fa

tigue literature.^ For example, one author, basing his conclusions on 

his own testing methods, might be able to show that mixtures with softer 

asphalt will produce larger service life than those with harder asphalt. 

Meanwhile, another will arrive at an opposite conclusion based on a dif

ferent test. Both conclusions, unfortunately, are right. This confu

sion can be completely cleared up if one realizes that the first author 

utilized, essentially, controlled strain tests whereas a controlled stress 

type machine was used by the second author (Monismith, 1966a). 

To better understand available fatigue results, therefore, a 

brief review of laboratory test equipment that has been used is in order. 

Results obtained by the use of those different kinds of equipment will 

1. A typical presentation of fatigue test results takes the 
form of a plot usually referred to as the S-N diagram. This is a plot 
of the applied or mobilized stress levels against the corresponding num
ber of cycles to the specified failure point. Plots of strain levels 
against the number of cycles to failure are also sometimes considered. 
Those plots were shown to be linear on a log-log plot (Pell, 1965). 

2. Any reference to fatigue in this dissertation refers to as
phalt concrete only unless otherwise defined within the references cited. 



Table 2.1. Laboratory Test Variables Affecting Fatigue Behavior. 

I. Load Variables 

A. Pattern of Stressing 

1. Types of Stresses 
2. Geometrical Stress Distribution 

B. Time Distribution of Loading 

1. Distribution of Time Between Successive Load 
Applications 

2. Mean Rate of Loading 
3. Shape of Load Curve 
4. Duration of Loading 

C. Testing Method 

1. Load History 
a. Simple Loading 
b. Compound Loading 

2. Mode of Loading 
a. Controlled Stress 
b. Controlled Strain 
c. Intermediate 

II. Environmental Variables 

A. Temperature 
B. Moisture 
C. Alteration of Material Properties During Service Life 

III. Mixture and Specimen Variables 

A. Aggregate 

1. Type 
2. Gradation 

B. Binder 

1. Type 
2. Hardness 

C. Specimens 

1. Bitumen Content 
2. Surface Texture 
3. Air Void Content 
4. An isotropy 
5. Shape 
6. Size 
7. Stiffness 

(After Monismith and Deacon, 1969.) 



be examined in Chapter 8 so that they may be used to support the find

ings of this study. First, however, a discussion on load conditions and 

mode of loading will be made. 

Load Conditions and Mode of Loading 

Deacon (1965, p. 22) defined load condition as "a set of values 

which the appropriate load and environmental variables assume for a^ par

ticular load application." If the load conditions do not change through

out the fatigue life1 of the specimen, the specimen is considered to be 

subjected to simple loading conditions. On the other hand, if the load 

conditions change during the fatigue test, the specimen is said to be 

subjected to compound loading. Since most of the fatigue investigations 

on asphalt concrete utilize simple loading conditions, this discussion 

will be limited to this type of loading. Compound loading, on the other 

hand, has been discussed in considerable detail by Deacon (1965). 

Mode of loading is a term used to describe how stress and strain 

levels are allowed to vary during the fatigue life of the specimen. If 

the nominal stress levelc or load is kept constant throughout the serv

ice life of the specimen, testing is considered to be of the controlled 

stress or controlled load mode. Controlled strain or controlled deflec

tion mode, on the other hand, refers to testing that is performed under 

constant nominal strain or deflection level. 

1. Fatigue life will be defined in this chapter under the sub
heading "Failure." 

2. Nominal stress level refers to the stress at a point calcu
lated on the net cross section by simple elastic theory neglecting pos
sible effects of plastic flow and stress concentration produced by geo
metric discontinuities such as holes, grooves, etc. (American Society 
for Testing and Materials, 1963). 
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Both modes of loading are illustrated in the schematic diagram 

of Fig. 2.3. As seen in Fig. 2.3a, in the case of the controlled stress 

mode, the mobilized strain or deflection increases gradually until the 

designated failure1 is reached. However, in the case of the controlled 

strain mode (Fig. 2.3c), while the nominal strain level is maintained 

constant, the mobilized stress is found to decrease with increase in 

strain cycles to failure. This is true since the specimen is gradually 

damaged with increased number of repetitions, thus requiring less load 

or stress to produce the same deflection or strain. The intermediate 

mode, where both stress and strain levels change during testing, is sche

matically illustrated in Fig. 2.3b. 

The familiar fatigue S-N diagram can be obtained by testing 

identical samples at various stress levels in the controlled stress mode. 

A typical presentation of such a plot is shown in Fig. 2.4a, which was 

shown to be a straight line on a log-log plot (Monismith, 1966a,b; Dea

con, 1965; Epps, 1968). Similarly, a linear relationship on a log-log 

scale between strain levels and number of strain repetitions to failure 

is obtained for simple loading tests performed in the controlled strain 

mode. A typical presentation of such a plot is shown in Fig. 2.4b. 

Also, this relationship is anticipated as postulated by Pell (1965). 

Figure 2.4c combines those relationships along with that of the inter

mediate mode for comparison purposes. 

An excellent hypothetical example was set up by Deacon (1965) to 

compare, theoretically, controlled stress loading to the controlled strain 

1. Failure in fatigue testing will be defined in this chapter 
under the subheading "Failure." 
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mode. In Deacon's example, repeated load tests were assumed to be per

formed on beam specimens arranged as shown in Fig. 2.5. The applied 

load, P, will undoubtedly be resisted both by the specimen and by the 

spring. Thus, in considering the fatigue characteristics of the specimen, 

the stiffness of both the specimen and the spring should be considered. 

P (constant magnitude repetitively 
applied) 

Sprlaft support 

Fig. 2.5. Hypothetical Model with Which Mode of Loading 
Can Be Varied. 

(After Deacon, 1965.) 

If the spring constant is zero, resistance to the load is pro

vided by the specimen only. Therefore, all deflections and thus strains 

occurring in the specimen due to the repetitive action of the applied 

constant load are functions of the stiffness of the specimen. These de

flections, which are uncontrollable, are expected to increase as damage 

progresses due to stress repetitions. In this case, where the ratio be

tween the stiffness of the specimen and that of the spring is infinite, 

controlled stress loading prevails. At the other extreme, where the 
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stiffness ratio is zero (or when the stiffness modulus is very small 

compared to that of the spring), the total load is carried by the sup

porting spring. This implies that all the input energy is utilized in 

deforming the spring. As a result the deflection of the specimen is 

independent of its own stiffness modulus. In this case, controlled 

strain testing results because the strain level remains constant while 

the stress level is decreasing as damage progresses or accumulates. As 

an intermediate case, consider the condition where the stiffness ratio 

is a finite value greater than zero. The repetitive application of the 

constant load, P, will produce progressive amounts of damage to the spec

imen, thus reducing its stiffness, which in turn causes an increase in 

its deflection. In the meantime, this reduction in the specimen's 

stiffness will help in transferring more load to the supporting spring, 

which leads to a reduction in the stress level mobilized by the specimen. 

Differentiating between the different modes of loading can also 

be explained by considering Fig. 2.4c, which represents a log-log plot 

of strain levels versus fatigue life for those modes. Such a fig

ure can be obtained if tests on identical samples are subjected to 

selected stresses and strains that produce identical initial stress and 

strain values for all modes. This figure clearly indicates that a re

duction in the stiffness ratio results in an increase in the fatigue 

life. In a different way, the simple loading tests that utilize con

trolled strain mode produce larger fatigue life than those performed un

der controlled stress loading. This difference is easily understood if 

one considers the total energy expended in both types of tests (see Fig. 

2.6). In controlled stress tests, the total energy is larger than in 
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controlled strain tests. Thus a shorter fatigue life should be expected 

for controlled stress loading at a particular strain level (Monismith, 

1966a). 

Further discussion regarding differences between controlled 

stress and controlled strain modes was given by Pell (1967a) in terms of 

the rate of crack propagation. Pell has indicated that the fatigue life 

of a specimen (and also in the field) consists of the following two main 

parts: (1) the number of cycles of load necessary to initiate a crack, 

and (2) the number of load repetitions necessary for crack propagation. 

Furthermore, Pell has shown that the number of load applications neces

sary for crack initiation is inversely proportional to the fifth or sixth 

power of the strain in the mix, as indicated by the following equation: 

Controlled Stress Teat 

Controlled Strain Test 

Eumber of Load Applications, II 

Fig. 2.6. Energy Input for Controlled Stress 
and Controlled Strain Fatigue Tests. 

(After Epps, 1968.) 



N = k(l/emix)50r6. (2.D 

where 
N = number of cycles to initiate a crack 

k = constant 

emix = strain in mixture, inches per inch. 

With reference to Boyd (1966), Pell (1967a) has stated that the rate of 

crack propagation, on the other hand, depends on the stress and not on 

the strain and, according to Boyd, it is proportional to the second 

power of the stress level. It can be concluded that the number of load 

repetitions required to propagate a crack sufficiently to cause fracture 

is inversely proportional to the square of the stress level. In compar

ing results of controlled stress and controlled strain tests on mixtures 

having the same stiffness, Pell has suggested that crack initiation oc

curs at the same number of load repetitions for both modes of loading. 

However, utilizing Boyd's conclusion, one expects controlled strain 

tests to take a longer time for crack propagation since stress values 

are continually reduced during such tests; thus more repetitions are re

quired to cause failure in the controlled strain mode. Moreover, on the 

basis of Eq. (2.1) and Boyd's conclusion, Pell suggests that lines rep

resenting the total fatigue life of specimens having a large proportion 

of propagation time (controlled strain tests) will be steeper than those 

with small or negligible propagation time (controlled stress tests) (see 

Fig. 2.4c). 

Deacon's hypothetical model gives some insight into the selec

tion of the appropriate modes of laboratory loading for any particular 

pavement. This selection, which is based on the evaluation of the 
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stiffness of the asphalt concrete layer as well as on the over-all 

stiffness of the supporting or the underlying layers, was excellently 

explained by Monismith (1966a). He presented Figs. 2.7 and 2.8, which 

are based on calculations using the theory of elastic layered systems 

and which illustrate changes in strain and stress at the underside of 

the asphalt concrete layer with its stiffness. Figure 2.7 shows that, 

for thin surfacing (2 in. or less), the strain changes a comparatively 

small amount for a large change in the stiffness of the asphalt concrete 

layer. On the other hand, for the same range in stiffness of the sur

face layer, a larger change in the strain is noticed for thicker pave

ments. Considering the stress-stiffness relationships for different 

surface thicknesses, as shown in Fig. 2.8, considerable stress changes 

are associated with thin pavements whereas small variations in stresses 

with mixture stiffness are noticed for thick asphalt layers (4 in. or 

more). From this analysis, Monismith (1967, p. 471) concluded: "For 

thin asphalt bound layers results of controlled-strain tests may be ap

plicable to interpret the fatigue performance of mixtures. For thick 

pavements, on the other hand, the results of control!ed-stress would ap

pear appropriate." 

Failure 

Failure, in general, is a limit point that is arbitrarily de

fined. In fatigue testing, this point is related to the ability of a 

specimen to continue resisting the repetitive applied load as one mass. 

One of the difficulties involved in reviewing fatigue literature is that 

no definite failure point has been agreed upon. Considering, for 
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example, controlled stress tests, failure may be considered as the point 

at which complete fracture occurs (Epps, 1968), or the point at which a 

certain specified percentage reduction in the modulus of rupture occurs 

(Monismith, 1967). 

Pell (1962) defined failure for his controlled strain tests as 

the point at which cracks on the surface of the specimen would interrupt 

the electrical current flow through conducting strips painted on the 

specimen. 

The number of accumulated load repetitions to the specified fail

ure point has been termed as the service life (Ns) or the fracture life 

(Nf) (Monismith, 1966a). Both are equal if complete fracture is the se

lected failure point. 

Equipment and Typical Results 

The literature contains different varieties of equipment and 

test methods used to evaluate the fatigue behavior of asphalt concrete. 

Pell (1965) divided the available research interest into two main cate

gories. The first type includes those methods that try to simulate 

field conditions; the other group is concerned merely with a more funda

mental approach to the problem. For example, the work of Jimenez (1962a) 

can be placed in the first group whereas Pell's work (1962) is of the 

second type. 

In scanning the available information on fatigue, dissimilari

ties in methods and techniques are noticed, such as variation in the 

equipment, the modes of loading, the testing procedures, the geometry of 

specimens, the degree of temperature control, and the definition of 
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failure points. Because of these variations, extreme care should be 

taken in interpreting fatigue test data. One of the most important fac

tors found to affect such interpretation is the mode of loading. Thus, 

in reviewing some of the equipment used in the iiterature, a dividing 

line will be placed between controlled stress and controlled strain 

types. No considerations will be made here of equipment that produces 

intermediate modes of loading, which are rare anyway (Deacon, 1965). 

Controlled Stress Testing 

The work of Van Der Poel, reported by Nijboer (1954) and cited 

by Pell (1965), is considered to be among the first investigations (if 

not the earliest) on fatigue of asphalt concrete. According to Pell, 

Van Der Poel tested cylindrical specimens (1%-in. in diameter and 4 in. 

long, made from sandsheet mix) as horizontal rotating cantilevers each 

with a single load applied at its free end. The rotating specimen was 

immersed in an aqueous alcohol solution to control the testing tempera

ture. All tests were performed at a speed of rotation of 25 cycles per 

second. No mention was made of the failure criterion used. However, 

it is believed that complete fracture might have been considered as the 

failure point. Typical data results of such tests, which were obtained 

at 10°C, are presented in Fig. 2.9. This figure indicates that, when 

the stress and the number of load repetitions at failure are both plot

ted on log-log scales, there exists a linear relationship between them, 

proving that compacted asphaltic materials possess the fatigue 

property. 
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ASPHALT CEMENT PENETRATION, 50/60 

TESTING TEMP, • lO'C 

FREQUENCY OF LOADING, 25 cps 
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Fig. 2.9. Fatigue Test on Sandsheet Asphalt Mixture. 

(After Nijboer, 1954.) 

Monismith (1958) described the development of a testing machine 

to study the fatigue properties of asphalt concrete under a constant re

peated load. A compacted beam specimen, with dimensions of 2 x 3 x 12 

in., was supported by a circular flexible diaphragm mounted on springs 

so as to simulate the base subgrade combination in an actual pavement 

structure. About 110 springs of specified stiffness were used. The 

relative rigidity of this base can be varied by using springs with dif

ferent constants. Repetitive loads of fixed values were applied to the 

specimen at its midpoint. The duration of loading could be varied be

tween 0.2 and 1.1 sec. The frequency of load application could also be 

altered within the range of 45 to 1 per min. Testing was conducted in a 

control led-temperature room that was capable of temperatures from -20°F 

to 90°F. A testing temperature of 75°F was, however, used for most of 
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the tests conducted, with some limited testing done at 40°F. The modulus 

of rupture was used in evaluating the test results. Virgin specimens* 

which were not subjected to repeated loading, were tested statically to 

determine their modulus of rupture. Identical specimens were then sub

jected to a specified number of repetitions, after which their modulus 

of rupture was determined in the same manner as for the virgin ones. A 

comparison between the moduli of rupture serves as an indication of the 

effect of repeated loading. Typical results of the study are shown in 

Figs. 2.10 and 2.11. From these figures, which are self-explanatory, it 

can be concluded that factors such as asphalt content, magnitude of ap

plied load, and aggregate gradation have great effects on the fatigue 

properties of asphaltic paving mixtures. 

Saal and Pell (1960), Pell, McCarthy, and Gardner (1961), and 

Pell (1962, 1965) have conducted extensive laboratory fatigue research 

on molded bitumen and bitumen-bound mixtures. Their main interest was 

to obtain fundamental information about factors affecting the fatigue 

characteristics of such materials. Factors such as testing temperature, 

speed of loading, rest periods, surface conditions of test specimens, 

stiffness, recompaction of test specimens, gradation of aggregates, and 

void contents were all investigated. In later papers Pell (1967a) and 

Pell and Taylor (1969) studied the effect of other factors, such as as

phalt and filler contents, on the fatigue properties of asphaltic mate

rials. Saal and Pell (1960) used a single point-loaded rotating canti

lever system to test sandsheet specimens at varying temperatures ranging 

from -10°C to +20°C. Different types of asphalts were used. A speed of 

rotation of 1500 rpm was employed. It should be mentioned that this 
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machine is similar to the one mentioned by Nijboer (1952). A typical 

result of this method of testing is presented in Fig. 2.12, which, again, 

proves that the relationship between the logarithm of stress and the 

logarithm of the number of cycles to failure are of a linear type. A 

slope of -1/5 was obtained for the line, which can be represented by 

log op = (-1/5)1og N + constant..., (2.2) 

where ap and N are stress level and number of load repetitions to fail

ure, respectively. Moreover, the figure indicates the effect of the 

temperature on the results of this type of loading (controlled stress 

tests). The lower the temperature, the longer is the fatigue life at a 

particular stress level. 

Owing to the shape of the specimen and the system of loading in 

the point-loaded cantilever machine, the maximum stress and therefore 

the point of failure occurred within a small area where the specimen 

joins the end connection, which is a position for stress concentration. 

Because of this, Saal and Pell (1960) developed a constant bending mo

ment cantilever system. Figure 2.13 is a schematic representation of 

such a machine. When the constant moment is applied at the top end of a 

"waisted" specimen (reduced section at the center), the maximum stress 

occurs at the waist section, which is located far enough from the ends 

to prevent any possible stress concentration. Moreover, by using this 

system of loading, no shear stresses will be imposed on the sample, thus 

resulting in another advantage over the pointed-load cantilever system. 

However, both machines operate under essentially the same principle. 
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2.13. Constant Bending Stress Fatigue Machine. 

(After Pell, 1962.) 
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The fatigue tests using the constant bending moment machine were 

performed at speeds ranging from 800 to 3000 rpm. Typical results ob

tained with this machine for different stress levels and different speeds 

and temperatures are shown in Fig. 2.14 (Pell, 1962). This figure also 

shows the scatter band obtained for the results at a temperature of 

-0.5°C as measured by ±2S (where S is the standard deviation in the log

arithm of the cycles to failure). This scatter, which amounts to an 

over-all range of 4:1 in the fatigue life at any stress level, includes 

95% of all results at this temperature (-0.5°C). The results shown in 

Fig. 2.14 agree with those of Fig. 2.12 (obtained by the pointed canti

lever system) in that an increase in the fatigue life, at a particular 

stress level, is associated with a decrease in the testing temperature. 

Moreover, although the relationship between the logarithm of the stress 

and the logarithm of the number of load applications to failure, shown 

in this figure, is linear for all temperatures and speeds over a wide 

range of stress, there still seems to be a nonlinearity at very high 

stress levels. 

For this test and the previous one, failure was defined as a com

plete fracture of the specimen being tested, as indicated in Fig. 2.15. 

By examining the fractured surfaces, Pell (1962) concluded that failure 

generally occurred in the bitumen matrix although an occasional fracture 

took place through some of the larger grains of sand. 

Using Van Der Poel 's nomographs, Pell (1962) calculated the dy

namic stiffness for the various conditions of temperature and speed of 

loading. From those values of stiffness (which is defined as the ratio 

of stress to strain amplitudes) the maximum strain was calculated. 
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Plotting those strains on a logarithmic scale against the logarithm of 

cycles to failure, the straight line shown in Fig. 2.16 was obtained. 

From this figure it can be seen that all the data points lie about a 

straight line regardless of variations in temperature and speed. The 

scatter band shown in the figure represents a difference of 6 to 1, 

which is slightly more than that obtained from tests at one particular 

condition of temperature and speed. Moreover, statistically this band 

includes about 94% of all the results (120 fatigue tests). The regres

sion analysis made on all the data points yielded the following equation 

for the best fitting line 

N = k(S/a)6 (2.3) 

where 
N = number of cycles to failure 

S = stiffness of the sandsheet mix, kg/cm2 

g = applied bending stress, kg/cm2 

k = constant depending on mixture characteristics, in this 
case equal to 1.44 x 10~16. 

Equation (2.3) can be rewritten in terms of maximum strain, e, as 

N = k(l/e)6. (2.4) 

From Fig. 2.16 and Eqs. (2.3) and (2.4), Pell (1962, p. 313) concluded 

that "the fatigue life of a sandsheet mix within the range investigated 

is primarily controlled by the magnitude of the applied strain and not 

by the stress, and that the effects of temperature and speed of loading 

can be accounted for by their effect on the stiffness of the specimen." 



45 

CYCLES TO FAILUflC 

SPtEO ft.P. M. I SOOO 

Fig. 2.16. Fatigue Results of Sandsheet Specimens 
at Various Temperatures and Speeds; Log 
Strain Versus Log Cycles. 

(After Pell, 1962.) 

In 1960, Jimenez (1962a) developed a promising apparatus for 

studying the fatigue characteristics of asphalt concrete. The loading 

and shape of specimens used result in conditions that more closely simu

lated the field conditions than any other approach available. Monismith 

(1966a), in comparing Jimenez's approach to the fatigue problem with 

others', wrote (p. 13): 

The chief drawback to the use of beam specimens is the fact that 
the state of stress under which pavements fail in service is 
at least biaxial whereas the beam specimens are only subjected 
to a uniaxial state of stress. Thus in terms of predicting 
field behavior, it is possible that it may eventually be neces
sary to use slabs or circular specimens such as those tested by 
Jimenez. 
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The equipment developed by Jimenez, which consists of loading and reac

tion systems, is shown schematically in Fig. 2.17. A complete discus

sion of this equipment, adapted for this work, will be given in a sub

sequent chapter. 
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Fig. 2.17. Schematic Diagram of Deflectometer. 

(After Jimenez, 1962a.) 
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Deacon (1965) developed a fatigue testing machine that is cap

able of applying simple as well as multilevel (compound) loading. Both 

controlled stress and controlled strain modes can easily be applied. 

The loading system of this machine consists of three main parts, namely 

the repeated-flexure apparatus shown in Fig. 2.18 (Deacon and Monismith, 

1967), the pneumatic-pressure system, and the control and counting sys

tem. The function of the pneumatic pressure system is to supply con

trolled pneumatic pressure to the double-acting Bell ofram load cylinder 

shown in Fig. 2.18 for converting it to applied dynamic loads. In addi

tion to counting the number of load applications, the control and count

ing system is used for controlling the supplied pneumatic pressure. As 

shown in the figure, a symmetrical two-point load system of the repeated 

flexure apparatus was used. The main purpose of this is to produce an 

area of approximately constant moment over the middle portion of the 

specimen that in turn will produce a maximum constant stress at points 

away from stress concentrations at the load clamps. 

Typical results of controlled stress tests with this equipment 

are shown in Fig. 2.19, which represents the logarithm of fracture life* 

against the logarithm of flexural stress. This figure serves as a good 

indication of the stochastic nature of fatigue testing. 

Using the elastic theory, the bending strains for a simply sup

ported beam loaded at two points as described earlier were calculated 

for all the various stresses shown in Fig. 2.19. Figure 2.20 was ob

tained by plotting those strain values on a log scale versus logarithm 

1. The term fracture life was used because failure was previ
ously defined as the fracture condition. 
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of fracture life in arithmetic scale. Because the scatter indicated in 

this figure is somewhat less than that shown in Fig. 2.19, it can be 

concluded that fatigue life might be governed by bending strains rather 

than by bending stresses. This conclusion agrees with that of Pell 

(1962) as previously mentioned. 

Controlled Strain Testing 

Hveem (1955) is considered to be among the early investigators 

who realized that asphaltic materials do exhibit fatigue properties 

when subjected to repeated loading. The device shown in Fig. 2.21 was 

constructed to measure the fatigue resistance of asphalt pavements. It 

can be seen that the beam specimen was supported on a rigid base at its 

ends and on a sponge-rubber base throughout its length. Loads that 

maintain constant deformation were applied to the center points of the 

specimens by means of a cam system operating at speeds that simulate the 

sequence of wheels on a multiaxle truck. 

Only a few results of fatigue tests were reported for beam spec

imens (2 x 2 x 10 in.) that were cut from actual pavements. When plot

ted on log-log paper, the results indicated a linear relationship be

tween the deflection and the number of repetitions to failure1 as shown 

in Fig. 2.22. 

Papazian and Baker (1959) reported the results of a fatigue in

vestigation that was carried out essentially under a constant deforma

tion type of loading on beam specimens of two different depths: 1H in. 

1. The appearance of cracking was considered to be the failure 
point. 
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and Zh in. Both types of specimens, however, had widths and lengths of 

lh in. and 9 in., respectively. The device used by the authors consisted 

mainly of a constant-speed motor that drove a cam of double eccentricity 

that in turn actuated a lever arm connected to a spring resting on the 

specimen. By these arrangements, an alternate compression and rebound 

of the spring occurred, which resulted in the application of a cyclic 

loading on the middle of the beam specimens. 

The testing procedures used by Papazian and Baker (1959) con

sisted of placing the l%-in.-wide beams on simple supports with a 9-in. 

span. A simply supported steel leaf having a cross-section measurement 

of 3/8 in. by \h in. was placed transversely under the center of and at 

right angles to the specimen. This arrangement was necessary in order 

to bring the deflected beam specimen to its original position after re

moval of the load. Different stiffnesses of the supporting leaf strip 

that simulate an elastic subgrade can be obtained by varying its span 

length. Spans of 12, 14, and 16 in. were used for this purpose. 

The tests were performed in a controlled room temperature of 

75°F and at a speed of 105 load applications per minute with an actual 

loading time of 0.2 sec. Loads were repetitively applied until failure 

occurred; this situation is defined as shown in Fig. 2.23 (page 55), a 

representation of the number of load repetitions against the central de

flection (both in log scales). In this figure, the number of load ap-

lications to failure was defined as that corresponding to the point of 

intersection of the tangents to the curve at the maximum deflection 

point and at the point where the curve deviates from the straight line 

(horizontal in this type of testing). According to this definition, the 



assumption of constant deformation is not valid throughout the test be

cause of the development of a continued increase in deformation that 

must have been preceded by cracking. It might be a better criterion if 

Jimenez's (1962a) definition for failure were adopted because his defi

nition considers the deviation point from the straight line as the fail

ure point. 

When the logarithm of the fatigue life, as defined in Fig. 2.23, 

is plotted against the logarithm of the initial deflection, a linear re

lationship seems to exist, as Fig. 2.24 indicates. This figure shows 

that, at a given deflection, the flexible beam (shallower beam) toler

ates higher load applications than the stiffer (deeper) one. This find

ing agrees with the findings of other investigators (as will be shown 

later) for a test of this type (controlled strain). Moreover, this con

clusion can be justified because bending stress (or load) for a given 

deflection is greater for deeper beams. When fatigue life was plotted 

against the bending stress on double logarithmic scales, results from 

both sizes of beam coincided (Fig. 2.25), which led the authors to con

clude that "stress and not maximum deflection, should be used as a cri

terion for comparing the performance of different thicknesses of beams" 

(Papazian and Baker, 1959). 

Monismith, Secor, and Blackmer (1961) reported the development 

of a constant deformation fatigue machine capable of producing stress 

and strain reversals in an attempt to simulate the reversed bending that 

actually occurs in the field under moving traffic. This device consists 

essentially of a two-way pneumatic piston that is vertically mounted and 

designed to permit up-and-down movements around a point of zero 
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deflection. Beam specimens 2 x 3 x 12 in. were used in their investiga

tion. Each specimen must be clamped in three locations, at the ends and 

at the center. The two ends of a beam are rigidly clamped to the frame 

of the machine and the center is clamped to the top of the two-way pis

ton. The load necessary to sustain a given pattern of deflection such 

as the one shown in Fig. 2.26 is applied to the center of the beam. Typ

ical results are shown in Fig. 2.27, which represents the relationship 

between the reduction in load and the number of load applications. This 

figure also helps in comparing the reduction in load, at a given number 

of load repetitions, for three different deflection patterns. From these 
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tests, Monismith and associates concluded, "There is no difference be

tween results obtained for beams flexed in two directions as compared to 

the results for beams flexed in one direction so long as the maximum 

value of strain is the same." 

In the work of Saal and Pell (1960), Pell, McCarthy, and Gardner 

(1961), and Pell (1962, 1965), on controlled stress fatigue testing, 

which has been reviewed in the previous section, it was shown that the 

magnitude of the applied strain is the most important governing factor 

in fatigue investigations. To check this finding, Saal and Pell (1960) 

developed a constant torsional strain fatigue apparatus. The load is 

applied to the top of the specimen through a cam and torque cell arrange

ment. The cell is mounted firmly to the top of the specimen, which is 

contained in an aqueous solution. The sample is of the same type and 

cross section as that illustrated in Fig. 2.13. 

Fatigue tests at varying strain levels at temperatures ranging 

from -20°C to +40°C were all performed at a speed of 1450 rpm. Results 

of those tests are presented in Fig. 2.28 (Pell, 1962). It will be seen, 

again, that there is a double-logarithmic linear relationship between 

the tensile strain and the number of repetitions to failure. Moreover, 

the lines at low temperatures less than about +15°C lie close to each 

other with no statistically significant difference. It is interesting 

to note that, if the results of the controlled stress testing shown in 

Fig. 2.16 are replotted in Fig. 2.28, they will be within this range. 

Thus, at these low temperatures, there is a reasonable agreement between 

the results of constant bending stress tests and constant torsional 

strain tests. However, at higher temperature than about +15°C, the 
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fatigue results of the constant torsional strain machine are shown to be 

temperature dependent, the fatigue life increasing with temperature, 

which was not the case in the controlled stress tests (see Fig. 2.16). 

This difference has been attributed to the extremely slow rate of crack 

propagation at higher temperatures in constant strain tests (Pell, 1962, 

1965; Pell, McCarthy, and Gardner, 1961). The explanation of this dif

ference between controlled stress tests and controlled strain tests has 

already been described in a previous section and was presented in Fig. 

2.4c. 

SPEED i4SO R.P M. 

I x 10' 

2x10" 

CYCLES TO FAILURE 

Fig. 2.28. Fatigue Results of Sandsheet Specimens at 
Various Temperatures under Constant Tor
sional Strain. 

(After Pell, 1962.) 
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Stochastic Nature of Fatigue Testing 

In fatigue testing, the variation or scatter in the number of 

load repetitions to failure is very high. Ratios of the service lives of 

two completely identical specimens tested under identical conditions in 

the same machine have been reported as high as 100:1 (Monismith, 1966a; 

Finn, 1967). In regard to this variation, Osgood (1970, p. 396) wrote: 

Even under carefully controlled laboratory conditions using du
plicate test specimens for the same bar, it is not unusual to en
counter a ratio of 10/1 in cycles to fracture at a given stress. 
Thus the precision with which a life may be specified is limited. 

Because of this large variation, the fatigue life of a material is not a 

deterministic or unique value. Thus, use of statistical techniques is 

essential in analyzing fatigue test results. To utilize a statistical 

technique, a certain distribution must be assumed. A log normal distri

bution was recommended by Osgood (p. 396), who stated: "The distribution 

of the fatigue life of groups of similar specimens is quite varied but 

has been found in several instances to approximate closely a logarithmic 

normal distribution." To check the validity of the log normal distribu

tion in asphalt concrete fatigue testing, Pell and Taylor (1969) tested 

100 nominally identical specimens under the same environmental and load

ing conditions. Expressing the results in a logarithmic form, they con

structed the histogram shown in Fig. 2.29. Comparing this histogram with 

the expected frequency of a log normal distribution, they concluded that 

"the assumption of log normal distribution of fatigue life is valid." It 

can be concluded that, to obtain a reasonable estimate of fatigue life 

at a given stress or strain level, the number of specimens must be large 

enough to permit a statistical analysis. 
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It should be mentioned, finally, that the amount of scatter in 

fatigue testing, which is usually measured by means of standard devia

tion in life, is inversely related to the applied stress level (Osgood, 

1970). According to Monismith (1966a), the increase in variability for 

asphalt concrete is generally in the range of stresses to which pave

ments are subjected. 

From the preceding, it is seen that considerable care must be 

taken in preparing specimens and in performing the tests, in order to 

reduce variation due to these operations. Variations due to the inher

ent characteristics of the material, however, cannot be controlled. 

The following chapters present the research of this present 

study, done using the Jimenez deflectometer device. The primary reasons 

for using this machine were its advantages, as previously described, and 

its availability at the Civil Engineering Department. 



CHAPTER 3 

PROPERTIES OF MATERIALS USED 

Two materials were used in this study: a dune sand and a 

penetration-grade asphalt. This chapter summarizes the measured physi

cal properties of those materials. 

Dune Sand 

It will be recalled that this research is concerned mainly with 

investigating the suitability of materials in sandy desert areas for 

building roads; therefore dune sands, which cover most of these areas, 

were selected for this investigation. 

Owing to the unavailability of this type of material around the 

Tucson area, the sand used in this work was brought from the sand dune 

areas about 16 miles west of Yuma, Arizona. The exact location, which 

is 1/3 mile south of the Ogilby turnoff on Interstate 8, is identified 

in Fig. 3.1. This soil will be referred to hereinafter as Yuma Sand. 

ASTM standard methods were followed in obtaining the specific 

gravity and the grain size distribution of the Yuma Sand. Specific grav

ity was found to be 2.66. The grain size distribution curve for this ma

terial is illustrated in Fig. 3.2. From the shape of this curve and the 

calculated Hazen's uniformity coefficient1 of 2, it can be said that the 

1. Hazen's uniformity coefficient, U, is defined as U = D60/D10 

where D60 and Di0 are the diameters through which 60% and 10% of the ma
terial by weight have passed, respectively. 
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material is of a uniform gradation. This figure indicates that most of 

the Yuma Sand grains fall in the range of 0.25 to 0.1 mm. This finding 

agrees with that of many researchers. Mattox (1954, p. 118) states: 

All previous research in regard to the size characteristics of 
dune sands has revealed that these deposits usually consist of 
grains smaller than 2 mm and larger than 1/32 mm, with the vast 
bulk of the material limited to the size range of 1/2 mm to 
1/8 mm. The results of the present investigation do not differ 
from these previous analyses in any significant respect. 

The moisture-density relationship of the Yuma Sand was determined 

according to the standard and modified AASHO procedures, designated as 

T99-57 and T180-57, respectively. Results are shown in Fig. 3.3 (p. 67). 

It is seen that the two procedures yielded essentially the same results; 

this was expected owing to the uniformity of the material and the fact 

that sandy materials are not amenable to impact compaction. 

The results of the above-described characterizing tests place 

the Yuma Sand in the A-3(0) group of the AASHO Classification System. 

To determine the constituent minerals of the Yuma Sand, an x-ray 

diffraction analysis was performed, using the General Electric XRD-5 

diffractometer with nickel filtered copper radiation, available at the 

Physico-Chemical Laboratory of the University of Arizona Civil Engineer

ing Department. The constituent nonclay minerals were identified by ir

radiating a randomly oriented powder specimen. Figure 3.4 shows the 

resulting x-ray diffraction pattern. It shows that a-quartz is the ma

jor constituent mineral.* Approximate quantification indicates that 

quartz constitutes about 74% of the material. 

1. The prevalence of quartz in sand dune materials is not an 
incidental event. Most general studies on dunes assume that quartz 
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The diffraction patterns also indicate the presence of trace 

amounts of clay minerals. In an attempt to identify such minerals, the 

scheme of Warshaw and Rustum (1961) was followed. This scheme calls for 

x-raying air-dry oriented slides, with and without glycolation and heat 

treatments (at 300° and 550°C). The diffraction patterns obtained from 

these slides are shown in Figs. 3.Sand 3.6. The diffraction patterns in

dicate that the Yuma Sand contains trace amounts of some clay minerals, 

namely illite, muscovite, chlorite, random mixed layers, predominantly 

smectite, and kaolinite. Carbonates such as calcite are present also in 

trace amounts. The constituent minerals of the Yuma Sand are summarized 

in Table 3.1. 

constitutes a large percentage of dune-forming materials. Bagnold (1933) 
found that the sand of the Libyan dunes is almost 100% quartz. Mattox 
(1954) arrived at approximately the same conclusion (99% quartz) for the 
dune sands of northwestern Florida. Cressey (1928) found that quartz 
constitutes more than 90% of the forming minerals of the dunes along the 
southern and southeastern shores of Lake Michigan. 

Bagnold (1971), in his excellent contribution to the literature 
of dune sands, relates the predominance of quartz in such materials to 
its ability to survive under the different erosive agents. His complete 
justification is as follows (p. 7): 

As rocks are degraded by the action of water and weather into 
smaller and smaller particles, fragments which are either soft, 
brittle or easily soluble pass rapidly down the scale of size. 
These have but a short life as sand grains, and do not contrib
ute much material to the existing sand of the Earth's surface. 

Thus, in order that a substance may be present, it must sat
isfy the following requirements: its mother substance must be, 
or have been, plentiful; it must be one which resists the action 
of chemical weathering, of solution, and of abrasion, and it must 
be tough enough to resist fracture by the impact of other grains 
during transport. 

Of all natural substances, crystalline silica (quartz) 
complies best with these requirements; and it is of quartz that 
the bulk of sand grains are composed. 
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Table 3.1. Minerals Forming the Yuma Sand. 

Approx. 
Mineral percent® 

Major minerals; 

Quartz 74 

Minor minerals: 

Plagioclase feldspars (albite) 10 
Alkali feldspars (orthoclase) 6 

Trace minerals: 

ite f 11111 
I Musc( I Muscovite 

Chlorite 
Mixed layer, predominantly } 10 

smectite 
Kaolinite 
Calcite 

aQuantification was done by referring to 
Sloane's(1968) Soil Mineral X-Ray Traces. 

Asphalt 

The bitumen used in this study was a 60-70 penetration grade 

asphalt. This type of asphalt is believed to be most suitable for arid 

regions. The physical properties of this asphalt, prior to mixing, are 

shown in Table 3.2. 



Table 3.2. Original Properties of the 60-70 
Penetration Asphalt Used. 

Penetration @ 77°F, 100 gra, 
5 sec, mm/10 65 

Penetration ratio: 

Pen. @ 39.2°F, 200 qm, 60 sec inn 97 , 
Pen G> 77°F, 100 gm, 5 sec x 1UU *'•' 

Flash point, (COC) °F 540 

Flash point, (PMCC) °F 510 

Ductility @ 77°F, 5 cm/min, cm 150+ 

Solubility in CS2, % 99.98 

Solubility in CCli*, % 99.97 

Inorganic matter, % (ash content) 0.08 

Viscosity, Saybolt Furol @ 275°F, 
sec 112 

Softening point (R&B), °F 115 

Loss on heating, 50gm, 5 hr, 
325°F, % 0.050 

Penetration @ 77°F of 
residue (59) 90.7 

Thin film loss on heating, 5 hr, 
325°F, % 0.086 

Ductility of residue, 77°F, 
5 cm/min, cm 75+ 

Penetration @ 77°F of resi
due, % of original (40) 61.5 

Softening point (R&B) of 
residue, °F 116 

Specific gravity (@ 77°F) 1.0195 

Spot test (N/heptane-xylene equiv.) 20-25 

(Data obtained from Chevron Asphalt Company, 
Tucson, Arizona.) 



CHAPTER 4 

MIXTURE DESIGN 

This chapter contains a summary of the physical properties of 

the sand-asphalt mix used in this study. 

To determine the optimum binder content, the centrifuge kerosene 

equivalent (CKE) method was adopted, following the procedures outlined 

in the Asphalt Institute Manual MS-2 (Asphalt Institute, 1963b). The 

CKE tests (Table 4.1) indicated an optimum asphalt content of 4.5% by 

weight of the dry sand. 

Table 4.1. Estimation of Optimum Asphalt Content 
for the Yuma Sand-Asphalt. 

Specific gravity of Yuma Sand 2.66 

Surface area of Yuma Sand, ft.2/!b. 71.70 

CKE, % of dry sand 2.43 

Oil retained, % of dry sand N.A.* 

Surface constant for fine material, kf 0.8 

Surface constant for coarse material, kc N.A.* 

Surface constant for fine and coarse 
aggregate combined, km 0.8 

Oil ratio, % of dry sand 4.5 

Asphalt content, % of dry sand 4.5 

*Not applicable. 

The optimum asphalt content of 4.5% by weight of the dry sand 

obtained by the CKE method appeared to be too small for the large surface 
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area (71.7 ft.2/lb.)• An asphalt content in the range of 6% to 8% would 

seem more suitable. To check this hypothesis and to characterize the 

sand-asphalt mix, test specimens having asphalt contents ranging from 4% 

to 12% by dry weight of sand were made and tested according to the Mar

shall testing procedures (Asphalt Institute, 1963b). To achieve high 

densities, 75 blows were used for compacting the specimens. The result

ing characterizing curves are shown in Figs. 4.1 and 4.2. 

Because of the large air voids present in the different mixes 

(Fig. 4.2b), the whole Marshall design criterion (voids and stability) 

was not used in determining the optimum asphalt content for the mixes 

under consideration. Based on the Marshall stability alone (Fig. 4.1a), 

an optimum asphalt content of 6% by weight of the dry sand was selected. 

To obtain a Hveem stability value for the sand-asphalt, the 

Hveem stabilometer test was conducted on the 6% mixture. Specimens were 

prepared and tested according to Hveem's procedures (Asphalt Institute, 

1963b). In lieu of the California kneading compactor, usually used in 

this type of test, the Jimenez vibratory kneading compactor was chosen. 

(This compactor and the procedures used will be discussed in the next 

chapter.) The selection was based on the vibratory action of this com

pactor, which is believed to produce higher densities than those ob

tained by the kneading action alone. Results of the stability tests are 

shown in Table 4.2. Comparison of the unit weight and the air voids as 

shown in this table with those at the corresponding asphalt content as 

shown in Fig. 4.2 suggests that the vibratory kneading compactor is more 

efficient in compacting such mixes than the Marshall compactor, which is 

of the impact type. 
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Table4.2. Hveem Stability Test Results on the 
Yuma Sand-Asphalt.* 

Compaction by the Jimenez Vibratory 
Kneading Compactor. 

Specimen diameter, inches 4.00 

Specimen thickness, inches 2.46 

Specific gravity 1.80 

Unit weight, pcf 112.00 

Calculated maximum theoretical 
specific gravity 2.44 

Air voids, % of bulk volume 26.40 

Voids in the mineral aggregate, VMA, 
% of bulk volume 36.30 

Hveem stability, % 18.00 

*Asphalt content = 6% of sand content. 



CHAPTER 5 

PREPARATION OF SPECIMENS FOR FATIGUE TESTING 

The purpose of this chapter is to describe the operations that 

were followed in preparing the repeated-load test specimens. 

Mixing 

Before the sand and bitumen were mixed, the sand was heated to 

a temperature of 325 ± 5°F in a forced-draft oven, and the bitumen was 

heated to a temperature of 250 ± 5°F in sealed metal containers. 

The amount of hot sand required to make one sample (about 10 to 

17 kg, depending on the specimen thickness) was transferred to a heated 

mixing bowl. The bowl, with its contents, was then tared on a weighing 

scale, and the designated amount of hot asphalt was added to the sand. 

Mixing was done with a Blakeslee C-30 food mixer. It was found that a 

mixing time of three minutes gave a uniform mixture of sand-asphalt. 

The mixture for the single specimen was then divided into two or 

three parts depending on how many layers would be used in compacting the 

specimen. For example, if the specimen was to be compacted in two lay

ers, the mixture was separated into two parts. Each part was then placed 

in a separate metal pan, sealed, identified, and stored in a 140°F 

forced-draft oven to cure for 15 ± 2 hours prior to compaction opera

tions. This curing, as recommended by Jimenez (1962a), was adopted to 

allow for the absorption of asphalt by the sand. 
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Compaction Operations 

The Jimenez kneading compactor was utilized in molding both the 

Hveem specimens and the fatigue testing specimens. Before the molding 

procedures are described, it seems appropriate to first present a brief 

discussion on the compactor itself. 

Jimenez's Vibratory Kneading Compactor 

In an attempt to simulate the field compaction of asphaltic con

crete material, Jimenez (1962a) developed the compactor shown in Fig. 

5.1. This compactor is characterized by its ability to produce both 

vibratory and kneading actions in addition to a direct compression. 

Thus, it is expected that specimens of high densities and with desirable 

particle orientation can be manufactured by the use of such a compactor. 

The major components of the Jimenez compactor are the vibratory 

impact loading and the kneading loading (Fig. 5.1). 

The major objective of the kneading loading system is to provide 

a horizontal compaction force to the mixture being molded. A turntable 

just under the mold (A) is utilized for this purpose. If this table is 

tilted from the horizontal and if a vertical force is applied to the 

surface of the mix in the mold, the required horizontal force will re

sult. To distribute this horizontal force evenly on the surface of the 

mix, the turntable is allowed to rotate by the aid of the electric gear 

motor (H). 

The vertical force used in this compactor consists of dead and 

live loads. The dead load is contributed mostly by the weights of the 

loading system of the counterrotating eccentric masses (D), the shaft, 



Fig. 5.1. The Jimenez Vibratory Kneading Compactor. 

(After Jimenez, 1972b.) 

A 18-in.-diam. mold on turntable 
C Electrical switches and timer 
D Loading system of counterrotating 

eccentric masses 
E Positioning cross bar 
H Electric gear motor for turntable 
I Electric motor for positioning cross bar 
M Electric motor for loading system 
T Tilt control for turntable 
X Ballast for dead load 
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the ballast (X), and the compaction head. The total dead load utilized 

in compacting the fatigue specimens (17%-in. diameter) was about 283 lb. 

For the Hveem specimens (4-in. diameter), a total dead load of about 225 

lb. was used. The live load is produced by the counterrotation of the 

mirror-positioned eccentric masses. A frequency of 1200 rpm was used to 

produce a live load (dynamic force) of.400 lb. 

Densities and stabilities of specimens molded by the Jimenez 

vibratory kneading compactor are generally higher than those obtained by 

impact type compactors such as the Marshall compactor. A portion of the 

data presented by Jimenez (1972a)is given in Table 5.1; these data and 

the limited data discussed in Chapter 4 indicate such a general trend. 

Table 5.1. Marshall and Def1ectometer Results. 

Asphalt 
cement 

Marshall specimens, 4-in. diameter 
Def1ectometer 
specimens, 
18-in. diam. 

mixture, 
number 
of blows 

Marshall compactor Vibratory kneading 
Density 
range, Slope 
g/cm3 b 

Density, Stability 
g/cm3 lb. g/cm3 

Density, Stability 
g/cm3 lb. 

6%, 50 

6%, 75 

7%, 75 

2.38 1970 

2.36 2060 

2.32 1100 

2.39 3330 2.35-2.36 1/6.1 

2.36 1750 2.34-2.35 

Data from Jimenez (1972a). 



Another advantage of the Jimenez compactor is its ability to 

produce large specimens (17%-in. diameter) that are uniform in density 

and stability. Jimenez (1962a) checked the uniformity of compaction by 

testing cores of the 17%-in.-diameter asphalt concrete specimens for 

density and stability. One such examination is presented here as Table 

5.2; the variation in results is practically insignificant. 

Table 5.2. Uniformity of Compacted Large Specimens. 

Sample 
C-2-8.0-90 

Density, 
g/cm2 

Height, 
in. 

Hveem 
stabil
ity, % 

Cohesiom-
eter, 
g/in. width 

Total 2.282 

Core 1 2.269 1.69 18 302 

Core 2 2.279 1.67 21 265 

Core 3 2.272 1.66 21 270 

Core 4 2.277 1.66 20 290 

Core 5 2.323 1.67 22 315 

Core 6 2.274 1.70 20 270 

Core 7 2.310 1.70 21 250 

Core ave. 2.286 1.68 20 280 

Remainder 2.284 

Data from Jimenez (1962a). 
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Although the Jimenez compactor was developed mainly for producing 

asphaltic concrete specimens, A1 Salloum (1968) showed it to be suitable 

for soils. For a clay-sand mixture, this compactor yielded higher densi

ties than did the California kneading compactor (Fig. 5.2). Considering 

strength and stability parameters, he concluded (p. 50) that "...the 

vibratory kneading compactor gives higher values of R-value, apparent, 

friction, and cohesiometer value than those obtained by the California 

kneading type. It also gives higher maximum apparent cohesion than that 

obtained using the California compactor." 

Compaction Procedure for Def1ectometer Specimens 

In this study, the fatigue and the Hveem specimens were compacted 

with the vibratory-impact action only. Because of the high uniformity, 

U, and the high percentage of voids in the Yuma Sand, it is believed 

that the kneading action would have had no significant effect on the 

density, stability, or fatigue characteristics of the sand-asphalt. 

Four to six large specimens were molded in one period (2 to 3 

hours). The compaction procedure was as follows: 

1. At the end of the curing period (15±2 hr), the temperature 

of the cured mix was raised from 140° to 300°± 5°F (the compaction tem

perature). Two hours were found to be enough to reach this temperature. 

2. The ring mold, the bottom steel plates1 (17%-in. diameter 

and %-in. thickness), and the compaction head were heated to a tempera

ture of about 250°F. 

1. A steel plate was used for each sample to be compacted. 
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COMPACTION METHOD 

O CALIFORNIA KNEADING 

• VIBRATORY KNEADING 

60*/. SAND 

4 in. DIA 

MOISTURE CONTENT. 

Fig. 5.2. Moisture-Density Relationships for a Clay-Sand Mixture 
Compacted by Two Methods. 

(After A1 Salloum, 1968.) 



3. After the mix attains the compaction temperature, the mold 

is oiled and placed on the working table. The hot steel plate and a 

17*5-in.-diameter paper disc are inserted into the mold. 

4. The pan containing the material to be compacted as the first 

layer of the specimen is brought from the forced-draft oven, and the 

contents are transferred into the mold. By means of a warm spatula, the 

mix is then spread evenly in the mold, making certain that no material 

around the edges rises above the established surface. 

5. The mold with its contents is then transferred to the turn

table of the compactor and centered under the hot compaction head, which 

has just been coated with kerosene. 

6. The loading assembly (the dead load) is lowered into the mold 

until it rests on the surface of the mixture. The positioning cross-bar 

is then lowered away from the loading system (D in Fig. 5.1), to ensure 

that no load will be applied to the cross-bar during the compression of 

the mix in the mold, and locked to the vertical posts. 

7. The timer is set for 2 min, and the master switch is turned 

to the ON position. The mix is now subjected to the vibratory-impact 

loading, which is evenly distributed on the surface of the mixture owing 

to the rotation of the turntable (also controlled by the master switch). 

8. At the end of the 2-min period, compaction stops automati

cally. The cross-bar is then released and raised to remove the load from 

the compacted mixture. 

9. The mold is then transferred back to the working table, and 

the surface and sides of the compacted mix are scratched to ensure good 

bonding of the next layer to the just-compacted one. 
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10. The material for the second layer is brought from the 

forced-draft oven, transferred to, and spread evenly in, the mold. 

Steps 5 through 8 inclusive are then repeated. 

11. Steps 5 through 10 inclusive are repeated if a third layer 

is to be compacted. 

12. When all required layers are compacted, the mold is trans

ferred to the extruder, and the specimen supported on the steel plate is 

extruded by carefully pushing the mold down, leaving the supported spec

imen resting on the extruder. 

13. With great care the specimen supported by the steel plate 

is removed from the extruder and placed on a stiff table to remain un

disturbed for about two days. The specimen can then be transferred to 

the curing shelves in a temperature controlled room to cure for six to 

eight days. 

Density measurements were usually taken on the sixth day after 

compaction. 

Fatigue testing was done about two days after density measure

ment. The fatigue testing procedures will be discussed in detail in the 

next chapter. 

Essentially the same compaction procedures were utilized in pre

paring the Hveem specimens (4-in. diameter and in. high). A single 

layer was used in compacting those specimens. 

Identification of Test Specimens 

The identification scheme consists of six number or letter sets. 

The first set consists of a number followed by a letter. The number 



denotes the replication number and the letter refers to the stabilizing 

agent used. The letter A is used for asphalt. The other five sets re

fer to the loaded area, percent stabilizing agent, initial support pres

sure, testing temperature, and specimen thickness, respectively. As an 

example, sample 1A-5-6-1-77-2.5 denotes: 

1A 5 Replication No. 1 of sand-asphalt specimen 

5 = Loaded area of 5 sq. in. 

6 = Asphalt content of 6% by weight of dry sand 

1 = Initial support pressure of 1.0 psi 

77 5 Testing temperature of 77°F 

2.5 5 Specimen thickness of 2.5 in. 



CHAPTER 6 

FATIGUE TESTING EQUIPMENT AND PROCEDURE 

This chapter contains a detailed description of the equipment 

and procedure adopted in the current laboratory investigation of the fa

tigue properties of the Yuma sand-asphalt. A discussion of the theoret

ical concept used in evaluating the responses (stresses, dynamic moduli, 

and strains) of this type of testing is presented in Chapter 7. The 

analysis of the data obtained with this testing machine is the subject 

of the following chapters. 

Test Equipment: The Jimenez Deflectometer 

Jimenez (1962a) developed a unique apparatus for evaluating the 

fatigue characteristics of asphalt concrete. He called this flexural 

fatigue tester a "deflectometer." A schematic sketch of his original 

machine was presented in Fig. 2.17. The fatigue testing done in this 

dissertation research was performed utilizing essentially the same equip

ment, also built by Jimenez, and constructed in the Civil Engineering 

Department of The University of Arizona in 1968. A photograph of .this 

apparatus is shown as Fig. 6.1. Three major components constitute the 

Jimenez deflectometer,* namely the loading system, the reaction unit, 

and the control and counting system. These are described below. 

1. Hereinafter, mention of the "Jimenez deflectometer" refers 
to the one used in this study. If the original one is meant, the word 
"original" will be specified. 
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Fig. 6. 1. The Jimenez Defl ectometer Flexure 
Fatigue Tester . 

(After Jimenez, 1972b.) 

A Reaction unit supporting 
18-in.-diam. specimen 

D Loading system of counterrotating 
eccentric masses 

E Displacement pump 
H Electric motor for loading system 
M Pressure gauge for reaction unit 
T Specimen 
X Ballast for dead load 
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The loading system of the Jimenez def1ectometer is similar to 

the one used for the Jimenez vibratory kneading compactor in that it is 

free to follow the deflected specimen. However, it differs from that of 

the compactor in the location of the electric motor (H) (Fig. 6.1), 

which, in the def1ectometer, is considered to be part of the dead load. 

Another difference is that the maximum live load* obtained by the 

counterrotation of the mirror-positioned eccentrics is smaller than the 

dead load so as to prevent impact loading to the specimen. The loading 

standards used in this research are as follows: 

1. Dead load of 175 lb. 

2. Load frequency of 12.3 cycles/sec. 

3. Live load due to rotation of eccentrics of 150 lb. 

The loading system can be utilized in producing varieties of applied 

stress by changing one or more of the following: 

1. Speed of rotation. 

2. Weights of eccentrics. 

3. Amount of dead load. 

4. Loaded areas. 

The reaction unit consists mainly of a cylindrical chamber con

taining oil and air and sealed at the top with a thin rubber membrane. 

The ratio of the volume of air to the volume of the oil within the cham

ber is kept constant at a certain value so as to produce an initial sup

port of constant compressibility for all test specimens. This ratio is 

1. The maximum live load is the sum of the forces induced by 
the rotation of the eccentrics plus the force caused by the translation 
of the dead load in deflecting the specimen. 
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usually adjusted to the desired value at a certain temperature. Because 

oil is temperature sensitive, it may compress or expand with changes in 

the temperature. Thus the compression or expansion of the oil in the 

system will result in a variation of the previously adjusted ratio. To 

maintain the same ratio, this requires either addition or removal of oil 

and/or air. This procedure has been termed "calibration." The adjust

ment of volume of air to volume of oil in the chamber can be achieved by 

clamping a steel disc onto the chamber and correlating the linear dis

placement of the pump piston (E) with the corresponding increase of pres

sure in the oil chamber, as indicated on the Bourdon gauge (M). The cal

ibration and the testing procedures are the subjects of the succeeding 

sections. 

The control and counting system has two purposes. The first is 

to ensure that no damage will occur to the rubber membrane sealing the 

reaction unit pot when failure of the specimen occurs. The prevention 

of this damage can be achieved by eliminating complete rupture of the 

test specimen. Two stoppers are utilized for this purpose. The first 

one is to turn off the energizing motor and the other is used to carry 

the dead load away from the specimen. The location of these stoppers, 

which depends on the thickness of the test specimen, should be adjusted 

before testing proceeds. The second purpose of the control and counting 

system is to count the number of load repetitions being applied to the 

specimen. A special gear, to which the counter is attached, is itself 

attached to the main rotating shaft of the loader and has teeth that re

sult in each counter count being equal to 20 load repetitions. 
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Calibration of the Jimenez Deflectometer 

The reaction unit is checked for the proper amount of oil and 

air in accordance with the following procedure: 

1. The system is allowed to reach the equilibrium condition at 

the desired testing temperature. 

2. A \1\-in.-diameter stiff disc consisting of h-in. plywood 

sandwiched between two %-in. steel plates is placed on the oil chamber. 

3. A 3/4-in.-thick steel ring with outside and inside diameters 

of 20 and 14 in., respectively, is placed on the plate arrangement. The 

ring has 16 holes in its flange that match those of a similar ring fixed 

to the top of the chamber. 

4. Sixteen bolts are inserted in the holes of the rings and 

tightened to the required tension as controlled by the spacer sleeves 

and springs (Fig. 6.1). 

5. The valve connecting the oil chamber and the oil pump is 

opened. The pump piston is then displaced inward until a pressure of 

1.0 psi registers on the Bourdon pressure gauge. 

6. The piston is further displaced 2 in., and the pressure read

ing is noted. If the proper amounts of air and oil are in the system, 

this displacement of oil volume, corresponding to 3.14 cu. in. (the piston 

is 1.5 in. in diam.) should raise the oil pressure from 1.0 to 2.5 psi. 

7. If the system is not in calibration, air and/or oil is added 

or removed, as required, and the above procedures are repeated until 

calibration is attained. 

8. At the end of the calibration, the pump is backed up to re

lease the pressure to about 0.05 psi, the bolts are loosened, and the 

disc is removed. The machine is now ready for use. 



The above calibration procedure was repeated every testing day 

at the same temperature to ensure reproducibility of testing results and 

to ensure that there was no leakage of oil and air from the system or 

the pump. 

Fatigue Testing Procedures 

All specimens to be tested on the same day were stored in se

quence in the controlled temperature room at the desired temperature for 

one or two days before testing. With the reaction unit reaching its 

equilibrium and calibrated for the testing temperature, testing proceeded 

as follows: 

1. The specimen was placed and centered on the reaction unit. 

2. The clamping ring, the dial carriage, and the bolt assem

blies were placed in position to secure the specimen onto the reaction 

unit. The bolts were tightened so as to produce a clamping force as 

uniformly as possible around the periphery of the specimen. The tight

ening operation was continued until the maximum tension force (about 100 

lb.1) as controlled by the spacer sleeves and springs was attained. If 

the oil pressure increased during the clamping operation, it was reduced 

to the original setting (0.05 psi as mentioned in the calibration pro

cedures). During the test, bolts may loosen and have to be retightened. 

3. The dial carriage was then secured in its marked positions, 

and the dial gauges were placed in their assigned places. In this study 

1. For specimens tested at 95°F, it was found that the 100-lb. 
clamping force around the periphery of the specimen is too high and 
causes deformation under the flange of the ring and expansion at the 
center of the specimen. Therefore, it was decided to use a 20-1b. clamp
ing force. This was achieved by using sleeves of longer length. 



only the dial gauge that gives the central deflection was read. However, 

the other gauges were watched for indications of failure. 

4. The loading system was lowered until the loading disc 

barely touched the specimen. 

5. The designated initial support pressure was applied to the 

bottom of the sample by displacing the pump piston. The valve connect

ing the pump to the system was closed and remained closed until the end 

of the test. 

6. Immediately after the initial support pressure was applied, 

the dial gauges and counter were zeroed and recorded; the dead load was 

then applied by releasing the elevating cable, and the electric motor 

energizing the live load was started. 

7. At various intervals of load repetitions as indicated on the 

counter, the central deflection (maximum and minimum) and the support 

pressure were read and recorded on a form such as the one shown in Fig. 

6.2. A running log-log plot between the number of load repetitions and 

maximum (accumulated) central deflection was made, such as shown in 

Fig. 6.3.1 

8. The loading of the specimen and the running plot were con

tinued until a distinctive deviation from the usually developed straight 

line was obtained as shown in Fig. 6.3 (note arrows). 

9. At the end of the test, the loading motor was stopped, the 

dead load was released from the specimen and secured, and the support 

1. This figure also shows similar relationships for the number 
of load repetitions against the central repeated deflection and the dy
namic modulus, respectively. These plots will be discussed later. 



Stabilizing agent 

Agent content, % 

Initial support pressure, psi 

Contact area, sq. in. 

Testing temperature, °F 

.Dead load, lb. 
Rot. speed, rpm 
Rot. force, lb. 
Weight in air, gm 
Weight in water, gm 

Density, gm/cc 

Tested by 

Molding date 

Testing date: 

Start 

End 

Counter Repetitions 

Surface deflection, 10 3 in. Central 
repeated 
deflection, 
10-3 in. 

Support 

pressure, 

psi 

Remarks Counter Repetitions At 6 in. . At 4 in. At 2V* in. At center 

Central 
repeated 
deflection, 
10-3 in. 

Support 

pressure, 

psi 

Remarks Counter Repetitions 

Max. Min. Max. Min. Max. Min. Max. Min. 

Central 
repeated 
deflection, 
10-3 in. 

Support 

pressure, 

psi 

Remarks 

Fig. 6.2. Deflectometer Data Recording Form. 
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pressure acting at the bottom of the specimen was also released. The 

fixation force was released as uniformly as possible by loosening the 

bolts gradually and in an alternating manner. Upon the release of this 

force, the dial carriage and the clamping ring were removed. 

10. The specimen was then removed from the reaction unit and 

examined for cracks at its bottom; these cracks were marked with chalk. 

Figure 6.4 shows a typical crack pattern of a failed specimen. 

The Jimenez criterion for identifying failure of asphaltic con

crete deflectometer specimens (Jimenez, 1962a) was found to be applica

ble for the sand-asphalt under consideration. According to this cri

terion, the failure point is identified as the point at which the log-log 

plot between the accumulated central deflection and the number of load 

repetitions deviates from a straight line. This point is identified by 

an arrow on each curve of Fig. 6.3. For most of the samples tested, 

plotting the dynamic modulus or the repeated central deflection (maximum 

deflection minus minimum deflection) against the number of load repeti

tions in logarithmic coordinates will result in the same failure point 

as obtained by the running plot previously mentioned. Such plots with 

the failure point identified on them are also shown in Fig. 6.3. 

It was found, for most of the test specimens, that the recorded 

deflections within the first few hundred repetitions deviate in irregu

lar manner from the trend established by later measurements up to fail

ure. Therefore those readings were disregarded in establishing the 

above-mentioned strain line of the running plot. The start of such 

straight lines was found for most of the tested specimens to be at points 

that correspond to about 800 repetitions. Specimens tested at 95°F, 



Fig . 6.4. Typical Fatigue Cracking of 
a Deflectometer Specimen. 
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however, showed such a start occurring at some number of repetitions be

tween 200 and 600. 

At this point, it should be mentioned that a reduction in the 

dynamic modulus with the increase in the number of load applications as 

shown in Fig. 6.3 was encountered at varying rates and amounts in all 

the tested specimens. Such a reduction might be attributed to the for

mation of small cracks and the presence of large amounts of voids that 

are probably not uniform in size and distribution. Because the rate or 

the amount of the reduction in the modulus is not the same for all 

tested specimens, the data obtained at the failure conditions were not 

considered for analyzing the results. The initial conditions were se

lected to correspond to the initial straight line portion of the running 

6C-N plot. The calculated stresses, moduli, and strains are of the ini

tial conditions. This follows the procedures set by others, such as 

Epps (1968). 



CHAPTER 7 

ELASTIC THEORY RELATED TO THE JIMENEZ DEFLECTOMETER TEST 

Jimenez (1962a) had two main objectives in developing his de-

flectometer: to simulate field conditions and to be able to use rational 

expressions for evaluating developed stresses and strains. In this re

gard, and after reviewing the available literature (as of 1962), he 

wrote (p. 12): 

The preceding review has been concerned primarily with the behav
ior of asphaltic concrete mixtures when subjected to flexural 
stresses. Of primary importance to this writer have been the 
methods used to compact test specimens and the shapes and support 
given the specimens during testing operations. These factors 
were studied critically because it was believed that the speci
men under test conditions should be restrained and perform in a 
manner similar to actual road conditions. None of the cited 
methods fulfilled this requirement or condition. One further 
requirement should be that the test conditions have analytical 
or so-called "rational" expressions for stresses, as opposed to 
purely empirical equations, to define specimen characteristics. 

The simulation of the def1ectometer specimen to the field condi

tions can be visualized by considering the fact that failure in such a 

testing is biaxial in nature, owing to the large size of the specimen. 

Moreover, the developed stresses and strains are sinusoidal, thus simu

lating those occurring in the field due to the moving traffic, which 

were shown previously in Figs. 2.1 and 2.2. 

In developing rational expressions for stresses and strains, the 

deflectometer specimen is viewed as a flat circular plate that is clamped 

at its edges and subjected to a uniformly distributed load at its bottom 

surface and with a uniform loading on a concentric circle at its top 

100 
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surface. Figure 7.1 is a schematic representation of the loading system 

that is usually applied to the Jimenez def1ectometer specimens. 

In def1ectometer fatigue testing, several measurements are usu

ally taken: central deflection (repeated and accumulated), support pres

sure, and the corresponding number of load repetitions. Jimenez used 

the repeated central deflection, the applied load (which is approximately 

constant during the test), and the support pressure in calculating the 

developed stresses and strains at the bottom surface of the test speci

men. The Grashof's derived equations for stress and strain in a circu

lar plate clamped at its edges were utilized for this purpose. These 

equations, which were derived by the use of the Bernoulli-Euler theory 

of bending, are based on the assumptions that the material is linearly 

elastic, homogeneous, and isotropic. 

The equations used by Jimenez for the determination of the 

stress ar and the modulus of elasticity E at the bottom center of a cir

cular plate clamped at its edges are 

The Basic Equations 

(7.1) 

E (7.2) 

where 
v = Poisson's ratio, assumed by Jimenez and this research 

to be 0.2 

6r = Repeated or resilient deflections (in inches) 
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P or  P,  

R U B B E R  MEMBRANE SPECIMEN 

14 in. 

Fig. 7.1. Schematic Representation of the Jimenez 
Deflectometer Loading System. 
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h = Specimen thickness (in inches) 

a = Effective radius of specimen (7.0 in.) 

r0 = Radius of loaded area (in inches) 

p = Support pressure in psi 

P = Maximum total central load in pounds used in computing 
ar (= D.L. + L.L.) 

Pi = Repeated central live load (= 2 L.L.) 

D.L. = Dead load (in pounds) 

L.L. = Live load (in pounds) = FR + Ft 

FD = Force due to rotation of eccentrics (in pounds) 
(= Meeu>2) 

Me = Mass of the counterrotating and mirror positional ec
centrics in slug (1 slug = 2.59* 10"3 lb.sec2/in.) 

e = Radius of rotation (in feet) 

to = Rotational speed of eccentrics (in radians per second) 
(= 2uf) 

f = Rotational speed of eccentrics (in Hertz) 

Ft = Inertial force due to translation of the loading sys
tem (in pounds) (= M[n_(sr/2)u)2) 

MQL = Mass of dead load (in slug) (= D.L./g) 

g = Acceleration of gravity (= 386.04 in./sec2) 

FR and F|. can be determined from the nomograph developed by 

Jimenez (1962a), which is presented here as Fig. 7.2. 

Equations (7.1) and (7.2) assume static applied loads only and do 

not include the inertial forces in the specimen that occur in dynamic 

testing. The use of these equations in calculating the developed 

stresses and strains in the def1ectometer specimens is justified by 

Jimenez (1962a, p. 22) as follows: 
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(1) The material within the specimen is assumed to be homogene

ous and isotropic. 

(2) Elastic behavior exists for the high rate of loading 

employed. 

(3) Inertial body forces within a specimen were of minor impor

tance owing to small displacement. 

Jimenez also simplified this stress equation by omitting the 

term r0
2/4a2 from the equation, owing to its small value. Equation (7.1) 

thus becomes 

Because it was the repeated deflection, rather than the accumu

lated deflection,that was used in calculating E, Jimenez called this E 

value the dynamic modulus of elasticity. Knowing the value of this mod

ulus and the maximum radial tensile stress at the bottom of the specimen 

as obtained by Eqs. (7.2) and (7.1a), respectively, he calculated the 

corresponding radial tensile strain, er, from the equation 

Equations (7.1a), (7.2), and (7.3) will hence be referred to as 

the Jimenez modified Grashof's equations, or simply the basic equations. 

The widespread use of the computer for solving different engi

neering problems encouraged the writer to add several factors to the 

(7.1a) 

~ Op/E» (7.3) 

Modifications to the Basic Equations 
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expressions described above. Those factors, which were omitted by 

Jimenez in his original pioneer work (1962a), apparently for the sake of 

simplicity, are, in the writer's judgment, worth considering. The ex

act solution* for the developed stresses and strains in the deflectom-

eter specimens is more closely approached by considering such factors. 

The writer's modifications to the basic equations are as follows: 

(1) Inclusion of some terms to the basic stress and dynamic mod

ulus equations that were originally omitted and that complete the solu

tion of the symmetrical bending case.2 The resulting equations, the 

complete derivations of which are reproduced in Appendix A, are termed 

the elementary case equations and are as follows: 

The effect of the terms r0
2/4a2, r0

2ln(a/r0), and (3/4)r0
2 on the out

puts of the calculations is termed hereinafter the terms effect. 

1. For reference to the exact solution of plates, see for exam
ple Love (1944) and Todhunter and Pearson (1960). 

2. If the loads are symmetrically applied with respect to the 
axis perpendicular to the surface of the plate at its center and, then, 
if only the bending action is considered in the solution (for example, 
as in the case of thin plates), the case is referred to as the symmetri
cal bending or the elementary case. 

(7.1) 

E  -  W  [ ^ ( a 2 - r o 2 , " ^ - | r » 2 ) - ^ ] -  < 7 - 4 >  
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(2) Introducing the Poisson's effect in calculating the radial 

tensile strain. Because the developed stresses and strains in the de-

flectometer specimens are at least biaxial, this effect should be con

sidered in calculating the radial strain.1 To develop the equation for 

the developed radial tensile strain at the underside of the specimen, 

consider an infinitesimal cubical element at the specimen-reaction inter

face such as the one shown in Fig. 7.3. Complete contact is assumed be

tween the bottom of the specimen and the membrane sealing the reaction 

unit. From this assumption the vertical stress should be equal to the 

support pressure given by the reaction unit (i.e., az = p). 

az (vertical stress) = p (support pressure) 

(radial stress) 

At center: 

°r = °t 
er = et 

°t 
(tangential stress) 

Fig. 7.3. Infinitesimal Cubical Element along the Center 
Line of the Specimen at the Specimen-Reaction 
Interface. 

1. The effect on the dynamic modulus is not considered here; it 
is recommended, however, for future investigations. 
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From Fig. 7.3, the maximum radial tensile strain is given by 

er = f [°r ' v(°r * P)] • (7-5) 

Thus Eq. (7.5) replaces Eq. (7.3) to give a more logical strain value. 

(3) Consideration of shear deformations in calculating the dy

namic modulus of elasticity. The measured deflection in the laboratory 

consists of bending and shear deformations. The presence of shear de

formations hinders the applicability of Eq. (7.2) or (7.4). Shear 

deformation varies with specimen thickness and with loaded area. Timo-

shenko and Woinowsky-Krieger (1959) have shown, for an applied central 

concentrated load1 on a circular plate with built-in edges, that the 

deviation from symmetrical bending theory (elementary theory) becomes 

large as the ratio of the thickness of the plate to its radius, h/a, in

creases. For ratios of 0.2, 0.4, and 0.6 they found that the elementary 

theory produces deflections that are in error by 21%, 81%, and 149%, re

spectively. If the error of 21% is justified or acceptable, then the 

thickness of the Jimenez deflectometer specimens should not exceed 1.4 

in. so as to obtain a ratio of 0.2 (the specimen's effective radius be

ing 7 in.). The writer, however, feels that this error is high and 

should not be tolerated. Therefore specimens having the smallest possi

ble thickness should be tested. Sand-asphalt specimens only 0.5 in. 

thick can be easily molded by the Jimenez vibratory kneading compactor 

previously described. The resulting h/a ratio is about 0.07. If a 

rough extrapolation is made to the error values reported by Timoshenko 

1. Applied loads on the top of the deflectometer specimens can 
be approximated by a central concentrated load. 
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and Woinowsky-Krieger, the use of the symmetrical bending equation (Eq. 

7.4) in calculating the deflection will result in about 4% error, which 

can be tolerated. Unless major changes are made in the loading system 

of the available Jimenez deflectometer, however, which is beyond the 

scope of this research, specimens 0.5 in. thick should not be tested. The 

difficulty in testing such thin specimens results from the high expected 

developed radial tensile stresses at the bottom of the specimen, which 

far exceed the tensile strength of the material (Eq. 7.1). Using Eq. (7.1) 

and assuming an applied load comparable to that used in this research, 

Fig. 7.4 was constructed. This figure clearly indicates the high stresses 

that would be present at the bottom of this thin (0.5 in.) specimen. For 

the material under investigation, specimens of 1.0 in. thick also could 

not be tested since they fail upon energizing of the live load. The 

minimum thickness of Yuma sand-asphalt specimens that was found to be 

suitable for testing was 1.5 in. This would correspond to an error of 

more than 21% (Timoshenko and Woinowsky-Krieger, 1959) if the symmetri

cal bending theory is used. 

From the above discussion, it is clear that Eq. (7.4) should be 

corrected for shear deformations. The modified dynamic modulus equation 

thus becomes 

(7.6) 

A complete derivation of this equation is given in Appendix A. 
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Rewriting Eq. (7.6) as 

+ ̂ ri[^(1 + 21"^>-pa2]| 

and letting 

B-E' = ^ <*2 - r.M»i " fro2) - (7.6a) 

and 

S.E. = [^- (1 t 21n^ ) - pa2] , (7.6b) 

then , 
6 r  = ^ [B.E. + S.E.] (7.6c) 

where B.E. = bending stresses' effect on deformation 

S.E. = shear stresses' effect on deformation. 

Assuming certain values for loading and physical properties, Fig. 7.5 was 

constructed from Eq. (7.6c). This figure shows that shear deformations 

are affected by Poisson's ratio, radius of loaded area, and specimen 

thickness. However, specimen thickness is shown to have a pronounced 

effect on such deformations. A small increase in the thickness causes a 

considerable increase in the shear deformations, which in turn reduces 

deformations due to bending. At a thickness of about 2.5 in., the shear 

effect is approximately equal to the bending effect. Because it is de

sired not to have shear deformations in excess of those due to bending, 

and to assume "tensile" failure, this thickness (2.5 in.) was set as the 

maximum thickness for the test specimens of this research. 
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Effect of the Added Factors 

The purpose of this chapter is to modify the basic equations; 

therefore, the outputs of these equations are the basis for comparison 

in discussing the effects of the three factors previously mentioned. Al

though the data results of this dissertation and their analysis are the 

subject matter of the next chapter, it is felt beneficial to use some of 

these data now to clarify the effects of the factors that have been 

added to the basic equations, Eqs. (7.1a), (7.2), and (7.3). 

The three-by-three factorial shown in Table 7.1 is utilized for 

this purpose. The output of the data of this factorial, along with the 

corresponding number of load repetitions at failure, are tabulated in 

Table 7.2 on the next page. 

A glance at Table 7.2 reveals the effect of the added factors. 

However, to show such effects more clearly, Table 7.3 and Fig. 7.6 were 

constructed from Table 7.2. 

Table 7.1. Three-by-Three Factorial. 

Testing temperature, °F 

59 77 95 

o 1.5 3a 4 2 

2 

2 

3 

3 

2 

1 

aNo. of specimens in a group (No. of 
replications) 



Table 7.2. Maximum Radial Tensile Stresses, Dynamic Moduli, and Maximum Radial Tensile Strains for 
Different Cases for the 3-by-3 Factorial Data, Where A/C = 6%, Po= 1.0psi, r0 = 1.26 in. 

Basic case Elementary case Poisson's correction Shear correction Final modified case 
Nf, 

Specimen I.D. 103  °ri M er^ or^ Ej er^ or^ Ej eri or^ Ej Er^ an- Ej er^ 

1A-5-6-1-95-1.5 0.8 129.0 25.38 5.084 129.7 22.50 5.767 129.0 25.38 4.091 129.0 32.30 3.994 129.7 29.42 3.549 

2A-5-6-1-95-1.5 1.1 125.7 33.20 3.785 126.4 29.37 4.303 125.7 33.20 3.046 125.7 42.16 2.981 126.4 38.33 2.653 

1A-5-6-1-77-1.5 5.5 124.9 99.81 1.252 125.6 89.35 1.406 124.9 99.81 1.005 124.9 126.42 0.988 125.6 115.96 0.870 

2A-5-6-1-77-1.5 8.5 125.9 115.69 1.039 126.6 103.90 1.219 125.9 115.69 0.874 125.9 146.54 0.859 126.6 134.75 0.754 

3A-5-6-1-77-1.5 6.5 124.4 88.15 1.412 125.1 78.71 1.589 124.4 88.15 1.134 124.4 111.61 1.115 125.1 102.18 0.984 

4A-5-6-1-77-1.5 7.5 124.5 112.81 1.104 125.2 100.96 1.240 124.5 112.81 0.887 124.5 142.89 0.871 125.2 131.02 0.767 

1A-5-6-1-59-1.5 80.0 128.3 186.66 0.687 128.9 168.72 0.764 128.3 186.66 0.551 128.3 236.10 0.543 128.9 218.15 0.474 

2A-5-6-1-59-1.5 80.0 126.4 182.20 0.694 127.1 164.50 0.773 126.4 182.20 0.557 126.4 230.95 0.547 127.1 213.26 0.478 

3A-5-6-1-59-1.5 80.0 122.5 174.40 0.702 123.1 157.71 0.781 122.5 174.40 0.563 122.5 222.85 0.550 123.1 206.16 0.479 

1A-5-6-1-95-2 1.2 67.8 28.66 2.367 68.2 25.38 2.688 67.8 28.66 1.911 67.8 42.42 1.599 68.2 39.14 1.407 

2A-5-6-1-95-2 0.7 69.1 20.59 3.355 69.5 18.24 3.810 69.1 20.59 2.711 69.1 30.47 2.268 69.5 28.11 1.997 

1A-5-6-W7-2 8.5 70.6 67.98 1.046 70.9 60.57 1.171 70.6 67.48 0.842 70.6 99.29 0.711 70.9 92.38 0.618 

2A-5-6-1-77-2 12.0 70.0 66.99 1.045 70.4 60.26 1.168 70.0 66.99 0.841 70.0 99.06 0.707 70.4 92.33 0.613 

3A-5-6-1-77-2 11.0 68.4 64.40 1.063 68.8 57.78 1.191 68.4 64.40 0.856 68.4 95.64 0.716 68.8 89.03 0.622 

1A-5-6-1-59-2 110.0 71.5 151.07 0.473 71.9 136.62 0.526 71.5 151.07 0.380 71.5 222.42 0.321 71.9 207.97 0.278 

2A-5-6-1-59-2 105.0 70.9 122.37 0.579 71.2 110.63 0.644 70.9 122.37 0.465 70.9 180.76. 0.392 71.2 169.01 0.339 

1A-5-6-1-95-2.5 1.3 42.7 19.43 2.198 42.9 17.19 2.498 42.7 19.43 1.785 42.7 34.09 1.253 42.9 31.85 1.095 

1A-5-6-1-77-2.5 16.0 46.0 71.52 0.644 46.3 64.65 0.716 46.0 71.52 0.519 46.0 124.06 0.371 46.3 117.19 0.318 

2A-5-6-1-77-2.5 12.0 44.5 56.35 0.790 44.7 50.72 0.882 44.5 56.35 0.637 44.5 98.51 0.452 44.7 92.88 0.389 

3A-5-6-1-77-2.5 13.0 46.1 59.43 0.775 46.3 53.50 0.866 46.1 59.43 0.626 46.1 102.41 0.450 46.3 96.49 0.387 

1A-5-6-1-59-2.5 130.0 45.7 88.68 0.515 45.9 80.28 0.572 45.7 88.68 0.415 45.7 154.49 0.296 45.9 146.10 0.253 

2A-5-6-1-59-2.5 160.0 45.0 86.62 0.519 45.2 78.41 0.576 45.0 86.62 0.418 45.0 151.92 0.296 45.2 143.71 0.253 

Units: or{ 1n ps1, Ei in 103 psi, erj in 10"3 in./1n. 



115 

Table 7.3. Effect of Suggested Factors on the Basic Equation Outputs. 

Case 
Thickness, 
inches °ri/(7rBASIC Ei/EBASIC en/GrBASIC 

Basic case 1.5 ) 
2.0 > 
2.5 J 

1.0 1.0 1.0 

Terms effect 1.5 ) 
2.0 > 
2.5 } 

1.005 0.897 1.121 

Poisson's effect 1.5 ) 
2.0 > 
2.5 J 

1.0 1.0 0.805 

Shear effect 1.5 
2.0 
2.5 

1.0 
1.0 
1.0 

1.269 
1.478 
1.743 

0.788 
0.677 
0.574 

Combined effect 
(final modified 
equation) 

1.5 
2.0 
2.5 

1.005 
1.005 
1.005 

1.166 
1.375 
1.640 

0.693 
0.589 
0.494 

Table 7.3 and Fig. 7.6 indicate that the shear factor has the 

greatest effect on the results of the basic equations. For specimen 

thicknesses of 1.5, 2.0, and 2.5 in., use of the basic equations would 

result in dynamic moduli that are in error by about 27%, 48%, and 74%, 

respectively. When variations in Poisson's ratio are neglected in these 

calculations of dynamic moduli, those error values would lie within 

those cited by Timoshenko and Woinowsky-Krieger (1959). 

Table 7.3 and Fig. 7.6 also show the importance, to a lesser de

gree, of the Poisson's ratio and the added terms effects. A reduction 

in the radial strain value of about 19.5% from that calculated by the 

basic equation (7.3) is obtained if Poisson's effect is introduced in 
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Fig. 7.6. Effect of the Added Factors on the Dynamic Modulus and 
the Radial Tensile Strain of the Jimenez Deflectometer 
Specimens. 
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calculating the strain (Eq. 7.5). On the other hand, the added terms in 

the dynamic modulus equation would make the corresponding basic equation 

(7.2) in error by about 10%. The effect of the added term r0
2/4a2 in 

the stress equation is shown in Table 7.3 to be negligibly small. How

ever, if combined with those in the dynamic modulus equation in calcu

lating the radial tensile strain, they result in an increase of about 2%. 

Therefore, the basic radial strain equation is in error by about 12% 

(10% +2%). 

The above was a discussion on the effect of the suggested modi

fying factors on the direct outputs of the basic equations (7.1a), (7.2), 

and (7.3). Their effects on the final output, the fatigue life-stress 

or the fatigue life-strain diagrams, are the subject of the following 

discussion. Since there has been some indication that strain is the most 

important governing factor in fatigue characterization of asphaltic ma

terials (Pell, 1962), the N-er lines are selected as the means for com

paring all effects. In this discussion, reference is also made to the 

basic equation final output as the basis of comparison. This output 

will henceforth be referred to as the basic N-er lines. The 3-by-3 fac

torial data shown in Table 7.2 are utilized for this purpose. 

In this discussion the N-e r  diagram associated with a particular 

value of dynamic modulus will be deduced from the plots of the dynamic 

modulus-fatigue life diagrams (E-N diagrams). The data obtained by the 

use of the basic equations are utilized in illustrating the construction 

of the E-N and the N-er diagrams. 

The initial stresses, the dynamic moduli, and the strains are 

calculated using the basic equations (see Table 7.2). Because the 
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variation in the stress values for each thickness are not large, they 

are averaged, and thus each thickness will correspond to a certain de

veloped maximum stress level. Table 7.4 shows the mean and coefficient 

of variation of the stress levels for each specimen thickness. 

Table 7.4. Initial Stress Means and Their Coef
ficients of Variation* 

Approx. specimen 
thickness, in. 

Initial maximum radial stress Approx. specimen 
thickness, in. Mean, psi Coeff. of var., % 

1.5 126 1.6 

2.0 70 2.0 

2.5 45 2.9 

•Stresses were calculated using Eq. (7.1). 

Plotting the values of the initial dynamic moduli (Eq. 7.2) for 

each thickness (stress level) against the number of load repetitions at 

failure in a log-log plot, a linear regression line is obtained for each 

stress level1 (Fig. 7.7) with coefficients of determination and standard 

errors of estimate as given in Table 7.5. As seen from Fig. 7.7, the 

fatigue resistance of the Yuma sand-asphalt increases with increase in 

the dynamic modulus (material stiffness) of the material.2 This finding 

is a characteristic of controlled stress fatigue testing; the Jimenez 

1. All the regression analyses in this dissertation were per
formed using the standard computer program given in the Statistical 
Package for the Social Sciences (SPSS)--see Nie, Bent, and Hull (1970). 

2. More discussion on the dynamic modulus of elasticity will be 
presented in Chapter 8. 
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Table 7.5. Regression Results of Fatigue Life versus 
Initial Dynamic Modulus (Basic Case). 

Specimen Developed Coefficient Standard er-
thickness, stress level, of determi- ror of esti-
h, in. ar, psi nation, R2 mate, SEE 

1.5 126 0.89 0.275 

2.0 70 0.98 0.138 

2.5 45 0.84 0.347 

deflectometer can be considered a controlled stress producing machine. 

A close examination of Fig. 7.7 reveals that the dynamic modulus of 

elasticity decreases with the increase of the specimen thickness. This 

reduction might be attributed to the fact that the radial tensile 

stress decreases at a greater rate than the radial tensile strain with 

the increase in the specimen thickness, as indicated in Table 7.6 and 

Fig. 7.8. Moreover, the high compressive radial stress above the neu

tral plane of the specimen may be considered as another cause of greater 

moduli for the thinner specimens than those of the thicker ones. Those 

compressive stresses might be interpreted as extra confining forces, 

which will result in an increase in the resistance to deformation and 

will in turn produce higher dynamic moduli. 

At this point, it should be mentioned that this dynamic modulus 

is a material property whereas the specimen stiffness is a combination 

of both material and geometrical properties. The flexural rigidity of 

the specimen, which is defined by the following equation, can be consid

ered as the specimen stiffness in flexure: 
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D 

where 

D 

E 

h 

v 

The flexural rigidity of the specimen was found to increase with 

specimen thickness as shown in Fig. 7.9. Therefore, the greater the 

thickness of the specimen, the stiffer it is. 

Table 7.6. Reduction of Radial 
Specimen Thickness. 

Tensile Stresses and Strain with 

A/C = 6%, T = 59°F, r0 = 1.26 in., po = 1.00 psi. 

Specimen 
identification 

Thick
ness, 
in. 

°ri» eri» 
psi 10"3 in./in. 

Average Average 
ari/°ri(i.5) eri/Gri (1.5) 

1A-5-6-1-59-1.5 
2A-5-6-1-59-1.5 
3A-5-6-1-59-1..5 

Average 

1.516 
1.523 
1.553 
1.530 

128.9 
127.1 
123.1 
126.4 

0.474 
0.478 
0.479 
0.477 1.0 1.0 

1A-5-6-1-59-2 
2A-5-6-1-59-2 

Average 

2.025 
2.035 
2.030 

71.9 
71.2 
71.6 

0.278 
0.339 
0.309 0.57 0.65 

1A-5-6-1-59-2.5 
2A-5-6-1-59-2.5 

Average 

2.540 
2.560 
2.550 

45.9 
45.2 
45.6 

0.253 
0.253 
0.253 0.36 0.53 

°ri(i.5) ancl eri(1.5) denote radial tensile stress and strain correspond
ing to specimen thickness of 1.5 in. 

12(1- v2) 

= flexural rigidity of a specimen 

= dynamic modulus of elasticity in psi, as defined 
by Eq. (7.6) 

= specimen thickness in inches 

= Poisson's ratio. 
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T = 59 *F 
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Fig. 7.8. Reduction of Radial Tensile Stresses and Strains 
with Increase in Specimen Thickness. 
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D = Eh /12(1 ->) ) 

A/C s 6 •/. 

T = 95 #F 

r; = 1.26 in. 

(j = 1.00 psi 

10* 
1.5 2.0 2.5 

SPECIMEN THICKNESS, in. (LOG SCALE) 

Fig. 7.9. Effect of Specimen Thickness on the Flexural 
Rigidity of Specimens. 



The familiar stress-fatigue life diagram (ar-N) can be obtained 

for a particular dynamic modulus (E) by entering Fig. 7.7 horizontally 

at that particular E value and then extending the horizontal line to 

intersect each stress level line at points whose horizontal coordinates 

are the corresponding number of load repetitions at failure. The or-N 

is obtained by plotting the various stress levels against their corre

sponding number of load repetitions at failure (fatigue life) in a 

log-log plot. Such plots for dynamic moduli ranging from 25,000 to 

400,000 psi are shown in Fig. 7.10. In addition to showing the increased 

resistance to fatigue failure with increase of dynamic modulus, this 

figure indicates that samples with high E value produce ar-N lines that 

are flatter than those of lower E values. For the ranges of dynamic 

moduli mentioned earlier, the slopes of the lines are found to range 

from 1.29 to 2.93, with steeper slopes at low dynamic modulus values. 

Knowing the radial stress level and the dynamic modulus at a par

ticular fatigue life, the radial strain is obtained from Eq. (7.3) as 

er = ar/E. The N-er diagram is obtained by plotting these calculated 

strains against their corresponding fatigue life in a log-log plot. 

Plots of this type of relationship for the same ranges of dynamic moduli 

mentioned earlier are shown in Fig.7.11. Each line can be represented 

by a regression equation of the form 

log N = log k + blog(l/er) (7.8) 

where log k is the intercept of a specific line (theoretically equal to 

the fatigue life that corresponds to a 1 in./in. strain level). This 

value identifies the location of the line. The slope of the line is b. 
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Values of log k and b for each line (at a particular dynamic modulus) 

are included in Table 7.7 and Fig. 7.12. 

Figure 7.11 demonstrates that the strain-fatigue life data can be 

represented by a single straight line for dynamic moduli that are greater 

than about 100,000 psi. On the other hand, deviations from this straight 

line are noticed for lower moduli. This finding implies that Pell's 

(1962) conclusion—that the strain is the primary governing factor for 

fatigue characterization of asphaltic materials—is not applicable for 

all ranges of dynamic stiffness. (That is, the effect of temperature is 

clearly noticed on strain values that correspond to lower dynamic mod

uli.) These differences in slopes may be attributed to the length of 

crack propagation time; the longer the time (at low dynamic moduli), the 

steeper the N-er line (Pell, 1967a). 

Similarly, the factorial data were utilized in constructing the 

er-N lines for the cases that include the added terms, Poisson's and 

shear elements. Figures 7.13 through 7.15 show the resulting er-N rela

tionships for the modified cases. The result of combining those added 

factors is indicated in Fig. 7.16. 

Figures 7.13 and 7.14 show the formation of a single straight 

line similar to that of the basic case. A complete deviation from this 

finding is shown in Figs. 7.15 and 7.16, which include the shear effect. 

This deviation therefore is attributed to the shear effect. This argu

ment might be strengthened if one considers that the unique relationship 

between strain and fatigue life suggested by Pell (1967a) (at least for 

the N-er lines obtained from controlled stress testing) was based on 

Pell's pure bending testing. It will be remembered from Chapter 2 that 



Table 7.7. Intercepts and Slopes of the Fatigue Life-Strain Relationship for Different Cases. 

Eq. (7.8) Eq. (7.9) Eq. (7.9a) 

Basic case Elementary case Poisson's corr. Shear correction Final modified case 
Dynamic 
modulus, Intercept Slope Intercept Slope Intercept Slope Intercept Slope Intercept Slope 
psi log k b ctlogk atb cvlogk avb Cslogk as b cmlogk amb 

25,000 -0.312 1.294 

50,000 -1.044 1.694 

100,000 -2.013 2.093 

200,000 -3.262 2.504 

400,000 -4.799 2.926 

-0.322 1.353 -0.451 1.301 

-1.036 1.738 -1.225 1.702 

-1.992 2.125 -2.235 2.101 

-3.186 2.514 -3.561 2.522 

-4.606 2.901 -5.115 2.937 

1.859 0.251 1.972 0.235 

1.401 0.666 1.482 0.698 

0.692 1.082 0.751 1.059 

-0.255 1.495 -0.235 1.472 

-1.511 1.924 -1.458 1.881 
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Pell used a constant bending machine (Fig. 2.13), which ensures that no 

shear stresses are imposed on the test specimens. 

Similarly, the er-N lines of Figs. 7.13 through 7.15 could be 

represented by equations having the same form as Eq. (7.8), each with 

different intercept and slope. Because any line will be completely de

fined if its intercept and slope are known, the following general equa

tion was adopted to find the effect of the added factors on such a 

relationship (er-N): 

log N = c-j log k + a-j b log(l/er). (7.9) 

In this case, c-j log k and a-jb are the new terms for the intercept and 

the slope of each line that satisfies Eq. (7.9). The terms log k and b 

are those of the er-N lines of the basic case. Therefore, if the basic 

case is considered, both c-j and a-j would take the value of unity and 

thus Eqs. (7.8) and (7.9) would be identical. It follows that c^ and a.,-

are merely multiplying factors, hereinafter called modifying factors, to 

the intercept and the slope, respectively, of the er-N lines of the 

basic case. 

The effect of the added factors thus is manifested by the values 

of these modifying factors. To explain their use, we consider for exam

ple the shear case at an E value of 100,000 psi. Performing a linear 

logarithmic regression between er (er = or/E) and N that was obtained 

from the E-N diagram at E = 100,000 psi, the intercept and the slope of 

the regression line are found to be 0.692 and 1.082, respectively (see 

Table 7.7). Dividing the intercept and slope values thus obtained by 

the corresponding values of the basic case, -2.013 and 2.093 (see Table 
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7.7), we find that cs and as equal -0.344 and 0.517, respectively. These 

values of cs and as indicate that the intercept and the slope of the 

N-er line of the basic case are in error by about 134.4% and 48.3%, re

spectively. In other words, the inclusion of the shear effect in calcu

lating the dynamic modulus would result in an N-er line (at E = 100,000) 

that has an intercept 134.4% greater than, and a slope 48.3% steeper 

than, that of the corresponding line of the basic case. For easy refer

ence, the general output equation from the introduction of all the ef

fects is repeated as follows: 

log N = C log k + Ablog(l/er) (7.9a) 

where 

C and A are modifying multipliers due to the introduction of 
term, Poisson, and shear effects combined, and 

log k and b are as described before. 

Values of cn- and ai are tabulated and plotted against their cor

responding dynamic moduli in Table 7.8 and Fig. 7.17. Figure 7.18, on 

the other hand, presents the combined effect of the terms, Poisson's, 

and shear effects. It is seen from Figs. 7.17 and 7.18 that the shear 

factor has the greatest effect. On the other hand, it is seen from Fig. 

7.17 that the term and the Poisson's factor affect the results only at 

lower moduli; at higher moduli their omission has no appreciable effect. 

Finally, the large effect noticed at lower moduli (i.e., corresponding 

to high temperatures) for all factors might also be considered as an ex

planation of the deviation from the single N-er line suggested by Pell 

(1967a) for all ranges of temperature. 



Table 7.8. Effects of Added Factors on N-er  Relationship. 

Dynamic Basic case 
modulus, 
psi Cb ab 

Elementary Poisson's 
case correction 

c t  ® t  

Shear Final 
correction modified case 

cs as ^m ^m 

25,000 1. 0 1.0 1.032 1.046 1.446 1 .005 -5.958 0.194 -6.321 0.182 

50,000 1. 0 1.0 0.992 1.026 1.173 1 .005 -1.342 0.393 -1.420 0.412 

100,000 1. 0 1.0 0.990 1.015 1.110 1 .004 -0.344 0.517 -0.373 0.506 

200,000 1. 0 1.0 0.977 1.004 1.092 1 .007 0.078 0.597 0.072 0.588 

400,000 1. 0 1.0 0.960 0.991 1.066 1 .004 0.315 0.658 0.304 0.643 



POISSONS EFFECT 

TERMS EFFECT 

SHEAR 
EFFECT 

I M JL I 1 I I I I II 
4 6 8 105 2 4 6 8 10" 

DYNAMIC MODULUS, psi 

(a) Intercept Multiplier vs Dynamic Modulus 

1.2 

1.1  

1.0 

0.9 

o.e 

« 0.7 

tc UJ 
• 0.6 
CL 
K 
3 0.5 
s 

£ 0.4 
o -I w 

0.3 

0.2 

0.1 

0.0 

I I I I I TT 

POISSONS EFFECT 
1  

TERMS EFFECT 7 

SHEAR EFFECT 

i  i  l  1 1 1 1  i  I  I  I  I  I  I I I  
4 6 8 10 2 4 

DYNAMIC MODULUS, psi 

6 8 10 

(b) Slope Multiplier vs Dynamic Modulus 

Fig. 7.17. Intercept Multiplier and Slope Multiplier as Functions of the Initial 
Dynamic Modulus for the Terms, Poisson's, and Shear Corrections. 



138 

a UJ 

3 2 
O Ll Z 
CD 
2 
O u 

CL UJ u a bJ 

-2 

-3 

10* 

i—i i 111 ii|—rn i i 111 II 

ALL FACTORS COMBINED 

IN ONE DYNAMIC MODULUS _ 

EQUATION 

JLL _l_ I I I I I II 
4 6 8 10= 2 4 6 8 1(f 

DYNAMIC MODULUS, psi 

(a) Intercept Multiplier vs Dynamic Modulus 

0.8 

0.7 
< 

2 0.6 
J 
a. 
h 0.5 

0.4 

O U 
z 
a 
2 
o 
o 02 

0.3 

id & 
3 
(A 

0.1 

0.0 

1 1 1  1  1 1 1  I I I  1  1  1  1  1  1 1 I I  

— 

ALL FACTORS COMBINED 

1 IN ONE DYNAMIC MODULUS — 

EQUATION 

. 1 1 1 1 1 1 I I I  ,1 1 1 I I  1 I I  
10 4 6 B 10 2 

DYNAMIC MODULUS, psi 

6 6 10 

(b) Slope Multiplier vs Dynamic Modulus 

Fig. 7.18. Combined Intercept Multiplier and Combined Slope 
Multiplier as Functions of the Initial Dynamic 
Modulus. 



139 

In conclusion, the writer recommends the inclusion of the terms, 

Poisson's, and the shear factors in calculating the stresses, dynamic 

moduli, and strains developed in the def1ectometer specimens. The basic 

equations, (7.1), (7.2), and (7.3), may be used if the modifying factors 

shown in Figs. 7.6, 7.17, and 7.18 are applied to their different out

puts. The problem of solving for the stresses and strains in the defleo 

tometer specimens might be handled directly by the use of the final 

modified equation presented as Eqs. (7.3), (7.5), and (7.6). Equations 

(7.3) and (7.6) are completely derived and presented in Appendix A. To 

simplify the calculations of stress, dynamic modulus, and strain, a com

puter program was written to solve the above equations, (7.3), (7.5), 

and (7.6). The listing of the computer program is presented in Appen

dix B. 

In this research, unless otherwise mentioned, the final modified 

equations, (7.3), (7.5), and (7.6), are used in calculating the results. 



CHAPTER 8 

TEST RESULTS AND ANALYSIS 

The literature review presented in Chapter 2 shows that the fa

tigue resistance of a material is a function of several variables (Table 

2.1). Those variables were subdivided by Monismith and Deacon (1969) 

into three main categories: load variables, environmental variables, and 

mixture variables. Chapter 2 discussed only the effect of the load var

iables. This chapter will discuss the environmental and mixture varia

bles that are related to this study and that were investigated by the 

use of controlled stress testing procedures. 

In addition to containing the results of the laboratory repeti

tive load testing performed on the Yuma sand-asphalt, this chapter dis

cusses the effect of five mixture and specimen variables in the fatigue 

behavior of this material: (1) asphalt content, (2) testing temperature, 

(3) initial specimen support pressure, (4) contact loaded area, and (5) 

specimen thickness. Because the fatigue properties of asphaltic mate

rials are greatly affected by air void content and mixture stiffness 

(Saal and Pell, I960; Pell, 1962; Epps, 1968; Deacon, 1965), a discus

sion of these variables is first in order. Then, following discussion 

of the mixture and specimen variables, a correlation between some of 

these factors will be investigated. The individual fatigue test results 

are presented in Appendix C. 
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Effect of Air Voids 

The term "air voids" is used to refer to the air spaces between 

the coated particles. On the other hand, the spaces between the aggre

gate particles in the compacted mixtures are called the "voids in the 

mineral aggregate," usually denoted by "VMA." Thus, VMA are composed of 

the air void spaces and those filled with asphalt. Both air voids and 

the VMA are usually expressed as percent by volume of the total volume 

of the compacted mixture. 

The behavior and performance of asphaltic mixtures are greatly 

affected by these void spaces. As a matter of fact, the amount of voids 

alone is widely used in determining the amount of the so-called optimum 

asphalt content in a mix. The term "void theory" usually refers to such 

procedures. Lefebvre (1957), for example, used this theory in charac

terizing his different mixes. In his study, the bitumen content that 

produces 4% air voids was selected. Most mix design methods such as the 

Hveem and the Marshall procedures (Asphalt Institute, 1963b), on the 

other hand, utilize the air voids as an important element in their cri

terion for selecting the asphalt content. It is the writer's opinion 

that, although the amount of voids in the mix is important, it should 

not be considered alone in characterizing asphaltic mixtures. The sur

face area and thus the film thickness are important factors to consider 

in addition to the voids. To illustrate their importance, consider 

two compacted mixtures, both having the same aggregate voids but 

differing in their corresponding aggregate surface area. If the same 

asphalt content is present in both mixes, the one with larger surface 

area (fine aggregates) will have a thin film of asphalt coating the 
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particles as opposed to a thicker one for the mix containing aggregates 

of smaller surface area (coarse aggregates). 

Moreover, in discussing the effect of air voids on the fatigue 

life, consideration should be given not only to their absolute volume 

but also, for example, to their shapes, sizes, distribution within the 

mix, and degree of interconnection in the compacted matrix. 

The above general discussion might lead to the conclusion that 

the effect of the air voids in a mixture on the fatigue life is diffi

cult to assess. The ever-present interaction between the factors listed 

above in a compacted mixture creates such a complexity. 

Voids within a compacted mixture can be varied by changing fac

tors such as aggregate shape, aggregate gradation, asphalt content, and 

compaction effort. 

The effect of air void content on the fatigue characteristics of 

asphaltic materials has been investigated by several researchers such as 

Saal and Pell (1960) (Fig. 8.1) and Monismith, Epps, and Kasianchuk 

(1968) (Fig. 8.2). The results of these investigations indicate, in 

general, a decrease in the fatigue life with an increase in the air void 

content. 

Because the presence of a void in the mix causes a reduction in 

the solid area subjected to stressing, an increase in air voids will re

sult in a further reduction of this area. The reduction in the effec

tive solid cross sectional area thus will result in higher developed 

stresses, which in turn will result in a short fatigue life. Such an 

increase in these stresses cannot, however, be considered the sole fac

tor contributing to the large reduction in fatigue life shown in Figs. 
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. 8.1. Relationship Between Air Voids and 
Fatigue Life. 

(After Saal and Pell, 1960.) 
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8.1 and 8.2.* The stress concentrations at the edges of the voids may 

also have a considerable effect. The amount of stress concentration is 

affected by the shape, size, and distribution of air voids present in the 

compacted mixture. Monismith, Epps, and Kasianchuk (1968, p. 24) stated 

in this regard that "the difference in fatigue life noted between the 

British and California graded mixes [Fig. 8.2] may thus in part be due 

to the size and shape of the voids in the two types of mixes since vis

ual examination indicated that the British mix contained smaller size 

voids than the State of California fine and coarse mixes." 

More recent work on the effect of air voids on the fatigue life 

of asphalt concrete has been reported by Hasan (1973), who used the Ji

menez deflectometer. Varying the air voids by changing the compactive 

effort, Hasan (Fig. 8.3) arrived at results that support the findings of 

Saal and Pell (1960) and Monismith et al. (1968) previously referred to. 

However, he obtained different results when he utilized the asphalt con

tent in varying the amount of air voids in the mix. The fatigue life 

(Fig. 8.3) was shown to increase with a decrease of air voids. Such an 

increase ceases at a point beyond which further reduction in the air 

voids causes a corresponding reduction in the fatigue life. No justifi

cations were reported for such interesting findings. However, this 

writer believes that the asphalt film thickness concept and the stress 

1. Figure 8.1 shows that the fatigue life corresponding to 1% 
air voids is about 16 times that corresponding to 10% air voids. The 
reduction in the fatigue life by an order of magnitude is shown in Fig. 
8.2, however, to correspond to about 4% to 6% increase in the air voids 
for the California mix and to about 10% increase in air voids for the 
British standard mix. 
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concentrations are behind such a reduction in fatigue life. In defend

ing this point, the writer used Hasan's data to calculate the VMA and 

the film thickness* for each data point shown in Fig. 8.3. Results of 

these calculations are presented in Table 8.1 and Fig. 8.4. Both the 

table and the figure show that an increase in asphalt film thickness be

yond a certain point results in a reduction in the fatigue life. More

over, Fig. 8.4 indicates in general (two of three cases) the presence of 

a maximum fatigue life at an asphalt film thickness of about 8 ym. A 

film thickness in the range of 6 to 8 pm was suggested by Campen et al. 

(1959) to produce pavement mixtures that perform well. 

To interpret such a reduction in the fatigue life, consider, for 

example, the points of contact between the asphalt-coated aggregate par

ticles. Because the aggregate particles are harder than the bitumen, 

deformation is most likely to occur in the bitumen. Now, increasing the 

binder film thickness will decrease the frictional resistance between 

the aggregate particles and increase the bitumen strain, which in turn 

will result in a correspondingly shorter fatigue life. 

In this research, no plans were made to investigate the effects 

of air voids on the fatigue characteristics of the Yuma sand-asphalt. 

1. The asphalt film thickness was calculated as the ratio of 
the volume of asphalt to the surface area of aggregates in the mix 
(Jimenez, 1962a). This definition is based on the assumptions that (1) 
the aggregate particles are smooth in surface texture, (2) no asphalt is 
absorbed by the aggregates, and (3) the asphalt is evenly distributed 
on the aggregate surface area, resulting in a dimensional asphalt film. 
The asphalt film thickness concept is interesting and at present needs 
more research and refinement so as to be more widely accepted. Such a 
point is, however, beyond the scope of this dissertation. Finally, it 
is believed, according to the stated assumptions, that the above defini
tion will serve the purpose for which it is intended. 



Table 8.1. Interrelationship Between Asphalt Film Thickness, Air Voids, and Fatigue Life. 

Data are from Hasan (1973). 

Compactive efforts 

Low 

Asphalt 
content 
% 

Film Reps. 
Air thick- to 
void, VMA, ness, fail., 
% % urn 103 

Regular 

Film Reps. 
Air thick- to 
void, VMA, ness, fail., 
% % W 103 

High 

Film Reps. 
Air thick- to 
void, VMA, ness fail., 
% % w io3 

11.6 
13.2 

22 .1  
23.5 

(Ave.) 12.4 22.8 

8.1 
8 . 1  

85 
110 

97.5 

11.5 
11.4 

22.0 
21.9 

8.1 
8.1 

11.45 21.95 

220 
150 

185 

11.2 
11 .1  

21.7 
21.6 

8.1  
8.1 

11.15 21.65 

390 
390 

390 

5.5 10.2 
8.8 

21.9 
20.6 

9.0 
9.0 

(Ave.) 9.5 21.25 

85 
100 

92.5 

8.4 
8.5 

20.2 
20.4 

8.45 20.3 

9.0 
9.0 

180 
130 

155 

7.6 
7.9 

19.6 
19.8 

7.75 19.7 

9.0 
9.0 

160 
200 

180 

7.3 
7.9 

20.3 
20.8 

9.9 
9.9 

(Ave.) 7.6 20.55 

58 
85 

71.5 

7.0 
6 .8  

20.1 
19.9 

6.9 20.0 

9.9 
9.9 

100 
95 

97.5 

6.7 
6.7 

19.8 
19.8 

6.7 19.8 

9.9 
9.9 

120 
150 

135 

Abbreviation: Reps, to fail. = number of repetitions to failure. 
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However, in studying the effect of the asphalt content (to be presented 

in a subsequent section), variations in the air voids were obtained. 

Figure 8.5 shows an increase in the fatigue life with air voids, up to a 

point, beyond which further increase in the air void content causes a 

reduction in the fatigue life. Such a behavior is attributed to the 

changes in the asphalt film thickness. Figure 8.6 indicates that, al

though the increase in asphalt content causes a reduction in the air 

voids, it has practically no effect on the VMA. Therefore, the reduc

tion in the air voids is due mainly to the increase in the film thick

ness. It has been shown before that the fatigue life can be reduced or 

increased by changing the asphalt film thickness. The data of Fig. 8.7 

illustrate that the increase in the fatigue life with air voids, shown 

in Fig. 8.5, is due to the reduction in the bitumen film thickness. 

Moreover, this figure indicates that a film thickness of about 4 ym (cor

responding to 6% asphalt by weight of dry sand) results in the highest 

fatigue life. 

Effect of Stiffness 

Asphaltic paving mixtures possess a stress-strain relationship 

that is dependent on both time of loading and temperature. Van Der Poel 

(1954) suggested that the term "stiffness" be given to such a relation

ship. This stiffness is defined as 

S(t,T) = o/e (8.1) 

where 

S(t,T) = stiffness, in psi at particular time of 
loading and temperature, 
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a = axial stress, in psi or kg/cm2, 

e = axial strain, in./in. or cm/cm. 

The dependence of stiffness on the time of loading at a particu

lar temperature is illustrated in the schematic diagram of Fig. 8.8. 

Three stages are illustrated in this figure. The elastic behavior stage 

is attained at a very short loading time. In this case the stiffness 

approaches a constant value and thus is analogous to the elastic modu

lus. For the intermediate range on the time scale, the stiffness is 

shown to decrease with the increase of the time of loading. Finally, at 

very long loading times, the stiffness may still decrease, but at a uni

form rate. Thus the behavior is approaching the purely viscous case 

(Finn, 1967). The effect of temperature on stiffness will be discussed 

under "Effect of Testing Temperature" (p. 164). 

Mixture stiffness may be determined by direct measurements from 

test methods such as flexure, tension, compression, or creep tests. 

Stiffness may also be determined indirectly based on the knowledge of 

certain mixture characteristics by the use of the nomograph developed by 

Van Der Poel (1954) and modified by Heukelom and Klomp (1964). In ana

lyzing the data of this research, the combined dynamic modulus of elas

ticity1 discussed in the preceding chapter is used, and therefore such 

a term and/or the term "deflection-based stiffness" is therefore used in 

lieu of the term "stiffness." However, in citing information from the 

1. The combined dynamic modulus given by the final modified 
case (Eq. 7.6) is the one used in this research. 



1) AT SHORT LOADING TIME S=E 

2) AT INTERMEDIATE LOADING TIME S = E(t) 

3) AT LONG LOADING TIME S = */t 

WHERE * = VISCOUS TRACTION = 3^ 

ELASTIC BEHAVIOR 

TIME, t (LOG SCALE) 

. 8.8. Idealized Time of Loading Dependence of 
the Stiffness (Stress/Strain) Character
istics of an Asphaltic Material Subjected 
to an Axial Tensile Stress. 

DELAYED 
BEHAVIOR 
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(After Finn, 1967.) 
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literature, the term "stiffness" will be used if it was utilized by the 

cited authors. It should be mentioned that, as of now (1973), no at

tempt has been made to correlate the def1ectometer dynamic modulus of 

elasticity or the deflection-based modulus to the other forms of stiff

ness obtained by different procedures. Such a correlation will be bene

ficial in comparing the def1ectometer results with other techniques 

available. 

In addition to being affected by time of loading and temperature, 

the dynamic modulus (or stiffness) is also greatly affected by the void 

content. For the mixes whose fatigue life versus void content data were 

presented in Fig. 8.2, Monismith et al. (1968) showed that the stiffness 

decreases with the increase of the air void content. Figure 8.9 shows 

such a trend. Thus it seems possible that the decrease in the fatigue 

life with the increase of the air voids in the mix, previously described, 

is due partly to the decrease in the stiffness of the mix. 

The effect of the dynamic modulus of elasticity on the fatigue 

response of the Yuma sand-asphalt was discussed in detail in Chapter 7. 

It was shown that an increase in the fatigue life is associated with an 

increase in the value of this modulus. Such findings have also been re

ported by Epps (1968, p. 97), who stated: "...It is apparent that mix

tures with high stiffness produce long fatigue lives." Moreover, it was 

shown, previously, that the higher the dynamic modulus, the flatter the 

slope of the a-N or e-N lines. This conclusion has also been confirmed 

by Epps (p. 97), who stated that "the slopes of the lines vary from n = 

2.2 to n 5 3.8 with steeper slopes associated with low stiffness mixes." 
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Fig. 8.9. Relationships Between Initial Stiffness Modulus and 
Air Void Content, Granite Aggregate. 

(After Monismith, Epps, and Kasianchuk, 1968.) 
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In addition to being affected by the time of loading, tempera

ture, and air void content, the dynamic modulus or the stiffness is also 

dependent on factors such as asphalt content (asphalt film thickness), 

stress intensity (or, as it is applied here, contact loaded area), and 

specimen dimensions (thicknesses). The dependency of stiffness on such 

factors will be discussed in this chapter under the appropriate headings. 

In concluding this section and the previous one, it should be 

mentioned that most of the confusion in interpreting fatigue test results 

arises from the lack of understanding of the differences between con

trolled stress and controlled strain modes of loading.* The effects of 

stiffness and air voids on the response of fatigue testing contribute 

largely to such a confusion. In an attempt to show the importance of 

understanding these factors, the author will cite part of the interest

ing answer given by Pell (1967b, p. 473) to a question that relates to 

such a point, in the 1967 International Conference on the Structural De

sign of Asphalt Pavements: 

Professor Monismith pointed out that we must be very careful 
when investigating various factors affecting fatigue to define 
our method of testing; the difference between results obtained 
in controlled stress and controlled strain sometimes being con-
considerable, and this is particularly so when assessing the 
effect of air voids in the material. 

Mr. Hugo pointed out that Mr. Kirk's paper stated that air 
voids have no harmful effect on fatigue. He reached this con
clusion as a result of controlled strain tests. My own opinion, 
based on results of controlled stress tests, and also I think 
that of other fatigue workers such as Messrs. Bazin and 
Saunier, is that increased voids have a bad and harmful effect 
on fatigue performance. 

1. A discussion of those modes was presented in considerable 
detail in Chapter 2. 
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These contrary conclusions result from the different modes 
of testing. The actual effect of voids is likely to be two-fold, 
increased voids will result in firstly, reduced stiffness, and 
secondly increased stress concentrations due to their presence. 
In controlled stress testing both these effects will result in 
shorter fatigue lives whereas in controlled strain tests the 
reduction in stiffness may well result in longer lives and hence 
compensate to some extent for the stress concentration effect. 
Therefore, I would not expect the harmful effect of voids to 
show up as much in controlled strain testing as in controlled 
stress. 

Effect of Asphalt Content 

Asphalt content is known to be a major factor in the performance 

of asphaltic concrete pavements. Many pavement distresses are the re

sult of using asphaltic mixtures that are either too low or too rich in 

asphalt. Therefore, such pavements must be built with asphaltic mix

tures that contain the right amount of asphalt. Unfortunately there is 

no such "right amount" of asphalt, and usually a compromise must be 

made. The amount of asphalt in a mix that ensures adequate stability 

might not, for example, assure adequate durability. For this reason 

other factors such as void content are included in mixture design 

criteria. 

The stability obtained by most of the available mix design meth

ods, such as the Hveem and the Marshall methods (Asphalt Institute, 

1963b), increases with asphalt content up to a point beyond which further 

increase in the asphalt content results in a reduction of stability. 

This asphalt content is the optimum asphalt content for maximum stability. 

Similarly, in fatigue testing, a certain asphalt content was 

found to result in a maximum fatigue life. Jimenez (1962a) is consid

ered to be the first researcher to report such a finding. Figure 8.10 
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indicates the existence of an optimum asphalt content in fatigue testing 

just as is the case for other mix properties. This figure also indi

cates that, the rougher the surface texture of the aggregate, the more 

asphalt it can accommodate. Stated in another way, the optimum asphalt 

content for fatigue resistance for mixes made with rough textured aggre

gate is more than that of mixes made with smooth textured aggregate. 

Jimenez (1972a) showed, also, that the optimum asphalt content for maxi

mum life coincides with that for maximum dynamic modulus,* as appears in 

Fig. 8.11. 

Jimenez's finding of optimum asphalt content was supported by 

data presented by Pell (1967a) and Epps (1968). These authors and others 

indicated the presence of such an optimum for maximum fatigue life. 

Moreover, Epps agrees with Jimenez that the asphalt content that pro

duces maximum fatigue life also produces a mixture with the highest 

stiffness for controlled stress testing. 

To investigate the effect of asphalt content on the fatigue life 

of the Yuma sand-asphalt, specimens having asphalt contents of 4%, 6%, 

8%, and 10% by weight of dry sand were manufactured with a thickness of 

about 1.5 in. They were tested under the same conditions of initial 

support pressure (1.00 psi) and radius of loaded area (1.26 in.). In 

order to study the effect of temperature on the optimum asphalt 

content, tests were performed at 95°, 77°, and 59°F. Results of 

these tests (Fig. 8.12) suggest the existence of an optimum asphalt con

tent for maximum fatigue life. Such an optimum is seen from the figure 

1. Equation (7.2) was used in calculating the dynamic modulus 
of elasticity. 



162 

</> 

UI 10 

UJ 6 — 

7.0 8.0 6.0 7.5 6.5 

ASPHALT CONTENT, •/. 

Fig. 8.11. Asphalt Content vs Both Number of Repetitions 
and Dynamic Modulus. 

(After Jimenez, 1972a.) 



163 

3 

2 X INDICATES AVE. POINT 

10" 
8 

6 59 F 

ui 
a: 
z> 

< 
u. 

< 

m 
z 
O 

u 
0. 
UJ 
a. 

Q 

< 
O _j 

LL 
O 

o 
z 

2 — 

10 
8 

6 

10 
3 

8 

6 

O 

* 

H 

P. 

r 

= 1.5 in. 
= 1.00 psi. 

= 1.26 in. 

95 °F 

4 6 8 10 
•/« ASPHALT CONTENT BY WEIGHT OF DRY SAND 

Fig. 8.12. Effect of Asphalt Content on Fatigue Life 
of the Yuma Sand-Asphalt for Different 
Testing Temperatures. 



164 

to be at 6% for all three temperatures. It is interesting to note 

that the optimum asphalt content for maximum fatigue life coincides with 

that obtained previously for maximum stability (Fig. 4.1a). Figure 8.13, 

a plot of dynamic modulus of elasticity versus asphalt content, shows 

that a maximum modulus value occurs for all temperatures at an asphalt 

content of 6%. Therefore, as previously suggested by Jimenez (1962a, 

1972a) and Epps (1968), a unique optimum asphalt content exists for both 

the fatigue life and the dynamic modulus. 

The presence of such an optimum can be explained in terms of the 

asphalt film thickness previously described. Figure 8.7, which was 

plotted for the data of Figs 8.12 and 8.13, indicates the occurrence of 

an optimum film thickness of 4 um (corresponding to 6% asphalt), which 

results in the maximum fatigue life. At an asphalt content lower than 

6%, the film thickness is not enough to ensure good bonding between the 

aggregate particles. At asphalt contents higher than 6%, the resulting 

asphalt film thickness is excessive and, as discussed in the air voids 

section, a short fatigue life is expected. At an asphalt content equal 

to the optimum, the corresponding asphalt film thickness is apparently 

just enough to ensure the highest bonding between asphalt and the aggre

gate particles, which in turn results in the highest fatigue life and 

dynamic modulus of elasticity. 

Effect of Testing Temperature 

Chapter 2 showed that, when Pell's controlled stress test data 

(Fig. 2.14) are replotted in terms of strain, instead of stress, against 

the fatigue life, all the data cluster about a single straight line 
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(Fig. 2.16), indicating that strain is the controlling factor and that 

the effect of temperature is manifested by its effect on stiffness (Saal 

and Pell, 1960). Therefore, as the temperature is reduced, the specimen 

is stiffer and the strain corresponding to a particular stress level is 

less. The result is an increased fatigue life (Fig. 2.16). 

Jimenez (1962a) has presented data that support this conclusion. 

Moreover, he showed indirectly that the number of load repetitions at 

failure is linearly related to the testing temperature when all are plot

ted on log-log scales. Such a linear relationship is represented here 

as Fig. 8.14. This figure also shows that a decrease in the testing 

temperature of little more than 10°F results in an increase in the fa

tigue life of two orders of magnitude. Such a result emphasizes the ef

fect of the testing temperature in fatigue testing. 

The results of this research agree with Jimenez's data in that a 

linear logarithmic relationship exists between the number of load repe

titions at failure (fatigue life) and the testing temperature. However, 

more reduction in temperature than that found by Jimenez is necessary to 

produce a change in the fatigue life of two orders of magnitude. Figure 

8.15 shows the effect of the testing temperature on the fatigue life of 

the Yuma sand-asphalt specimens of 6% asphalt content and 1.5-in. thick

ness that were subjected to a loaded area of 5 sq. in. (r0 = 1.26 in.) 

and an initial support pressure of 1.00 psi.1 Figure 8.15 indicates 

that an increase in the fatigue life by an order of magnitude would re

quire a reduction in the testing temperature of about 20°F. A regression 

1. For other testing conditions, see the tables of the data re
sults presented in Appendix C. 
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analysis was performed on the data of Fig. 8.15 with the fatigue life as 

the dependent variable, and the resultant equation with a coefficient of 

determination (R2) of 0.99 is 

N = 2.5 x 1021 (1/T)9-3 (8.2) 

where 

N = number of load repetitions at failure 

T = testing temperature in degrees Fahrenheit. 

Although the data of Fig. 8.12, previously described, indicate a peaking 

effect of the asphalt content on the fatigue life for all temperatures, 

the effect is very small. Therefore it may be said that Eq. (8.2) holds 

true for the range of asphalt contents considered in this research, pro

vided the specimen thickness and other testing conditions remain the 

same. 

As hinted earlier, this influence of temperature can be explained 

in terms of the mixture stiffness or dynamic modulus. Because the mix

ture stiffness is a function of the bitumen stiffness (Pell, 1967a) and 

because bitumens become harder (stiffer) with decreasing temperature, 

the mixture stiffness will increase with decreasing temperature. The 

increase in the stiffness therefore results in a decrease in the defor

mation or strain; thus a longer life is expected. The results of this 

research support this reasoning. Figure 8.16, which represents the re

lationship between the testing temperature and the dynamic modulus of 

elasticity, was constructed for the same loading and physical conditions 

as was Fig. 8.15. A linear logarithmic relationship is found to occur 

between the dynamic modulus of elasticity and temperature. The 
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corresponding regression equation with a coefficient of determination of 

0.87 is 

E = 5.82 x 1011 (l/T)3-^ . (8.3) 

A similar linear logarithmic relationship was found, also, to exist be

tween the cumulative central deflection and the temperature as seen in 

Fig. 8.17. The corresponding regression equation is 

<5 = 1.23 x 10-8 x J3.68, (R2 = .97), (8.4) 

where 

6C = cumulative central deflection in inches. 

From Figs. 8.16 and 8.17 and Eqs. (8.3) and (8.4) it will be seen that an 

increase in the temperature results in a decrease in the dynamic modulus 

of elasticity and in an increase in the cumulative central deflection. 

Similarly, as with Eq. (8.2), Eqs. (8.3) and (8.4) are believed to 

be true for all ranges of asphalt contents used, as long as other condi

tions are held the same. 

Effect of Initial Support Pressure 

The support given to any test specimen can be considered approx

imately to resemble the modulus of the subgrade reaction given to the 

bottom of the pavement (surface layer) by the foundation layers. Such a 

support has a great influence on the surface deflection of a pavement. 

Small deflection, in general, results from high support pressures. A 

curvilinear relationship was found to occur, in the field, between the 
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pavement surface deflection and the modulus of the subgrade reaction 

(Fang and Schaub, 1967). In laboratory fatigue testing using the origi

nal Jimenez deflectometer, Jimenez (1962a) found a simple linear rela

tionship between the initial support pressure given to the specimen and 

the accumulated central surface deflection. Such a relationship is rep

resented here as Fig. 8.18. Because large support pressures result in 

small deflection, large fatigue life should be expected. Jimenez (1962a) 

did find that the fatigue life increases with increasing initial support 

pressure as shewn in Fig. 8.19. 

To investigate the effect of the initial support pressure, sev

eral specimens containing 6% asphalt and with a thickness of 1.5 in. were 

tested at 77°F; they were subjected to the standard load distributed 

on a concentric area of 1.26-in. radius. Initial support pressures of 

0.1, 0.5, 1.0, 1.5, and 2.0 psi were considered. The results of such 

tests are plotted in Figs. 8.20 and 8.21. Figure 8.20 shows the rela

tionship between the initial support pressure and the accumulated central 

surface deflections at 800 repetitions and at failure. Although the 

scatter1 of the data is large, the trend is shown to be following a sim

ple linear relationship. Figure 8.21 shows, also, a linear relationship 

between the logarithm of the number of load repetitions at failure and 

the support pressure. 

The data points corresponding to the initial support pressure of 

2.0 psi in both Figs. 8.20 and 8.21 seem to deviate from the established 

1. Discussion of the scatter of data of this research is pre
sented in a subsequent section in this chapter. 
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trend by the other data. Smaller deflections and higher fatigue lives 

than those measured were expected. This deviation is believed to be due 

to the upward deformation created by the application of the initial sup

port pressure before energizing the live load. On initiating the live 

load, the measured deformation is composed of two parts: that part nec

essary to bring the deformed sample to its original position and that 

part due to the deforming action of the loads. Owing to this upward and 

downward deformation, the resistance of the specimen to repetitive load

ing is weakened, resulting in shorter fatigue life (Fig. 8.21). 

Effect of Contact-Loaded Area 

The concentric dead and live loadings were applied to the top 

surface of the specimens through metal loading disc heads. However,' to 

minimize the high edge stresses, circular rubber pads 1/8 in. thick and 

with radii 1/16 in. larger than the corresponding metal discs were se

cured to the surfaces of the metal loading disc heads. The loaded areas 

considered in the calculations are those of the rubber pads. To inves

tigate the effects of the load contact area on the fatigue characteris

tics of a Yuma sand-asphalt mixture, specimens of 2-in. thickness were 

manufactured with 6% of asphalt content. The different specimens were 

tested at 77°F and subjected to an initial support pressure of 1.0 psi. 

Loaded areas of 1, 2, 3.14, and 5 sq. in. were considered in this test 

series. The corresponding radii of those areas are 0.56, 0.8, 1.0, and 

1.26 in., respectively. Figure 8.22 shows the effect of the radius of 

loaded area on the dynamic modulus of elasticity. Figure 8.22a shows 

that an increase in the loaded area results in a corresponding increase 
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in the dynamic modulus of elasticity considering bending effect only. 

This type of modulus, which can be calculated from Eq.(7.4) or (7.6a), is 

referred to hereinafter as the flexural modulus. Considering the shear 

effect only in calculating the modulus (Eq. 7.6b), it is seen from Fig. 

8.22b that an increase in the shear modulus results, also, from an in

crease in the loaded area. However, the rate of increase is smaller than 

that for the flexural modulus. Superimposing Figs. 8.22a and 8.22b 

gives Fig. 8.22c. Such a curve can also be obtained from Eq. (7.6). The 

resulting trends of Fig. 8.22 are expected, for high stresses due to 

small areas result in high deflections and hence low moduli, which in 

turn result in low fatigue lives. Figure 8.23 indicates such a conclu

sion: The larger the loaded area, the higher the fatigue life. How

ever, the data points corresponding to radius of loaded area of 1.26 in. 

(5 sq. in. area) are deviating from the developed trend in Fig. 8.23 as 

well as in Fig. 8.22. In fact, lower fatigue lives and moduli than ex

pected are shown to exist for such a loaded area (5 sq. in.). These 

deviations in lives and moduli are thought to be, as postulated by 

Jimenez (1962a) (Fig. 8.24) the result of the differences in the distri

bution of the applied stress on the contact loaded areas. Although rub

ber pads were attached to the loading discs, Fig. 8.24 indicates that 

high edge stresses result for areas of 5 sq. in. and more. This behav

ior, which simulates that of rigid footings on highly cohesive soils 

(Taylor, 1948), is believed to be due to the higher deflection below the 

edge of the loading disc as compared to that of a point just outside the 

loaded area. Owing to this large difference in deflection, a shearing 

strain will exist at the edge of the loaded area. Therefore, a large 
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vertical force is required to furnish the necessary shearing stresses to 

cause the shearing strain at the edges. The only source for the large 

vertical force is the applied load. Owing to these high stresses at the 

loaded area edges, the resistance of the specimen to the repeated ap

plied load is reduced; thus, high deflections at the center and low mod

uli will result. 

Disregarding the data point corresponding to an initial support 

pressure of 2.0 psi, the remaining data points of Fig. 8.23 show the ex

istence of a logarithmic linear relationship between the number of load 

repetitions at failure and the radius of loaded area. A regression an

alysis was performed on these data, which resulted in the following re

gression equation with a coefficient of determination of 0.98: 

N = 9.52 x 103 (r0)2*7 (8.5) 

where 

r0 = radius of loaded area in inches. 

Effect of Specimen Thickness 

To investigate the effect of the specimen thickness on the fa

tigue characteristics of the Yuma sand-asphalt, specimens with 6% asphalt 

content were molded. Testing was performed under the conditions of 1.26 

in. radius of loaded area and 1.00 psi initial support pressure. Speci

mens having thicknesses of 1.5, 2, and 2.5 in. were tested in this ser

ies. Figure 8.25 shows the relationship between the dynamic modulus of 

elasticity and the specimen thickness. This figure indicates that the 



183 

in 
o. 

«105 

= 8 

Q © 
O 
2 4 

O 
2 
Z 2 
> 
Q 

I 

x INDICATES — 
I 

— o 

" I • 

AVERAGE 
. o 
POINTS ~T9"—• 

O ' — 
A/C = 6 •/. 

= 100 psi. 
r = 1.26 in. _ O 

59*F — 
<*> — 

o 
T. * 

"ST-F ~ 

_ ( a) ;  

BENDING EFFECT 
I 

— • 

• " 
I 

—-^^95*F -
I 

10° 
8 

6 

X INDICATES 

— AVERAGE 
-fiber—"— 

POINTS 

I 
o 
» -

I _ 

___ T£-59*F — 

0 
?7*F ~ 

oo 

o 
A/C =6*/. 
p = 1.00 psi. 
5 = 1.26 in. • 

• 

• 
________—95* F -

m  ( b )  
"SHEAR EFFECT 

I I = 

<n 
a. 

</) 
z> 
_i 
=> 
Q 
O 
2 

(J 
2 
< 
z 
>-
o 

If 4 10 
8 

6 

I 

_ x INDICATES 
I 

o 

I 

AVERAGE 
" POINTS ,9 

* 

lb59 'F -
0 

o 
~ -— A/C =6*/. ~ - 77 *F — 

5 = 1.00 psi. n 
— r; = 1.26 in. — 

—  ( c >  " T  

• 
1_95*F _ 

COMBINED | • 
I I 

1.5 2.0 2.5 
SPECIMEN THICKNESS, in.(LOG SCALE) 

Fig. 8.25. Effect of Specimen Thickness on the Dynamic Modulus 
at Different Testing Temperatures. 



184 

increase in the specimen thickness causes a decrease in the flexural 

part (Fig. 8.25a). Similar results were arrived at by Layman (1968). 

An opposite trend is arrived at when the shear effect alone is consid

ered (Fig. 8.25b). Combining the two effects, the resulting modulus, 

referred to hereinafter as the combined dynamic modulus, is shown to de

crease (Fig. 8.25c) with increasing specimen thickness. However, the 

rate of reduction is less than that shown for the flexural part of this 

modulus (Fig. 8.25a). The causes of the reduction in the dynamic modu

lus with an increase in thickness were discussed in Chapter 7, where it 

was reasoned that it is due to the low developed radial and confining 

stresses in the thicker specimens. 

Despite the reduction in the dynamic modulus with increase in 

specimen thickness, the number of load repetitions at failure is shown 

to increase with specimen thickness (Fig. 8.26). The only explanation 

for this increase is that the specimen stiffness (flexural rigidity) is 

higher for large thicknesses. 

The increase in fatigue life with increase in specimen thickness 

(Fig. 8.26) is shown to follow a logarithmic linear relationship of the 

form 

N = mhn (8.6) 

where m,n are the intercept and the slope of the logN-logh line, respec

tively, and h, the specimen thickness, is in inches. 

The slope of the line, n, is shown from Fig. 8.26 to be the same 

for all temperatures. Similar relationships were obtained by Jimenez 

(1962a) as shown in Eq. (8.7) and Fig. 8.27: 
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(8.7) 

where 
y = thickness of specimen 

x = number of load applications at failure 

b,m = constants. 

Jimenez stated that the values of b and m are different for dif

ferent mixes. 

60 
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Fig. 8.27. Specimen Thickness vs Load Applications at Failure. 

(After Jimenez, 1962a.) 

The Factorial Experiment 

The previous discussion suggests that the specimen thickness and 

testing temperature have a great effect on the fatigue characteristics 
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of the asphalt-stabilized Yuma Sand. To investigate the correlation be

tween these factors along with the testing response variables fatigue 

life, dynamic modulus, and radial stress and strains, the 3-by-3 facto

rial experiment shown in Table 7.1 was designed. The two imposed varia

bles are the specimen thickness and the testing temperature. The asphalt 

content (6%), the initial support pressure (1.00 psi), and the radius of 

loaded area (1.26 in.) were fixed for all the specimens included in this 

factorial experiment. The SPSS standard multiple regression computer 

program was utilized in performing the regression analysis (Nie et al., 

1970). The following multiple logarithmic linear regression analysis 

was performed: 

(1) Number of load repetitions at failure vs specimen thickness 

and testing temperature. 

(2) Number of load repetitions at failure vs initial radial ten

sile strain and testing temperature. 

(3) Combined initial dynamic modulus vs specimen thickness and 

testing temperature. 

The resulting correlation coefficient matrix among all the vari

ables mentioned above is tabulated in Table 8.2. From this table it can 

be seen that the testing temperature is highly related to initial radial 

strain, initial dynamic modulus, and fatigue life—a result that has 

been concluded in the previous discussion. Moreover, the table indicates 

the high correlation between the specimen thickness and the initial ra

dial stress. Such a result is expected because radial stress has a log

arithmic linear relationship with the specimen thickness if other things 

are kept constant. 
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Table 8.2. Correlation Coefficients. 

Logari Logeri LogEi LogN Log h LogT 

Logar-j 1.00000 0.46068 0.13693 -0.12874 -0.99873 -0.00642 

Logcp-j 0.46068 1.00000 -0.81613 -0.89557 -0.48470 0.82383 

LogEi 0.13693 -0.81613 1.00000 0.91561 -0.10933 -0.92364 

LogN -1.12874 -0.89557 0.91561 1.00000 0.16212 -0.98461 

Logh -0.99873 -O.48470 -0.10933 0.16212 1.00000 -0.02640 

LogT -0.00642 0.82383 -0.92364 -0.98461 -0.02640 1.00000 

Note: Underlined numbers indicate that the corresponding variables are 
highly correlated to each other. 

Fatigue Life as Related to Specimen 
Thickness and Testing Temperature 

The correlation equation between the dependent variable (the 

number of load repetitions at failure) on the one hand and the independ

ent variables (specimen thickness and testing temperature) on the other 

hand was found to be 

logN = 21.715 + 1.119 logh - 0.594 logT. (8.8) 

This equation resulted in a coefficient of determination (R2) of 0.99, 

which is highly significant for the 19 degrees of freedom at the 0.1% 

'level.* Such a high R2 value has resulted in a very low standard error 

1. The significance of R2 can be verified by calculating the 
F-value from F = R2(N - k - 1)/(1 - R2)k, where k is the number of inde
pendent variables and N is the number of observations, and then checking 
it with the table F-value. The above equation is given in Volk (1969, 
p. 311) as Eq. (9.55). 



of estimate (SEE). The SEE of logN was found to be 0.088. Moreover, 

the analysis of variance shown in Table 8.3 reveals that both the speci

men thickness and the testing temperature are significant at the 0.5% 

level. However, the effect of temperature on the load repetitions at 

failure far outweighs the effect of the specimen thickness variable. 

Table 8.3 indicates that the equation of the regression plane 

(Eq. 8.8) is also significant at the 0.5% level. 

Table 8.3. Analysis of Variance (N vs h,T). 

Source of Degree of Sum of Mean F 
variation freedom squares square ratio 

Total 21 12.39040 

Regression 
782.37a log h, logT 2 12.24175 6.12088 782.37a 

log h alone 1 0.32565 0.32565 41.60® 
logT after log h 1 11.91610 11.91610 1522.50® 

Residual 19 0.14865 0.00782 

aHighly significant at the 0.5% level (Steel and Torrie, 1960, 
Table A.6). 

To check the effectiveness of Eq. (8.8) in predicting the ob

served test data, Fig. 8.28 was constructed. This figure shows that the 

number of load repetitions at failure as estimated by Eq. (8.8), for 

each thickness, closely predicts the actual measured values. 
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Correlation Between Fatigue Life, Initial 
Radial Strain, and Temperature 

The multiple regression analysis has resulted in the prediction 

equation 

with a coefficient of determination of 0.99 and a standard error of es

timate of 0.074. With 19 degrees of freedom, this high coefficient of 

determination was found to be highly significant at the 0.1% level. The 

analysis of variance tabulated in Table 8.4 shows that Eq. (8.9), the 

initial radial tensile strain, and the testing temperature are all highly 

significant at the 0.5% level. Moreover, Table 8.4 shows that the effect 

of the initial radial strain far outweighs the effect of temperature. 

logN = 16.144 - 0.626 loger - 7.51 logT (8.9) 

Table 8.4. Analysis of Variance (N vs er,T). 

Source of 
variation 

Degree of Sum of Mean 
freedom squares square 

F 
ratio 

Total 21 12.39040 

Regression 
logey, logT 
loger alone 
logT after loger 

2 
1 
1 

12.28681 6.14340 1126.75a 

9.93757 9.93757 1822.50a 

2.34924 2.34924 432.0a 

Residual 19 0.10359 0.00545 

aHighly significant at the 0.5% level (Steel and Torrie, 1960, 
Table A.13). 
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Correlation Between Combined Dynamic Modulus 
Specimen Thickness, and Testing Temperature 

Considering the initial combined dynamic modulus as the depend

ent variable and the specimen thickness and the testing temperature as 

the independent variables, the multiple regression analysis between 

those variables has resulted in the prediction equation 

This regression equation has resulted in a coefficient of determination 

of 0.87, which was found to be significant for the 19 degrees of freedom 

at the 0.1% level. The resulting standard error of estimate of logE was 

found to be 0.109. The analysis of variance as tabulated in Table 8.5 

reveals that Eq. (8.10) and the testing temperature are highly signifi

cant at the 0.5% level. However, the specimen thickness was found to be 

insignificant even at the 10% level. The agreement between the predicted 

lines of regression for different thicknesses and the observed data is 

presented in Fig. 8.29. 

Table 8.5. Analysis of Variance (E vs h,T). 

logE = 11.456 - 0.412 logh - 3.398 logT. (8 .10)  

Source of 
variation 

Degrees of Sum of Mean F 
freedom squares square ratio 

Total 21 1.73967 

Regression 
log h, logT 
log h alone 
logT after log h 

2 
1 
1 

1.51525 0.75763 64.25a  

0.02080 0.02080 1.765 
1.49445 1.49445 126.75a 

Residual 19 0.22442 0.01181 

aHigh1y significant at the 0.5% level (Steel and Torrie, 
1960, Table A.13). 
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Sources of Variability in the Test Results 

Variations in the results of fatigue testing, as discussed in 

Chapter 2, are not uncommon. Pell (1962, p. 312), in discussing the var

iability found in his controlled stress testing on sandsheet asphalt 

specimens, wrote: "This scatter amounts to an over-all range of 4 to 1 

in life at any stress level and compares quite favorably with results 

obtained from similar types of fatigue tests on any other materials." 

The variabilities in any fatigue testing may be attributed to 

one or a combination of the following: (1) the testing equipment, (2) 

the operational technique, and (3) the inherent characteristics of the 

tested material itself. 

Variability attributed to the testing equipment was not expected 

in the present study. The testing equipment used proved to be capable 

of producing reproducible results, as postulated by Layman (1968, p. 15): 

"As a result of this evaluation, it is thought that the def1ectometer 

device provides a repetitive flexural-fatigue test which is sensitive, 

accurate and reproducible." 

Regarding the operational technique, care was taken to be as 

consistent as possible in all the laboratory operations. This does not 

mean that there was no variability at all that could be attributed to 

the operational technique. It means that such variabilities should have 

been small compared to others such as those attributed to the nature of 

the tested material. Some of the possible sources of variability that 

lie within the boundaries of the operational technique are uniformity 

and time of mixing, curing time in the 140°F oven, compaction tempera

ture, handling and density measurement, method of applying the fixation 
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force to the perimeters of the specimens, time elapsed between applica

tion of the initial support pressure and the dead and live loads, temper

ature control during testing, and accuracy in measuring the deflection. 

It is believed that most of the scatter in the present research 

data may be attributed to the inherent characteristics of the material 

itself. The Yuma sand-asphalt can be characterized by its large air 

void content. The amount of air void encountered in the mixes of this 

study ranges from 20% for the 10% asphalt content to 30% for the 4% as

phalt content. However, the absolute volume of air voids by itself is 

not a source of variability if the voids are of the same size and shape 

and are uniformly distributed within the mix. If such conditions are 

not met, scatter in the data should be expected. The material as such 

is known to be heterogeneous. It should be recalled that the presence 

of an air void in the mix causes a stress concentration along its bound

ary. The larger the size of the void, the larger the stress concentra

tion (Tons and Krokosky, 1963). Moreover, as postulated earlier, the 

larger the size of the void, the greater the reduction in the load car

rying solid cross sectional area of the specimen, hence the larger the 

developed stress and strain, which lead to a faster failure. Changes in 

the shape of the voids will cause an increase or decrease in the stress 

concentrations, depending on the situation. Nonuniform distribution of 

these heterogeneous voids, therefore, will result in a nonuniform devel

oped stress all over the sample or even in a small locality. In fatigue 

testing, time or the number of load applications to failure is a func

tion of the severity of these conditions. The dissimilarity in the size, 

shapes, and distribution of the voids in two or more specimens that are 
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assumed to be identical under all the conditions including the absolute 

volume of voids within them results, therefore, in different outputs. By 

way of conclusion, it may be said that the heterogeneous nature of the 

mix is an important factor to consider in discussing the causes of scat

ter in the results. 



CHAPTER 9 

APPLICATION OF TEST RESULTS FOR PAVEMENT THICKNESS DESIGN 

In addition to other things, a satisfactory pavement must be 

capable of resisting the applied stresses (traffic loads, temperature 

stresses, etc.) and of protecting the subgrade from overstressing. 

Failure to achieve these goals will result in deformation, cracking, 

and/or disintegration of the pavement structure, as pointed out in 

Chapter 1. Therefore, a pavement design method must be directed toward 

minimizing these distresses. 

This chapter presents guidelines for a design method that will 

take into consideration the causes of such distresses. 

Some Examples of Previous Work 

Peattie (1962) outlined a pavement design method that limits 

certain stresses and strains within the pavement structure. He consid

ered the critical quantities in a flexible road structure to be (1) the 

vertical compressive stress on the surface of the subgrade and (2) the 

horizontal tensile strain at the underside of the bituminous layer. The 

subgrade limiting values are the vertical stresses on the top of the 

subgrade of existing satisfactory pavements. Relating these compressive 

stresses to their corresponding CBR's, Peattie obtained the relationship 

shown in Fig. 9.1. No specific limiting values were given to the radial 

tensile strain at the bottom of the surface layer. 

197 
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(After Peattie, 1962.) 

Peattie's method of design is a trial-and-error process. The 

values of the critical stress and strains are calculated, by the use of 

the elastic-layered system, for a certain assumed cross section and then 

compared to the permissible ones. If necessary, the above procedures 

are repeated for another cross section until the values of the developed 

critical stresses and strains lie within the permissible limits. Al

though Peattie's method was not structured for direct use, it. brings out 

the important concept of limiting certain stress and strain conditions 

within the pavement structure. 

Dormon and Metcalf (1965) presented a pavement design method for 

flexible pavements that is, also, based on the principle of limiting the 

strains at certain locations in the pavement structure. Their approach 

is similar to that of Peattie in that it limits the vertical compressive 
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strain on the subgrade and the horizontal tensile strain at the bottom 

of the asphalt layer. The two approaches differ, however, in that Dor-

mon and Metcalf introduced the fatigue criterion in limiting the verti

cal compressive strain on the subgrade. The limiting values for this 

strain were obtained from experience with pavements .designed according 

to the widely used CBR curves and empirical correlation with the AASHO 

1962 road test results. Laboratory fatigue data presented by Heukelom 

and Klomp (1962) were utilized, on the other hand, to establish the re

lationships between limiting horizontal tensile stress and load repeti

tion for the asphalt layer. The allowable strain values so established 

are listed in Table 9.1, represented by the following equations: 

N = 1.46 x 10-10 (l/ez)5.o (9>1) 

N = 5.48 x (l/ e r ) 5 - 0  (9.2) 

where 
N = number of load applications at failure 

ez = vertical compressive strain on the subgrade, in./in. 

e r  = horizontal tensile strain at the bottom of the sur
face layer, in./in. 

Table 9.1. Permissible Subgrade Compressive Strains and Tensile 
Strains in Asphalt Layer. 

(After Dormon and Metcalf, 1965.) 

Subgrade compressive Horizontal tensile strain 
Number of load strain, Ez, at the bottom of asphalt 
applications lO"^ in./in. layer, e r ,  10~5 in./in. 

105 10.5 23.0 

106 6.5 14.5 

107 4.2 9.2 

108 2.6 5.8 
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On the basis of the foregoing criteria, and with the aid of the 

three-layered elastic theory, Dormon and Metcalf presented a series of 

design curves showing combinations of asphalt and granular material layer 

thicknesses. In preparing these curves, traffic loadings are converted 

to an equivalent 9000-1b. wheel load with an 80-psi contact pressure. 

However, the subgrade strain and the horizontal tensile strain in the 

surfacing layer were calculated by assuming the design wheel load (9,000 

lb.) to be acting on single circular areas of 6-in. and 4.2-in. radii, 

respectively. Moreover, Dormon and Metcalf calculated the critical 

strain for the severest loading conditions. In this regard, the criti

cal strain in the subgrade is assumed to occur when the surface layer 

affords the least protection to the subgrade. Such low protection re

sults when the effective modulus of the asphalt layer is at minimum, 

i.e., when the asphalt temperature is at its highest possible value. An 

effective asphalt modulus that corresponds to a maximum air temperature 

of 95°F was used by them. However, since the asphalt temperature de

creases with depth (Fig. 9.2), they selected that temperature that oc

curs at one third of the asphalt layer to be the effective asphalt 

temperature. From Fig. 9.2 along with a relationship between the modu

lus and the temperature, Fig. 9.3 was constructed. This figure was used 

in obtaining the effective modulus for various asphalt thicknesses to be 

used in calculating the critical subgrade strain. 

The critical horizontal tensile strain values are assumed to oc

cur when the modulus of the surface layer is at its highest value. The 

effective modulus of 900,000 psi, corresponding to an equivalent temper

ature of 50°F, was selected for this purpose. 
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Figure 9.4 is a set of typical thickness design curves proposed 

by Dormon and Metcalf. The curved portion represents conditions where 

the vertical strains in the subgrade control the design. The nearly 

horizontal straight line is for regions where the design is controlled 

by the horizontal tensile strain at the underside of the asphalt layer. 

Mitchell and Shen (1967) extended Dormon and Metcalf's method to 

apply to sections containing a soil cement base. Their rationalization 

was based on the fact that the stiffness of soil cement approaches or 

sometimes exceeds that of bituminous concretes. The use of such a mate

rial as a base will result in the minimization of both ez and er. How

ever, the high modulus of the base material will create high tensile 

stresses and strains at the bottom of the base layer itself. Thus, in 

such situations, "...limiting values of stress and strain in the base 

course may become controlling factors" (Mitchell and Shen, 1967, p. 435). 

Mitchell and Shen's permissible design values of stress and 

strain (shown in Table 9.2) were selected on the basis of the following: 

(1) Correlation of the modulus of rupture and failure strain 

with the modulus of resilient deformation in flexure as obtained from 

the data of Shen (1965) and unpublished information on cement-treated 

silty clays at the University of California, Berkeley. 

(2) Limitation of the tensile stresses in the soil cement to a 

maximum of 50% of the modulus of rupture. This was assumed from the re

sults of Bofinger (1965), who established a fatigue limit of about 50% 

for cement-treated heavy clays. 

(3) The linear relationship between flexural stress and flexural 

strain up to failure for the silty clay cement. 
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(After Dormon and Metcalf, 1965.) 
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Table 9.2. Permissible Tensile Stresses and Strains 
for Soil Cement. 

(After Mitchell and Shen, 1967.) 

Resilient Tensile Tensile 
modulus of stresses, strain, 
base, psi psi 10-ltin./in. Remarks 

100,000 25 5.0 Weak soil 
cement 

1,000,000 110 2.0 Strong soil 
cement 

As an added factor in their thickness design method, Mitchell 

and Shen adopted Hveem's (1955) recommendations of limiting the surface 

deflection under repeated loads to 0.012 in. for flexible pavements con-
t-

taining soil cement bases. 

Mitchell and Shen used an asphaltic concrete modulus of 900,000 

psi in evaluating eri and 200,000 psi to calculate the following: 

(1) Tensile stresses and strains at the under side of the 

cement-treated base. 

(2) Surface deflection. 

(3) Compressive vertical strain on the top of the subgrade, ez. 

It should be mentioned that, in developing their design charts, 

Mitchell and Shen adopted Dormon and Metcalf's limiting values for the 

strain in the subgrade and the surfacing. Moreover, the design charts 

were developed for an 18,000-1b. axle load with 108 load repetitions. 

Typical design curves for the weak and strong soil cements are presented 

in Figs. 9.5 and 9.6, respectively. 
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Tensî \. 
strain in 

base*—i 

Y 

i 

^Tensile s, 
—Tensile sh 

'rain in asp 
ess in base 

tbgrade cor 

)aft 

npresstve st •ain 

10 15 20 
Base Thickness - inches 

25 30 35 

Fig. 9.5. Layer Thicknesses Needed to Satisfy Various Design Criteria 
Using "Weak" Soil Cement. 

(After Mitchell and Shen, 1967.) 



25 

<0 

I 

I 

S> 
& 

& 

? 
I 

£ 

20 

/5 

to 

Soil c 
Subgr 

ement modi 
ade moduli 

jtus - lf00C 
JS = 15,00 

1,000psi 
Opsi 

Surf ice deflect 
>ed to 0.0/2 

ion 

18,001 
/08Lol 

(CBR 
1 lb axie /ol 
id repetitior 

~ 10.0) 
7d 
IS' 

^ / l i m i  
ice deflect 
>ed to 0.0/2 in 

\\ 
\̂ k^Grc nular base 

S^t-Subgr 

-Tens 't/e si 

ade com pre. 

ressinbase 

*sive strain 

Tens/ie s 
critical v 
base. 

train in asp! 
f ith soil - c 

wltnot 
ement 

10 15 20 25 

Base Thickness - inches 
30 35 

Fig. 9.6. Layer Thicknesses Needed to Satisfy Various Design Criteria 
Using "Strong" Soil Cement. 

(After Mitchell and Shen, 1967.) 
ro 
o <n 



207 

In summary, the actual thickness required for any case, accord

ing to Mitchell and Shen's thickness pavement design method, is the max

imum of those determined by limiting the following: 

(1) Vertical compressive strain in the subgrade, 

(2) Tensile stress and strain at the under side of the soil 

cement, 

(3) Tensile strain at the under side of the asphalt layer, and 

(4) Surface deflection. 

Kasianchuk (1968) developed a structural pavement design method 

that considers only the fatigue distress. The horizontal tensile strain 

at the bottom of the surface layer was considered the controlling design 

factor (or design criterion). Like both of the above mentioned methods, 

Kasianchuk's approach is an iteration procedure. A trial structural 

section is first assumed. Using the elastic-layered system theory and 

knowing the elastic constants of each material, the horizontal tensile 

strain in the surfacing is obtained. From the strain-load repetition 

relationship for the asphalt material used, the corresponding fatigue 

life is determined. The expected traffic repetitions are then compared 

to this fatigue life. The procedure is repeated until a cumulative dam

age ratio of 1 or less is obtained for the entire design period. This 

ratio, known as Miner's law, is given by 

=  1  ( 9 -3 )  

where nj = number of load applications at a strain level i, 

N-j = number of load applications to cause failure in simple 
loading at that strain level. 
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Kasianchuk's method is greatly facilitated by the computer programs he 

developed for this purpose. For complete details about this method and 

its use, the reader is referred to Kasianchuk (1968, 1972). 

Brown and Pell (1972) and Jimenez (1972b) outlined iterative 

structural design procedures that are also based on treating the pave

ment as a structure composed of an elastic-layered system. The general 

concept of limiting the number of applied stress and strain values at 

certain points in the pavement structure is also adopted by these au

thors. Because the general framework of these methods is similar to the 

ones previously mentioned, no attempt will be made here to review them. 

In summary, the above brief review indicates the interest of the 

paving technologists in developing rational pavement design procedures 

that consider the minimization of all pavement distresses. Moreover, 

there is general agreement among the different agencies concerning the 

necessity of limiting the horizontal tensile strain at the bottom of the 

surface layer and the vertical strain on the top of the subgrade in or

der to control pavement distresses due to fatigue and permanent deforma

tion, respectively. 

Factors to Be Considered 

The purpose of this section is to present a tentative pavement 

design procedure to be used for roads in arid sandy areas. The procedure 

is based directly on the elastic-layered theory. Provided the appropri

ate elastic constants (E and v) are used, such a theory is valid for 

pavement design (Pell, 1965; Brown and Pell, 1967; Kasianchuk, 1968). 

In regard to the suggested procedure, the flow chart (Fig. 9.7) developed 
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by Brown and Pell (1972) should be helpful for visualizing the essential 

steps. 

The principal factors considered in developing the method are 

(1) Traffic conditions throughout the design life. 

(2) The subgrade and the road construction materials. 

(3) The design criteria. 

(4) The environmental factors that may affect the pavement's 
performance. 

Traffic Analysis 

Highway traffic varies in both weight and frequency. Both fac

tors must be considered in pavement design. Moreover, the weight and 

amount of traffic are not fixed but change over the years. Vertical 

stresses, and thus deformations, increase with the increase in the mag

nitude of applied loads. In addition, repetitions of heavy loads cause 

more severe damage than loads that are applied only once. Therefore, in 

planning a road, information regarding the distribution, amount, and 

magnitude of traffic for the whole design life is important. Such in

formation is not usually readily available, however, and therefore the 

initial use and the growth rate must be estimated. Traffic estimates 

may be obtained from, for example, state highway planning departments or 

traffic survey tables, usually referred to as loadometer data. Such 

loadometer data are usually contained in annual reports of the highway 

departments. A discussion of comprehensive treatment and methodology of 

highway traffic estimate is beyond the scope of this dissertation; for 

more information regarding such a study, the reader is referred to the 

Highway Capacity Manual published by the Highway Research Board (1965). 



In this chapter, although calculations can be made for any load

ing, the basic axle load selected for the design calculations is 18,000 

lb. This means that the axle load spectrum expected to use the road is 

transformed to the equivalent 18,000-lb. axle load. In other words, the 

destructive effect of any axle load in the load spectrum is replaced by 

a number representing the multiple or fraction of an 18,000-lb. axle that 

has the same destructive effect. Among the several methods for determin

ing such equivalency are those determined from the AASHO road test re

sults (Liddle, 1962; Dormon and Metcalf, 1965). The Asphalt Institute 

(1969) also established equivalent 18,000-lb. single-axle load factors. 

Figures 9.8 and 9.9 represent the equivalent factors established by Dor

mon and Metcalf and the Asphalt Institute, respectively. 

In calculating the developed stresses and strain in a pavement, 

the 18,000-lb. axle load is assumed to be applied by dual wheels, each 

of 4,500 lb. The contact pressure for each wheel is assumed to be 80 

psi. The resultant radius of loaded area for each wheel is thus 4.23 in. 

The center-to-center spacing between the wheels in the dual is assumed 

to be three times that, or 12.69 in. 

Material Characterization 

Pavement structures that may be designed by the procedure sug

gested herein are the two-layered elastic systems, namely surface layer 

and subgrade. Because conventional road construction materials are not 

readily available in desert sandy areas, roads in these areas are to be 

built entirely with the already available sandy material (dune sands). 
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(From the Asphalt Institute, 1969, 
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The Subgrade Soil. The subgrade layer consists of natural sand 

material that is not subjected to any treatment (stabilization) except 

for compacting of at least the upper foot. Yuma Sand, previously clas

sified, is a typical dune sand material. 

In calculating stresses and strains in the subgrade as well as 

in any layer within the pavement, it is necessary to know the elastic 

properties, elastic modulus E, and Poisson's ratio v of the material in 

each layer. From dynamic measurements of wave propagation in road 

structures, Heukelom and Klomp (1962) established an approximate rela

tionship between the CBR of the soil material and its dynamic elastic 

modulus. This relationship is 

E = 100 CBR kg/cm2 (9.4a) 

or 

E = 1500 CBR psi. (9.4b) 

In situ density and CBR measurement on Arabian compacted dune sand sub-

grades (General Roads Administrations, Kingdom of S^udi Arabia, 1966) indi

cated that such materials possess CBR values of 15 to 20. Using these 

values and Eq. (9.4b), dune sand subgrades are assumed to have dynamic 

moduli ranging between 22,500 and 30,000 psi. An average dynamic modu

lus for dune sands was reported by Heukelom and Klomp (1962) to be 1950 

kg/cm2 (29,000 psi). This value lies within the range just mentioned. 

In the calculations, the dynamic modulus values of 20,000 and 30,000 psi 

were selected. However, because no actual measurements were made in es

timating the dynamic modulus of the subgrade material, calculations were 

also performed for a dynamic modulus of 15,000 psi. The other elastic 
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constant, Poisson's ratio, for the subgrade is assumed arbitrarily and 

for simplicity to be 0.5. 

The Surface Layer. The surface layer is assumed to be built of 

hot dune sand-asphalt. Such materials, of which the Yuma sand-asphalt 

is representative, have been characterized in earlier chapters of this 

study. The hot mix to be used is that which contains the optimum as

phalt content for fatigue life, or 6% by weight of dry sand. 

For design purposes, it is necessary, as stated previously, to 

know the elastic modulus and Poisson's ratio of the material. The 

elastic moduli of asphaltic materials are not constant, and they depend 

to a large degree on temperature in addition to other factors previously 

described. Figure 8.16 represents a linear logarithmic relationship 

between the dynamic modulus and temperature. In this figure, it is 

shown that high moduli are associated with low temperatures. Moreover, 

this figure, in general, indicates the importance of considering the 

temperature in designing asphaltic pavements. (This, however, will be 

discussed later in this chapter.) A Poisson's ratio of 0.35 is assumed 

for the sand-asphalt material. This value lies within the range of 

Poisson's ratios (0.32 to 0.44) reported by Kail as and Riley (1967) for 

low stability sand-asphalts. Dune sand-asphalts are characterized by 

their low stabilities (see Chapter 4). 

Design Criteria 

In addition to satisfying other requirements, a road structure 

must be capable of spreading the applied wheel loads so as to protect 

the subgrade from overstressing and thus from excessive deformation. The 
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pavement itself, moreover, should be capable of resisting the repetitive 

application of the heavy traffic, which usually results in fatigue dis

tress of the asphalt-bound layers. 

For the above reasons, it is therefore necessary to limit the 

vertical compressive strain in the subgrade and the tensile strain in 

the asphalt layer. 

Vertical Compressive Strain in the Subgrade. Until more infor

mation is available on the characteristics of dune sands under repeated 

loadings, and in order to demonstrate the use of this tentative design 

procedure, Dormon and Metcalf's limitations of the subgrade (Eq. 9.1) 

are assumed to be applicable. 

Horizontal Tensile Strain at the Bottom of the Surface Layer. 

Dune sand-asphalt, as asphalt concretes, fail also in fatigue. Pell 

(1962), as well as others (Hong, 1967; Kasianchuk, 1968), suggested that 

the tensile strain is the critical factor in fatigue failure of asphaltic 

mixes. The allowable tensile strain at the bottom of the surface layer 

is determined from the general equation (7.9a) presented in Chapter 7, 

which was 

log N = C log k + A blog (l/er) 

where C and A are modifying factors that depend on the value of the dy

namic modulus (E). Their values for a given E are given in Table 7.8 

and Fig. 7.18, Chapter 7. Also in this equation, log k and b are the 

intercept and slope, respectively, of the N-er line for the basic case. 

Their values for a given E are shown in Table 7.5 and Fig. 7.12, 

Chapter 7. 
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The maximum developed compressive strain on the top of the sub-

grade and the maximum developed strain at the bottom of the surface layer 

for the two-layer system were both found to occur under a wheel center 

of the dual at least for the thicknesses investigated (up to 20 in.). 

Calculations of the developed stresses and strains at various 

points within the pavement structure were calculated using the Chevron 

computer program (Warren and Dickmann, 1963) with a slight modification 

that permits the use of dual wheel loadings instead of the original 

single loading. The computer program listing, with an output example, 

is given in Appendix D. The results of the calculations are plotted in 

Figs. 9.10 through 9.15. Figures 9.10 through 9.12 represent relation

ships between the maximum radial tensile strain and the surface modulus 

for several pavement thicknesses ranging between 1 and 20 in. Figures 

9.10 to 9.12 were plotted for subgrade CBR values of 10, 13.3, and 20. 

These correspond approximately to subgrade dynamic moduli of 15,000, 

20,000, and 30,000 psi. Similarly, Figs. 9.13 through 9.15 show the 

vertical compressive strain at the top of the subgrade as a function of 

the surface modulus. 

Figures 9.10 through 9.15 are utilized in the design procedures, 

as will be shown in the illustrative example given later. 
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Environmental Variables 

Environmental variables affect the performance of both rigid and 

flexible pavements. The behavior of asphaltic mixtures depends to a 

large extent on their temperatures. Unbound granular and soil layers 

are greatly affected by the amount of moisture content present in them. 

For example, high temperature and/or high moisture contents cause severe 

damage to pavements that are not designed for these environmental factors. 

To eliminate possible failure due to environmental changes, therefore, 

some prediction of these factors for the pavement structure section must 

be determined. Weather and rainfall records of the locality where a 

road is going to be built can be utilized for this purpose. However, in 

lieu of actual data, some agencies such as Kansas State Highway Commis

sion (1947) and Jimenez (1972b) account for the environmental factors by 

the use of certain regional factors. 

The correction factor expressed by Jimenez (1972b), which is 

based on regional factors, is given by 

CF = (RF)°-1I+6 (9.5) 

where 
CF = correction factor 

RF = regional factor. 

The Jimenez correction factor, which is applied to material properties 

(E's), consists essentially of two factors. The first is applied to the 

surface layer modulus as a multiplier to account for the temperature ef

fect on the relative stiffness between the surface layer and the base 

course. The second factor is applied to the subgrade modulus as a di

vider to account for the moisture effect on the soil. The relationship 
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established by Jimenez between the regional factor and both elevation* 

and rainfall is shown in Fig. 9.16 for Arizona. 

In the design procedure being described, the environmental fac

tors will also be considered. It is suggested that regional factors 

similar to those of Jimenez be developed for arid desert areas. Such a 

study is beyond the scope of the present treatment. However, until re

liable prediction of the environmental effects in those areas is ob

tained, certain assumptions must be made. First, the moisture content 

in the'subgrade is assumed to be constant for the entire life of the 

pavement. Therefore, no changes will occur in the subgrade modulus and 

therefore no correction will be introduced to its modulus. This assump

tion may be justified if one considers the low average rainfall in des

ert areas. Second, the traffic during the design period is assumed to 

occur at three average constant temperatures, distributed as follows: 

(1) 10% of the total traffic occurs at an average effective as

phalt temperature^ of 1O0°F. 

(2) 60% of the total traffic at an average effective asphalt 

temperature of 70°F. 

(3) 30% of the total traffic at an average effective asphalt 

temperature of 50°F. 

1. According to Jimenez, there is a direct relationship between 
elevation and temperature in Arizona. 

2. Average effective asphalt temperature is defined by Dormon 
and Metcalf (1965) as the temperature at a depth equal to one third the 
surface layer. 
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From Fig. 8.16, which represents the relationship between tem

perature and dynamic modulus, the modulus corresponding to these temper

atures can be obtained and then used in the design process. 

Design Procedures 

The sequence of operations (see Fig. 9.7) involved in the pro

posed pavement design procedure is thought to be better explained by the 

use of illustrative examples. 

Example 1 

It is proposed to design a sand-asphalt two-lane road located in 

a hypothetical sandy desert area—for example, in the central province 

of the Kingdom of Saudi Arabia. Following the Asphalt Institute's (1963a) 

traffic classification system (Fig. 9.17), this road is assumed to carry 

light to medium traffic. 

Traffic Analysis. Owing to the lack of traffic data, the hypo

thetical light- to medium-traffic road is assumed to carry a design 

traffic number* of 20. From Fig. 9.17, the initial daily traffic will 

be, therefore, 200 vehicles of all kinds. This volume of traffic cor

responds to a 10% of heavy traffic volume. This low percentage of heavy 

traffic volume can be attained in Saudi Arabia if the two cities con

nected by a road are within approximately 100 miles of each other. The 

experience of the writer indicates higher percentages of heavy traffic 

1. The design traffic number has been defined by the Asphalt 
Institute (1963a) as the average daily number of equivalent 18,000-lb. 
single-axle load applications expected for the design lane during the 
design period. 
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volume for longer roads. The lack of roadside developments and services 

along the roads discourages travelers from using cars as their means of 

transportation, thus leading to higher truck traffic volume. 

From the structural design point of view, the contribution to 

failure made by light vehicles such as cars and pickups may be ignored. 

Therefore, only the heavy traffic volume wil l be considered in the de-, 

sign. Assuming a design period of 10 years, the number of axle load 

repetitions will be as follows: 

Number of expected load repetitions per lane 
during the design period = 20* 10x 365 = 7.3 x 10**. 

Elastic Properties of Materials. In this example, the subgrade 

material is assumed to have a CBR value of 10. According to Heukelom 

and Klomp (1962), the corresponding dynamic modulus is 15,000 psi (see 

Eq. 9.4b). The sand-asphalt layer, on the other hand, will have differ

ent moduli, depending on the effective temperatures occurring during the 

life of the pavement. As discussed earlier, three average effective 

temperatures are assumed: 100°F, 70°F, and 50°F. From Fig. 8.16, the 

corresponding effective moduli are approximately 37,500, 150,000, and 

450,000 psi, respectively. The subgrade and the sand asphalt layers are 

assumed to have Poisson's ratios of 0.35 and 0.5, respectively. 

Allowable Strains. The design criteria adopted for use in this 

tentative design procedure and in this example are (1) compressive strain 

on the top of the subgrade and (2) tensile strain at the bottom of the 

surface layer. 
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The maximum allowable compressive strain at the top of the sub-

grade as given by Dormon and Metcalf (1965) is derived from Eq. (9.1), 

which was given as 

The maximum allowable tensile strains at the bottom of the as

phalt layer are obtained from Eq. (7.9a), which was given as 

The values of log k, b, C, and A for each temperature are as follows: 

For an effective temperature of 50°F (E = 450,000 psi): 

From Fig. 7.12, log k = -5.05 and b = 3.0. 

From Figs. 7.18a and b, C = 0.3 and A =0.65. 

Substituting into Eq. (7.9a), we have 

N = 1.46 x 10"10(l/ez)5-° . (9.1) 

log N = C log k + Ablog(l/er). (7.9a) 

log N = -1.515 + 1.95 log(l/er). (9.6) 

For an effective temperature of 70°F (E = 150,000 psi): 

From Fig. 7.12, log k = -2.73 and b=2.330. 

From Figs. 7.18a and b, C = -0.05 and A=0.56. 

Substituting into Eq. (7.9a), we have 

logN = 0.137 + 1.30 log(l/er). (9.7) 

For an effective temperature of 100°F (E = 37,500 psi): 

From Fig. 7.12, log k = -0.7 and b = 1.53. 

From Figs. 7.18a and b, C = -2-5 and A = 0.355. 

Substituting into Eq. (7.9a), we have 

log N = 1.75 + 0.54 log(l/er). (9.8) 
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Thickness  Design of  Pavement  S t ructure .  

(1)  Tr ia l  No.  1 .  Assume a  pavement  th ickness  of  10 in .  

(a)  Effect ive  temperature  = 100°F 
Load repet i t ions  = 0 .1  *  7 .3  *  10 4  = 7 .3  x 10 3  

Surface  layer  dynamic  modulus ,  Ei  = 3 .75 x 10 4  psi  
Subgrade layer  modulus ,  E 2  = 1 .5  *  10 4  psi  

( i )  Checking the  f i rs t  des ign cr i ter ion 

From Fig .  9 .13,  maximum compress ive  s t ra in  a t  top 
of  subgrade layer ,  e z  = 7 .688 *  10~ 4  in . / in .  

From Eq.  (9 .1) ,  number  of  load repet i t ions  to  
cause  permanent  deformat ion fa i lure  = 4 .71 x 10 5 .  

Compress ive  s t ra in  des t ruct ive  ra t io  = 
(7 .3  x 10 3 ) / (4 .71 x 10 5 )  = 1 .56 x 10" 2 .  

•From th is  des t ruct ive  ra t io ,  which i s  very  smal l ,  
i t  can be  s ta ted  that  there  i s  no danger  of  perm
anent  deformat ion fa i lure  a t  th is  most  c r i t ica l  
temperature .  

( i i )  Checking the  second des ign cr i ter ion 

From Fig .  9 .10,  maximum hor izonta l  tens i le  s t ra in  
a t  bot tom of  surface  layer ,  e r  = 2 .895 x  lO - 4 .  
i  n .  /  i  n .  

From Eq.  (9 .8) ,  number  of  load repet i t ions  to  
cause  fa t igue  fa i lure  = 4 .58 x io 3 .  

Fat igue des t ruct ive  ra t io  = 
(7 .3  x 10 3 ) / (4 .58 x 10 3 )  = 1 .59.  

This  ra t io  indicates  tha t  the  pavement  s t ructure  i s  
underdes igned and i s  not  safe .  Therefore  another  
des ign t r ia l  i s  necessary ,  and there  i s  no need 
to  check the  des ign for  o ther  temperatures .  

( 2 )  Tria l  No.  2 .  Assume a  pavement  th ickness  of  2 4  in .  

(a)  Effect ive  temperature  = 100°F 
Load repet i t ions  = 7 .3  x 10 3  

Surface  layer  modulus ,  Ej  = 3 .75 x io 4  psi  
Subgrade layer  modulus ,  E 2  = 1 .5  x io 4  psi  

( i )  C h e c k i n g  t h e  f i r s t  d e s i g n  c r i t e r i o n  

Since  th is  th ickness  i s  beyond the  l imi ts  of  Fig .  
9 .10,  d i rec t  ca lcula t ions  were  done for  e z  and e r  

Maximum compress ive  s t ra in  a t  top of  subgrade 
l a y e r ,  e ,  =  2 . 2 5  x  i o ~ 4  i n . / i n .  

From Eq.  (9 .1) ,  number  of  load repet i t ions  to  
cause  permanent  deformat ion fa i lure  -  2 .1  x 10 8 .  
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Compressive strain destructive ratio = 
(7.3 x 103)/(2.10 x 108) = 3.48 x 10"5. 

Since the destructive ratio is less than 1, the 
pavement is safe against permanent deformation at 
this temperature if subjected to the assumed 
traffic. 

(ii) Checking the second design criterion 

Maximum horizontal tensile strain at bottom of 
surface layer, er = 1.030 x 10"4 in./in. 

From Eq. (9.8), number of load repetitions to 
cause fatigue failure = 7.95 x 103. 

Fatigue destructive ratio = 
(7.3 x 103)/(7.95 x 103) = 0.918. 

The pavement is safe also against fatigue failure 
for this temperature. 

(b) Effective temperature = 70°F 
Expected load repetitions = 0.6 x 7.3 x lO4 = 4.38 x 101* 
Surface layer modulus, Ei = 1.5 x 105 psi 
Subgrade layer modulus, E2 = 1.5 * 10^ psi 

(i) Checking the first design criterion 

Maximum compressive strain at top of subgrade 
layer, e? = 1.03 x io~4 in./in. 

From Eq. (9.1), number of load repetitions to 
cause permanent deformation failure = 1.1 x 1010. 

Compressive strain destructive ratio = 
(4.38 x 10*)/(1.1 x 1010) = 3.90 x 10"6. 

The assumed pavement thus is safe against permanent 
deformation failure for this temperature. 

(ii) Checking the second design criterion 

Maximum horizontal tensile strain at bottom of 
surface layer, er = 4.65 x 10"5 in./in. 

From Eq. (9.7), number of load repetitions to 
cause fatigue failure = 5.95 x 105. 

Fatigue destructive ratio = 
(4.38 x 10l+)/(5.95 x 105) = 7.38 x 10"2. 

The assumed pavement is therefore safe against 
fatigue failure at this temperature. 

(c) Effective temperature = 50°F 
Expected load repetitions = 0.3 x 7.3 x 104 = 2.19 x 104 

Surface layer modulus, Ei = 4.5 x 105 psi 
Subgrade layer modulus, E2 = 1.5 * 10lt psi 
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(i) Checking the first design criterion 

Maximum compressive strain at top of subgrade 
layer, £7 = 4.6 * 10"5 in./in. 

From Eq. (9.1), number of load repetitions to 
cause permanent deformation failure = 5.7 x 1011. 

Compressive strain destructive ratio = 
(2.19 x 10^)/(5.7 x 1011) = 3.84 x 10"7. 

The pavement is also safe at this temperature 
against permanent deformation. 

(ii) Checking the second design criterion 

Maximum horizontal tensile strain at bottom of 
surface layer, er = 2.15 * 10~5 in./in. 

From Eq. (9.6), number of load repetitions to 
cause fatigue failure = 3.9 * 107. 

Fatigue destructive ratio = 
(2.19 x 104)/(3.9 x 107) = 5.62 x 1CT\ 

The pavement also is safe against fatigue failure 
at this temperature. 

(d) Conclusion 

To satisfy the design criteria, the assumed pavement 
structure must result in cumulative destructive ratios 
for both the permanent deformation and the fatigue 
failure that are less than 1. 

(i) Cumulative destructive ratio for permanent defor
mation, (C D R ) PQ 

( C D R ) PD =  3 . 4 8  x  1 0 " 5  +  3 .9 x 1 0 " 6  +  3 . 8 4  x  10"7 

= 3.91 x lO"5 

« 1 
Because (CDR)po << 1, there is no danger that the 

pavement will fail due to permanent deformation. 

(ii) Cumulative destructive ratio for fatigue failure, 
(CDR)f 

(CDR)p = 0.918 + 7.38 x 10"2 + 5.62 x 10"4 

= 0.9924 
< 1 

The assumed pavement structure is therefore safe 
against fatigue failure. 

Because both criteria are satisfied, therefore the assumed 
light- to medium-traffic road should have a thickness of 
24 in. 
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Design Charts 

As illustrated by the foregoing example, the design is governed, 

for all cases investigated, by the horizontal tensile strain at the bot

tom of the surface layer criteria (fatigue criteria). Stated in another 

way, the compressive strain at the top of the subgrade criteria (perma

nent deformation criteria) is satisfied for all the cases investigated 

in Example No. 1. This was also true for all thicknesses. The writer 

believes that this should not be the case, especially at high asphalt 

temperatures (low asphalt stiffnesses), where the surface layer does not 

properly protect the subgrade. The fact that the permanent deformation 

criterion is always satisfied in this tentative design procedure is at

tributed to the fact that the subgrade strain criteria developed by Dor-

mon and Metcalf (1965) is based on the assumption that all the permanent 

deformation in the pavement structure occurs in the subgrade. Moreover, 

this criterion does not differentiate between the different types of 

soils. Until more information is obtained on dune sands, as stated ear

lier, this criterion will be assumed to be applicable. 

Because the permanent deformation criterion is always satisfied, 

it was not considered in developing the design charts. Therefore, the 

design charts are based only on satisfying the fatigue criteria of the 

sand asphalt. 

Three design charts are given (Figs. 9.18 through 9.20), each 

representing a given subgrade as classified by its CBR and dynamic modu

lus values. Each chart consists of three curves, representing the 

sand-asphalt dynamic moduli corresponding to the effective temperatures 

of 100°, 70°, and 50°F (i.e., 37,500, 150,000, and 450,000 psi. The 
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curves show the relationships between the number of load repetitions at 

failure as ordinate and the pavement thickness (inches) as abscissa. 

The design charts were developed essentially from Figs. 9.10 

through 9.12 and Eqs. (9.6) through (9.8). To describe the process fol

lowed in developing the design charts, Fig. 9.11 (which represents con

ditions for E2 = 20,000 psi) and Eq. (9.7) are utilized, as follows: 

(1) Enter Fig. 9.11 at the desired surface modulus, and proceed 

vertically to meet the desired thickness curve at a point. Proceed from 

this point horizontally and read off the corresponding tensile strain at 

the bottom of the surface layer. For a surface dynamic modulus of 

150,000 psi and a thickness of 15 in., the corresponding tensile strain 

is 7.86 x 10~5 in./in. 

(2) Substitute the obtained radial tensile strain in Eq. (9.7) 

to obtain the number of repetitions at failure. For example, for er = 

7.86 x 10"5 in./in., the corresponding repetition to failure is 

2.97 x 105. 

(3) Plotting the thickness, h (say, 15 in.), versus the corre

sponding number of repetitions (say, 2.97 x 105), the resulting point is 

shown on the curve Ei = 150,000 psi of Fig. 9.19. 

General Discussion 

From illustrative Example No. 1, it can be seen that most of the 

contribution to the cumulative fatigue destructive ratio comes from the 

condition corresponding to high pavement temperature. Therefore, if the 

heavy traffic, at least, is not allowed to travel on the road when the 

pavement temperature is high, the pavement may last several years longer 



239 

than if the traffic is allowed during times of high temperature. If, 

however, the design period is kept constant, the pavement will be safe 

against fatigue failure for a smaller thickness than if traffic is per

mitted at times of high pavement temperature. High pavement tempera

tures usually occur between 1:00 p.m. and 5:00 p.m. in summer. To verify 

the above statements, assume for the following example that the road 

will be closed from 1:00 p.m. to 5:00 p.m. in the summer. 

Example 2 

The light- to medium-traffic road of Example 1 is to be designed 

on the condition that there is no traffic during hot periods (1:00 p.m. 

to 5:00 p.m. in the summer). The expected traffic assumed earlier for 

the high temperatures will then be assumed to use the road at the medium 

effective temperature of 70°F. Therefore, the expected heavy traffic at 

this temperature will be 70% of the total heavy traffic. 

(1) Trial No. 1. Assume a pavement thickness of 24 in. 

(a) Effective temperature = 70°F 
Expected load repetition (annual) = 0.7 * 20 * 365 * 1 

= 5110 
Surface layer modulus, Ex = 1.5 x io5 psi 
Subgrade layer modulus, E2 = 1.5 * 104 psi 

From Fig. 9.18, number of load repetitions at failure 
= 7.95 x 105. 

Annual destructive ratio (ADR)7o = 5110/(7.95 x 105) 
= 6.42 x io-3. 

(b) Effective temperature = 50°F 
Expected load repetition (annual) = 0.3 x 20 * 365 x l 

= 2190 
Surface layer modulus, Ei = 4.50 x io5 psi 
Subgrade layer modulus, E2 = 1.50 x io1* psi 

From Fig. 9.18, number of load repetitions at failure 
= 3.9 x io7. 



240 

Annual destructive ratio (ADR)50 = 2190/(3.9 * 107) 
= 5.62 x 10-5. 

(c) Annual cumulative destructive ratio (ACDR) 
= 6.42 x 10-3 + 5.62 x 10-5 = 6.476 x 10~3. 

Using Eq. (9.3) (Miner's law), 7(n-j/Ni) = 1; therefore, 
(predicted pavement life)(ACDR) = 1, or 
predicted pavement life = 1/(6.476 x 10~3) = 154.2 yrs. 

In pavement design practice, a pavement life of 20 years is 
usually assumed. To reduce the predicted life, the pave
ment thickness should be reduced. 

(2) Trial No. 2. Assume a pavement thickness of 9 in. 

(a) Effective temperature = 70°F 

From Fig. 9.18, number of load repetitions at failure, 
Nf70 = 1.05 x io5. 

(ADR)70 = 5110/(1.05 x 105) = 4.86 x 10-2. 

(b) Effective temperature = 50°F 

From Fig. 9.18, number of load repetitions at failure, 
Nf50 = 2.5 x 106. 
(ADR)50 = 2190/(2.45 x 106) = 8.95 x 10"1*. 

(c) Annual cumulative destructive ratio (ACDR) 
= 4.86 x 10"2 + 8.95 x lO"^ = 4.95 x 10~2. 

Predicted pavement life = 1/(4.95 x 10~2) = 20.2 yrs. 

Therefore a pavement thickness of 9 in. should be used. 

This example shows that elimination of traffic at times of hot tempera

tures permits a pavement structure with a thickness that is 37.5% of 

that obtained in Example 1 (which was 24 in.), which corresponds to a 

reduction of 62.5%. Moreover, the design period of Example 2 is twice 

that of Example 1. Such a reduction in thickness and increase in pave

ment life will undoubtedly result in a reduction in the total cost of 

the pavement. Although prohibition of traffic in hot parts of the day 



will inconvenience travelers in some areas, it may be justified in sandy 

desert areas for the travelers' own safety, especially when there are 

few or no services along the road. 

Example 3 

A final example is presented to illustrate the use of the 18,000 

lb axle load equivalency factors shown in Fig. 9.9 and to compare the 

sand-asphalt roads to the conventional asphalt concrete roads. In this 

example the traffic is also assumed to be prohibited during the hot pe

riods of the day. The traffic data for this example are from the Asphalt 

Institute's (1963a) Manual MS-1, example No. 6. In that example, the sub-

grade has a CBR of 4. In the present example, a CBR of 10 is assumed. 

In comparing the results of this example and that of the Asphalt Insti

tute Manual, the same CBR value has to be used. A CBR value of 10 is 

therefore selected. 

The highway to be designed is assumed to be a four-lane inter-

urban highway. The loadometer data are given in Table 9.3, from which 

the equivalent axle loads are computed. 

Traffic Analysis. This highway is estimated to have an initial 

average daily traffic volume of 8,000 vehicles per day. The heavy traf

fic volume is estimated to be 15% of the total volume. The traffic 

growth factor is assumed, also, to be 1.4 for a 20-year design period. 

From the above information, we obtain: 

Average daily number of heavy vehicles in two directions 
= 8,000 x 0.15 = 1,200. 
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Table 9.3. Calculation of Equivalent 18,000-lb Single-Axle Loads. 

Adopted from Asphalt Institute (1963a) Manual MS-1. Data 
in col. 3 (axles per day per 1000 trucks and combinations) 
from Arizona State Highway Department report, "Loadometer 
and Truck Weight Study," Table W-4. 

Load Axles per day Equivalent, 18,000-lb. 
Axle load equivalency per 1000 trucks single-axle loads per 1000 
group factors and combinations trucks and combinations 

Single Axles 

Under 8 — 1135.4 — 

8 - 1 2  0.11 487.3 53.6 

12 - 16 0.34 282.7 96.1 

16 - 18 0.76 118.6 90.1 

18 - 20 1.31 31.9 41.8 

20 - 22 2.26 2.6 5.9 

22 - 24 3.91 6.5 25.4 

24 - 26 6.74 — — 

Subtotal 312.9 

- Tandem Axles 

Under 14 — 189.3 --

14 - 20 0.11 141.6 15.6 

20 - 26 0.27 168.4 45.5 

26 - 30 0.57 99.4 56.7 

30 - 32 0.92 2.6 2.4 

32 - 34 1.25 — — 

34 - 36 1.70 — — 

36 - 38 2.33 — — 

38 - 40 3.15 — — 

40 - 42 4.36 — — 

42 - 44 5.88 — — 

44 - 46 8.15 --

Subtotal 120.2 
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Assume that 45% of heavy traffic is using the design lane. Then, 

Average equivalent 18,000-1b. axle load using the design lane for 
the entire design period per day 

= 1200 x (433.1/1000) x (45/100) * 1.4 = 327. 

Expected 18,000-1b. axle load repetitions 

= 327 x 365 x 20 = 2.387 x 106. 

(1) Trial No. 1. Assume a pavement thickness of 40 in. 

(a) Effective temperature = 70°F 
Expected 18,000-lb. axle-load applications 

= 0.7 x 2.387 x 106 = 1.67 x 106. 

From Fig. 9.18, Nf7Q = 1.7 x 106. 

(DR)7o = (1.67 x 106)/(1.7 x 107) = 0.983. 

(b) Effective temperature = 50°F 
Expected 18,000-lb. axle-load applications 

= 0.3 x 2.387 x io6 = 7.16 x 105. 

From Fig. 9.18, Nfso = 2.1 * 108. 

(DR)50 = (7.16 x 105)/(2.1 x 108) = 3.41 x 10~3. 

(c) Cumulative destructive ratio 
= 0.983 + 3.41 x io-3 = 0.986. 

Because this ratio is less than 1, the pavement struc
ture of 40-in. thickness is safe against fatigue fail
ure. Therefore, a thickness of 40 in. will be used. 

For the same conditions (except for the CBR value of 
the subgrade, which is assumed here to be 10), example 
6 of the Asphalt Institute (1963a) Manual MS-1 would 
result in an 8-in. thickness of asphalt concrete sur
facing. These results indicate that 1 in. of asphalt 
concrete corresponds to about 5 in. of sand-asphalt. 

(2) Trial No. 2. Assume a pavement thickness of 8 in. 

Because 40 in. of thickness is high, which might result in 
shear failure rather than fatigue, and in order to find out 
how many years a sand-asphalt road under the above condi
tions will survive if it has a thickness of 8 in., this 
trial is performed. 
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(a) Effective temperature = 70°F 

Annual expected 18,000-1b. axle load applications 
= 0.7 x 327 x 365 = 8.35 x 10". 

From Fig. 9.18, N^g for 8-in. thickness = 8.7 x 10". 

(ADR)70 = (8.35 x 101*)/(8.7 x 10") = 0.96. 

(b) Effective temperature = 50°F 

Annual expected 18,000-1b. axle load applications 
= 0.3 x 327 x 365 = 3.58 x 10". 

From Fig. 9.18, Nf5Q for 8-in. thickness = 1.8 x 106. 

(ADR)50 = (3.58 x 10")/(1.8 x 106) = o.02. 

(c) Annual cumulative destructive ratio (ACDR) 
= 0.96 + 0.02 = 0.98. 

Predicted pavement life = 1/0.98 = 1.02 year. 

Conclusion. The above analysis indicates that asphalt concrete 

pavements (also two layers) are superior to sand-asphalt roads made of 

hot asphalt-dune sand in that 1 in. of asphalt concrete is equivalent to 

approximately 5 in. of sand asphalt. Moreover, an asphalt concrete road 

of a given thickness lasts about 20 times as long as a sand-asphalt road 

of the same thickness. 

It may be stated that roads built with dune sand-asphalt mate

rial are suitable only for light to medium traffic that does not exceed 

50 equivalent 18,000-lb. single axle loads per day. 

Surface Treatment 

Visual examination of the Yuma sand-asphalt specimens indicated 

that the material will not resist the abrasion action of the tires. For 

this reason, a wearing surface is required to protect the sand-asphalt. 

Therefore, it is recommended that a surface treatment be applied to the 
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finished structure. Discussion on the subject of surface treatment is 

beyond the scope of this dissertation. For information, the interested 

reader is encouraged to refer to the article by Delong (1968), where he 

presents a summary of the existing information as of 1968. 



CHAPTER 10 

SUMMARY AND CONCLUSIONS 

The evidence of fatigue distress on asphalt-concrete surfaces 

has led to the institution of several laboratory investigations that 

are concerned with the fatigue characteristics of road construction ma

terials. The goal behind all of these studies is the elimination or, at 

least, the minimization of pavement distresses due to fatigue. 

A review of the available information regarding the fatigue be

havior of asphalt concrete has been presented in Chapter 2 as well as 

Chapter 8 of this dissertation. The following summary of the main 

points is recapitulated from the previously reviewed literature. 

Summary 

(1) Asphalt concrete materials exhibit flexural fatigue behavior 

when subjected to repeated loading and there exists a linear 

logarithmic relationship between the applied load and the number of load 

repetitions to failure. A similar relationship also exists between the 

strain level and the number of cycles to failure. 

(2) The fatigue life consists essentially of two parts: the num

ber of load repetitions necessary to initiate a crack and the number 

necessary for crack propagation (Pell, 1967a). 

(3) According to Pell (1962), the fatigue life is primarily con

trolled by the magnitude of strain level, and the effect of temperature 

and speed of loading can be accounted for by their effect on the 
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stiffness of the mix. This is true if the life does not include much 

crack propagation time. 

(4) There is no evidence of an endurance limit up to 108 load 

cycles applied on asphalt concrete specimens (Pell, 1962). On the con

trary, such a limit was found to exist for port!and cement concrete 

(Bradbury, 1938). 

(5) Mode of loading has a profound influence on the observed 

fatigue behavior of asphaltic mixes. In controlled-stress loading, an 

increase in the stiffness moduli of the mix causes an increase in the 

number of load repetitions to failure. On the other hand, a reduction 

in the fatigue life results from an increase in the stiffness moduli of 

the mix for a controlled-strain mode of loading. This finding leads to 

the conclusion that soft asphalt is best suited for control!ed-strain 

type of testing whereas large fatigue resistance can be accomplished by 

the use of hard asphalt in controlled-stress tests. 

(6) According to Monismith (1966a), controlled-stress mode of 

loading is best suited for analyzing pavements that contain thick asphalt 

layers (more than 6 in.). On the other hand, in the case of thin as

phalt concrete courses (2 in. or less), controlled-strain tests would 

appear to be most desirable. 

(7) For asphalt mixes possessing linear behavior,* Pell and 

Taylor (1969) suggest that different kinds of mixes containing different 

1. When the stiffness is independent of the stress level, Pell 
and Taylor (1969) consider the mix to be of the linear behavior type. 
The dependency of stiffness on stress level, on the other hand, results 
in a mix that is nonlinear. 
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grades of bitumen will produce fatigue lines having similar slope values 

ranging from 5.3 to 5.9. Moreover, the slopes of the stress-fatigue 

life and the strain-fatigue life lines are equal, provided the stiffness 

modulus is constant. 

(8) Fatigue results are hard to assess, for it is impossible to 

alter one mixture variable while holding the others constant. An example 

of such complexity is the interaction between voids in the mix and the 

stiffness of the mix. Of all the mixture variables, these two have the 

greatest effect on the response of asphaltic mixtures to fatigue failure. 

(9) According to Saal and Pell (1960) and others (such as Moni-

smith, Epps, and Kasiahchuk, 1968), both the fatigue life and the stiff

ness decrease with an increase of air voids in the mix. This reduction 

was shown previously to be attributed mainly to the reduction in the 

solid matrix carrying the loads and the stress concentrations along the 

edges of the voids. The effect of void content, on the other hand, is 

most noticeable in controlled-stress loading. 

(10) In fatigue testing, as in stability testing, there exists 

an optimum asphalt content (Jimenez, 1962a). At this optimum asphalt 

content, both the fatigue resistance and the mixture stiffness attain 

their maximum values. 

(11) According to Jimenez (1962a), there exists a logarithmic 

relationship between the specimen testing temperature and the fatigue 

resistance. 

(12) The fatigue behavior of asphaltic material is stochastic in 

nature. According to Pell and Taylor (1969), the distribution of the 

logarithm of cycles of load to failure is approximately normal. 
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Conclusions 

The following comments are a summary of some of the most signif

icant of the conclusions of the current study. 

Characteristics of the Yuma Sand 

(1) The Yuma dune sand is a natural resource material that con

sists of uniform-sized sand grains. 

(2) The constituent minerals of this material are quartz, plagio-

clase and orthoclase feldspars, mica, chlorite, mixed layer predomi

nantly smectite, kaolinite, and calcite. Quartz constitutes about 74% 

of the material. The feldspars,on the other hand, constitute 16% of the 

material. The remaining 10% covers the clay and the carbonate minerals. 

(3) Compaction curves obtained by the standard and modified AASHO 

procedures reveal that such a material is not amenable to tamper compac

tion. The modified AASHO procedures gave results that are essentially 

the same as those obtained by the standard AASHO procedures. The maxi

mum dry densities obtained by the standard and modified procedures are 

102 and 102.8 pcf, respectively. The corresponding optimum moisture 

contents are 13% and 12.5%, respectively. It is believed that vibratory 

compaction will result in higher densities. 

Characteristics of the Yuma Sand-Asphalt 

(1) The CKE procedures are not applicable to dune sand asphalts 

because of the large surface area. 

(2) The Yuma sand-asphalt may be characterized by its low stabil

ity values. 
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(3) The optimum asphalt content based on Marshall stability 

alone was found to be 6% by weight of dry sand. Marshall and Hveem sta

bilities at this asphalt content were found to be 500 lb. and 18%, 

respectively. 

(4) The relative density at 6% asphalt content was found to be 

about 76% of that of the voidless mix. Such a low density is attributed 

to the uniformity of the aggregate particles, Which results in large air 

void content (about 28%). 

Fatigue Characteristics of the Yuma Sand-Asphalt 

(1) The Yuma sand-asphalt, as asphaltic concrete, exhibits flex-

ural fatigue behavior when subjected to repeated loading. Therefore 

there exists a linear logarithmic relationship between the number of 

load repetitions at failure and both the radial stress and strain. 

(2) There exists an optimum asphalt content at which the number 

of load repetitions at failure and the dynamic modulus of elasticity at

tain their maximum values. This optimum asphalt content value (6%) is 

unique in that the testing temperature has no effect on its value. It 

is interesting to note that the optimum asphalt content for maximum fa

tigue life coincides with that obtained for maximum stability. 

(3) The resistance to fatigue life was found to increase with 

(a) the increase in the dynamic modulus of elasticity, (b) the increase 

in the specimen thickness, (c) the decrease in the testing temperature, 

(d) the increase in the initial support pressure, and (e) the increase 

in the radius of loaded area. 
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(4) The measured accumulated and repeated central deflection con

sists of bending and shear components. Therefore the calculated dynamic 

modulus is not due to a pure bending case, and modifications to the orig

inal Grashof's equations were made to incorporate shear effects. 

(5) Shear deformations were found to increase with (a) increase 

in specimen thickness, (b) reduction in the radius of loaded area, and 

(c) increase in the Poisson's ratio. 

(6) The central deflection (repeated or accumulated) decreases 

linearly with increase in the initial support pressure. 

(7) A logarithmic linear relationship exists between the testing 

temperature and each of the following: central deflection, dynamic modu

lus, and number of load repetitions at failure. 

(8) For a deflectometer specimen, the dynamic modulus of elas

ticity, in general, decreases with an increase in specimen 

thickness. 

(9) This study does not indicate that the radial strain is the 

major factor governing the behavior of the Yuma sand-asphalt. This find

ing does not agree with Pell's (1962) conclusion that fatigue resistance 

is controlled primarily by the strain of the mix. The deviation from 

Pell's conclusion is believed to be due to the shear effect, which was 

not present in Pell's testing, as he utilized a testing machine that 

gives pure bending stresses (see Figs. 7.9 and 7.11 through 7.14). From 

these figures, Eq. (8.9), and Table 8.4, it is seen that the testing 

temperature does affect the er-Nf (strain-fatigue life) relationship. 

(10) Multiple regression analysis performed on the factorial ex

periment resulted in the correlation equations shown in Table 10.1. 



Table 10.1. Correlation Equations. 
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log y = log a0 + a! log Xj + a2 log x2 

y Xl x2 log a0 ax a2 SEE R2b 

Repetitions 
to failure 

Specimen 
thickness 

Testing 
temper
ature 

21.715 1.119 -9.59 0.088 0.99 

Repetitions 
to failure 

Radial 
strain 

Testing 
temper
ature 

16.144 -0.626 -7.51 0.074 0.99 

Dynamic 
modulus 

Specimen 
thick
ness3 

Testing 
temper
ature 

11.456 -0.412 -3.40 0.109 0.87 

aNot significant. 
^Significant at the 0.1% level. 

(11) The test data contain considerable scatter. Most of this 

scatter is attributed to the inherent heterogeneity of the Yuma sand 

asphalt and the stochastic nature of the fatigue phenomenon itself. 

Applicability of the Fatigue Test Data 
to Pavement Design 

(1) On the basis of Peattie's (1962) concept of limiting certain 

stress and strain values in the pavement structure, a tentative two-layer 

pavement design procedure was suggested. The design criteria adopted 

are the limitation of both the subgrade vertical strain and the radial 

horizontal strain at the bottom of the surface layer. 

(2) Pavement design charts that relate the thickness of the 

pavement to the number of strain repetitions were developed. 
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(3) Analysis of this tentative procedure indicates that roads 

built with the Yuma sand-asphalt as surfacing can resist only light to 

medium traffic as classified in the Asphalt Institute (1963a) Manual MS-1. 

(4) Great advantages may result in terms of longer lives or in 

reduced thickness if traffic is to be prevented during the hot hours of 

the day (from about 1:00 p.m. to about 5 p.m. in summer). 

(5) Comparing the Yuma sand-asphalt to the conventional asphalt 

concrete, it might be stated that 1 in. of asphalt concrete is equiva

lent to about 5 in. of sand asphalt. Moreover, a given thickness of as

phalt concrete may last up to 20 times as long as the same thickness of 

sand-asphalt surfacing. The above conclusions are based on the assump

tion that the traffic is prevented during hot hours from traveling on 

the sand-asphalt roads. 



CHAPTER 11 

RECOMMENDATION FOR FURTHER RESEARCH 

Evaluation of the suitability of dune sands as road construction 

materials is greatly needed in areas where the conventional construction 

materials are not readily available. Although this study is directed 

toward such an objective, it has by no means completely satisfied the 

main goal. Therefore, the following points are suggested for future 

investigations: 

(1) The low stability and fatigue resistance of the Yuma sand 

asphalt is believed to be due mainly to the high percentage of air voids 

content in the mix. It is therefore suggested that such characteristics 

might be greatly improved by the addition of fines such as fly ash 

and/or portland cement to the sand. A research program to evaluate such 

a possibility is therefore recommended. 

(2) Several stabilizing agents such as cationic and ionic emul

sion, portland cement have proved to be efficient in stabilizing sandy 

materials. It will therefore be of interest to know which stabilizing 

agents are best suited for dune sands. As a primary evaluation, strength 

and stability tests might be utilized for such a purpose. 

(3) The load supporting capacity of sand-asphalt roads might be 

improved by including a cement stabilized dune sand base. Therefore the 

evaluation of the fatigue characteristics of dune sand cement is 

suggested. 

254 
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(4) The establishment of environmental regional factors for des

ert areas is greatly needed to facilitate the design procedures. 

(5) It was stated in Chapter 9 of this study that Dormon and 

Metcalf's subgrade strain criterion is not applicable for dune sands; 

therefore the establishment of such a criterion for dune sands is needed. 

(6) The fatigue literature contains various definitions for the 

modulus, or stiffness, as it is usually referred to. Different methods 

are available for evaluation of the asphalt mix stiffness. In general, 

these methods can be divided into two main categories: direct estimation 

through resonant frequency tests (Deacon, 1965) or the use of theoreti

cal expressions of the measured deflections such as the one used in this 

study, and indirect evaluation by the use of nomographs such as that of 

Van Der Poel (1954). To facilitate comparison of results by procedures 

similar to the one used here and others, the establishment of a correla

tion between this deflection-based dynamic modulus and others is 

recommended. 



APPENDIX A 

DERIVATION OF STRESS AND DEFLECTION FORMULAE 

FOR THE JIMENEZ DEFLECTOMETER SPECIMENS 

The Derivation Process 

The following equations are derived and used as indicated: 

(1) The general equilibrium equation for symmetrical bending. 

This equation is used in Steps 2 and 3 below. 

(2) The equations for a uniformly distributed load on the entire 

surface of the plate (Case 1). 

(3) The equations for a uniformly distributed load on a concen

tric circle (Case 2). 

(4) Cases 1 and 2 are combined. 

(5) Deflection equations due to shear stresses for Case 1 load

ing are derived. 

(6) Deflection equations due to shear stresses for Case 2 load

ing are derived. 

(7) The results of Steps 4, 5, and 6 are combined. 

(8) Summary of results. 

256 
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Notation 

r,e Polar coordinates 

h Thickness of a plate, or a specimen, in inches 

p Intensity of a continuously distributed pressure, psi 

P Single load, lb. 

or Radial stress, psi 

T Shearing stress, psi 

e Unit elongation (strain, in./in.) 

E Modulus of elasticity in tension and compression 

G Modulus of elasticity in shear = E/2(l+v) 

v Poisson's ratio 

D Flexural rigidity of a plate = Eh3/l2(l-v2) 

Mr,Mt Radial and tangential moments in polar coordinates 

Qr,Qt Radial and tangential shearing force per unit length 

a) Deflection of a plate 

<|> Slope of deflection surface = -du/dr 

Assumptions 

In deriving the equations, the following assumptions are made 

(Timoshenko and Woinowsky-Krieger, 1959): 

(1) The plate is flat, of uniform thickness, and of homogeneous, 

isotropic material. 

(2) There is no deformation in the middle plane of the plate. 

Thus the plane remains neutral during bending. 

(3) Points of the plate lying initially on a surface normal to 

the middle plane of the plate remain normal to it after bending. 
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(4) The normal stresses in a direction transverse to the plate 

are neglected. 

Step 1. General Equilibrium Equation for Symmetrical Bending 

r 

tz 

Fig. A.l. Deflection Surface of a Circular Plate Sub
jected to a Symmetrically Distributed Load. 

If the applied load acting on the circular plate is synmetrically 

distributed about the central vertical axis of the plate, the deflection 

will also be symmetrical. Therefore, deflection is considered only in 

one diametral section through the axis of symmetry. From Fig. A.l it 

can be shown that the maximum slope of the deflection surface at any 

point A is equal to 

<f> = -dw/dr (A.l) 

where <p is  the acute angle between the normal to the deflection surface 

at A and the axis of symmetry OB. Because <f> is very small, it is equal 

to its tangent and thus Eq. (A.l) was obtained. 
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The curvatures of the middle surface of the plate in the diame

tral section rz and perpendicular to it are given by 

l/rn = -d2oj/dr2 = d<|>/dr (A. 2) 

l/rt = -(l/r)(da>/dr) = <j>/r. (A.3) 

Neglecting shear effect on deflection, i.e., assuming a pure bending 

case, expressions of bending moments that correspond to the curvatures 

of Eqs. (A.2) and (A.3) are obtained in the following steps. 

Radial and tangential strains are by definition given by 

e r  = z/rn = -zd2u>/dr2 = zd<|>/dr (A.4) 

ez = z/rt = -(z/r)(dw/dr) = z<f>/r. (A. 5) 

Using Hooke's law, stresses and strains are related by 

e r  = (1/E)(o r  - V0t -  va 2 )  (A.6)  

e t  = ( l /E)(-va r  + at  -  va z ) .  (A.7)  

Assuming that normal stresses in the transverse direction of the 

plate, az, are small compared with other stresses, az can be neglected. 

Thus the simultaneous solution of Eqs. (A.6) and (A.7) will yield the 

following equations for the corresponding stresses: 

E 
'r (er + vn) (A-8) 

°t  =  1^2 ( v er +  et)-  (A - 9 )  
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Substituting the values of e r  and from Eqs. (A.4) and (A.5) into Eqs. 

(A.8) and (A.9), we find 

• r  *  M & - ™ )  -  & ( & * * )  < A - 1 0 >  

< * •  +  « * • » )  

The stress distribution on the radial and tangential planes can be re

duced to couples, the magnitude of which per unit length must be equal 

to the external moments Mr and Mt. Those couples are expressed as 

f h/2 
Mr d<|> = I orzd<f>dz (A. 12) 

J - h/2 

f h / 2  
Mt dr = I otzdrdz. (A.13) 

•'-h/2 

Integrations of these expressions after substituting in the values of ar 

and 0£ from Eqs. (A.10) and (A.11) give 

Mr • -d(0 + F3F) * »(&•?•) <A"14) 

Mt - • <A-15» 

Equations (A.14) and (A.15) contain only one variable, which can be de

termined by considering the equilibrium of an element of the plate such 

as abed in Fig. A.2 cut from the plate by two cylindrical sections ab 
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and cd and by two diametral sections such as ad and be. The couple act

ing on side cd is 

Mr • r • de (a) 

and the couple acting on side ab is 

(Mr + dr) (r + dr) de. 
dr 

(b) 

The couples on the sides ad and be are each equal to • dr, and they 

have a resultant in the plane rOz equal to 

Mr • dr • de. (c) 

dMr 
Mr+-^dr 

r -* 

r 

Q + $dr 

Fig. A.2. Equilibrium Forces of an Element 
Cut from a Circular Plate. 
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In addition, total shearing force on side cd is 

Q r • de 

and on ab is 

(Q + U' dr) (r + dr) de-

Neglecting small quantities of higher orders, a shearing force per unit 

length of the same magnitude acts on ab as on cd. Therefore, the two 

forces give a couple in the rz plane equal to 

Q • r • dr • de. (d) 

Summing up the moments (a), (b), (c), (d) and neglecting small quanti

ties of high order, the following equilibrium equation of the element 

abed is obtained: 

Mr + dr - Mt = -Q • r . (e) 

Substituting in the values of Mr and Mt from Eqs. (A.14) and (A.15), we 

can write Eq. (e) as 

dr2 + r 3r ' r1 = " Q/D (A*16) 

or 

d " j. .1. d 111 _ 1 dm _ n/n (fl 17 \ 
dr3 r dr2 r2 dr ^ ( • ) 

For easy integration, Eqs. (A.16) and (A.17) are rewritten as follows: 

3 f [ F 3 F H = " §  ( A - 1 8 )  
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Equations (A.18) or (A.19) give the general equilibrium equation for a 

circular plate neglecting the effect of shear stresses on deflection. 

The above derivation was obtained by reference to Timoshenko 

(1956) and Timoshenko and Woinowsky-Krieger (1959). 

Step 2. Uniform Load over the Entire Surface (Case 1) 

Because Q is the shearing force 

per unit length of the cylindrical sec

tion of radius r, then 

p TT r2 = 2irrQ 

or 

Q = pr/2. 

1 1 1 1 1 1  1  I s  

2a 

(a) 

Substituting into Eq. (A.19), we get 

_d_ 
dr 

r i j u  
L r dr l 

r = £T 
dr / J 2D 

(b) 

Integrating twice, we have 

da) _ pr3 Cir , C2. 
dr 160 2 r 

where Ci and C2 are integration coefficients, 

we get 

U) pr1* , Cir , r r . r 

" 64D 2 9^" C-

(A.20) 

Integrating Eq. (A.20), 

(A.21) 

where C3 is an integration coefficient. 
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Boundary Conditions: 

(1) dw/dr = 0 at r = 0 and r = a 

(2) a) = 0 at r = a 

Applying these boundary conditions to Eqs. (A.20) and (A.21), the slope 

and the deflection equation are given by 

* = " ir = 16D^a2'r2^ (A.22) 

w = gjfjj (a2-r2)2. (A.23) 

Since D = Eh3/12(1-v 2 ) , therefore 

»  =  3  MEM'  ( A 2 - R 2 ) 2 -  < A - 2 4 > 

At the center r equals 0, and thus the deflection is given by 

3(l-v 2 )  pa4 

u = 4Eh* 4 * 

Differentiating Eq. (A.22), we get 

(A.25) 

~ 16D (a2 " 3r2)' (A*26) 

From Eqs. (A.14), (A.15), (A.22), and (A.26), the bending moments Mr and 

can be rewritten as 

Mr = "ft [a2(1+v) - r2(3+v)] (A.27) 

M.j. = £a2(l+v) - r2(l+3v)J . (A.28) 

At the Center, we have 
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(A.29) 

Knowing the section modulus is equal to h2/6, the radial stresses at the 

bottom center are given by 

3(l+v) pa2 

2h2 4 (A.30) 

Tensile stresses are at the bottom face and are given a positive sign. 

Step 3. Uniform Load over Concentric Circular Area (Case 2) 

In this case, the problem 

will be considered to be composed 

of an inner and an outer portion. 

For each portion the general 

equilibrium equation, (A.18) or 

(A.19) is used. Equation (A.18) 

will be used here. The arbitrary 

constants are determined from the 

boundary and continuity condi

tions. Denoting P by the total 

applied load, we have 

P = *r0
2 p (1 )  

where 

P = 7rr0
2p 

^*"*2r0 -»j 

a *»]•* a 

I 
i 
I 
i 
i 
i Mi 

3 
M, 

Qi 

Hi i 111 ft 

I 
Qi Qi 

r0 = radius of the concentric loaded circle 

p = uniform load of r0 circle. 

Equations for both portions are formed in parts (a) and (b) below. 
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(a) Inner Portion: 0 < r < r0 

In this case, Q is given by the relationship 

Q = TTr2p/2irr. (ii) 

Substituting the value of p from Eq. (i), we get 

Q = Pr/2irr0
2. (i i i) 

Substituting this value into Eq. (A.18), the general equilibrium equa

tion for this case is given in the form 

- 2 ^ -  <A-31> 

Integrating twice and arranging the terms, we obtain the equation of the 

slope of the deflection surface 

rcS + C i £  +  % .  ( A . 3 2 )  * 16irr0
2D ' ^ 2 r 

The curvature is obtained by differentiating the equation 

- "3P r2 + ^1. _ ^2_ /« 22) 
dr 16irr0

2D r 2 r2 * Ih.jj; 

Because dw/dr = -<}>, therefore 

— = p 
rs . r, I . k 

dr 16Trr0
2D r Ll 2 r ' 

Integrating this equation, we get the deflection equation: 

w = 64Trr0
2D plt " Ci T " Cz ln r + C3 " (A.34) 

Substituting the values of <f> and d<j>/dr into Eq. (A.14), we obtain the 

radial bending moment, as follows: 
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Mr = (3+v) + D [^- (1+v) - (1-v)] . (A.35) 

Ci, C2, and C3 in the above equations are integration constants. 

(b) Outer Portion: r0 s r s a 

In this portion, Q is given by the relationship 

0 = *ro2P = _E_ (iv) 
^ 2nr 2nr ' 

Substituting this value of Q into Eq. (A.18), the general equilibrium 

equation for this portion is given in the form 

~dr [ r ^ = " 2^D ' (A*36* 

Integrating twice and arranging the terms, we obtain the equation of the 

slope of the deflection surface 

*  =  ( L N R  " H }  +  C -  i+ T 1  •  ( A , 3 7 )  

By differentiating Eq. (A.37), we get the curvature equation: 

3r = TO (1"r + !*> +T-7l • <A'38> 

Because dw/dr = -<j>, therefore 

— = frlnr - - ) r r C5 
dr 4irD 2 Clt 2 r * 

Integrating this equation, we get the deflection equation: 

a) = ( In r - 1 ) - ^ - C5 In r + C6 . (A.39) 

From Eqs. (A.37), (A.38), and (A.14), the bending moment equation is ob

tained as follows: 
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-P [in r(l+v) + Js(l-v)] + D [^- (1+v) - ] . 

(A.40) 

C^, C5, and C6 in the above equations are constants of integration. 

(c) Boundary and Continuity Conditions: 

Boundary conditions 

Condition 1 at r = a, u> = 0 

Condition 2 at r = a, <j> = 0 

Condition 3 at r = 0, <(> = 0 

(From Eq. (A.34), Condition 3 results in C2 = 0.) 

Conditions 4, 5, and 6 Continuity conditions 

a), <f>, and Mr are equal for the in
ner and outer portions at r = r0. 

From the above conditions, five equations will be obtained; two of these 

are obtained from conditions 1 and 2, and the other three result from 

the continuity conditions (4, 5, and 6). 

Simultaneous solution of these equations will result in the so

lution of the problem under consideration. 

Although complete solution of these equations was performed, the 

solutions will not be presented here, as they are only algebraic manipu

lations and can be easily reproduced by forming and solving matrices. 

In this section, only the setup of these equations will be pre

sented. Moreover, because the aim here is to derive the equations used 

in evaluating the Jimenez def1ectometer specimens, only the values of 

the constants Cx and C3 will be presented. (C2 was found to be zero 

from Condition 3). 

The resulting equations from the application of the boundary and 

continuity conditions are set up as follows: 
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C* ̂  + C5lna - C6 = 5W dna-l) (A.41) 

C * i +  C 5 ?  =  T O  < l n a  "  < A - 4 2 >  

Ci j (1+v) - C4 ^ (1+v) + C5 ° ̂ "2^ 

= lfc ^3+v^ " [In r0(l+v) +%(l-v)] 

(A.43) 

rV + Ca + Ci ro' + C5 In r0 - C6 

_ Pro2 

8TTD (In r0 - 1) . Bnn 
64ttD 

Ci ̂  - C,a - c. 3Pr0 Pro , 
16uD " 4ttD ln r°" 

(A.44) 

(A.45) 

Solution of these equations will give 

= ( 
2irD V In 

and 
r0 

1 
4 

C3 = 3P(l-v2) 
TTEII3 

a2 ) 

— rn2  
16 r° 

(A.46) 

(A.47) 

Substituting the values of Ci and C3 with r = 0 and C2 = 0 (as found) 

into Eqs. (A.34) and (A.35) will give the deflection at the center of 

the plate and the radial moment, respectively: 

r=0 
3P(l - f )  r  

irEh3 L 
_3_ 
16 ro2 (*•«) 

M, 
r=0 

(A.49) 
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By dividing Eq. (A.49) by the section modulus, h2/6, the equation for 

the radial stress at the bottom center will result: 

°r = 3P(l+v) /lnJL + I (A 50) 
2TTh2 V ,nr0 4 a2 ) * lA-&0' 

Step 4. Deflection and Stress Equations for the Jimenez 

Deflectometer Specimens Based on Symmetrical Bending 

P or Pj = irr0
2q 

i ^ 

(a) Deflection at Center of Specimen: 

Equation (A.25) is reversed here because the pressure is applied 

to the bottom of the specimen. Moreover, u is substituted by the re

peated deflection sr (a measured quantity) 

6r  = 34Eh3 ^ • (A.25a) 

Algebraically adding Eqs. (A.25a) and (A.48) will result in the 

resultant deflection due to the loading applied to the deflectometer 

specimens: 

- _ 3(l-v2) [ P . ,  r 9, a 3 o\ paM 
6r - 4^ L 7 (a r° ro" " 4 r° > " 4 J 

where P is defined as twice the total live load applied, and to differ

entiate it from the maximum load applied (live load plus dead load) we 

use the symbol Px. Therefore the deflection equation is rewritten as 



271 

»  =  1 f e ^ i [ v ( a 2 - r o 2 l n ^ - ! r » 2 » - E r ] -  < A - 5 1 >  

(b) Radial Stress at Center of Specimen: 

Equation (A.30) is reversed also owing to the direction of the 

applied stress 

"r * * ^ • (A-52) 

Algebraically adding Eqs. (A.50) and (A.52), we get the resultant ten

sile stress at the bottom of the specimens, as follows: 

"*£] (A-53) 

where P = maximum load applied 

= dead plus live load applied. 

Step 5. Deflection due to Shear Stresses for Case 1 

The shearing stresses, xrz, in this case vary across the thick

ness of the plate following a parabolic distribution similar to that of 

narrow rectangular cross section beams (Timoshenko and Woinowsky-Krieger, 

1959, p. 73). Therefore the maximum shearing stress is at the middle 

surface of the plate, and its value is 

(Trz)max = fh* (a) 

Q was given under Step 2 as 

Q = pr/2. 
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(Trz)max = pr * (b) 

The corresponding shearing strain is 

dooi _ ^Trz^max 3 __ 
~dr~ G 4GhPr 

where u>i is the deflection of the middle surface of the plate due to 

shearing stresses. 

By integrating Eq. (c) and using the boundary condition toj = 0 at 

r = a ,  w e  g e t  t h e  d e f l e c t i o n  d u e  t o  s h e a r  a t  t h e  c e n t e r  o f  t h e  p l a t e :  

=  ( a 2  '  r 2 ) '  ( d )  

Because G = E/2(l+v), therefore 

0)1 = 3p|^v) a2 . (A.54) 

r=0 

Step 6. Deflection due to Shear Stresses for Case 2 

(a) Inner Portion: 

From Eq. (iii) of Step 3, Q was given as 

Q = Pr/2irr0
2. 

Shearing stress is given by 

3P 
(Trz)max = 4irr02h r 

and shearing strain by 
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du>i-j _ -3P r 
dr 4irr0

2Gh 

Integrating this last equation, we get 

.op r2 
»1. = HjTuT + C1 <A-55) 
i 4irr0

2Gh 2 

where wi-j is the shear deflection of the inner portion. 

(b) Outer Portion: 

Equation (iv) of Step 3 gave Q as 

Q - P 
2irr • 

Maximum shear stress is given by 

3P i 
^Trz^max ~ 4irh r 

The corresponding shear strain is given by 

df>io _ -3P 1^ 
dr ~ 4irGh r * 

Integrating the last equation, we get 

Wl° = ii&i lnr + C2 (A.56) 

where <ul0 is the deflection due to shear stresses in the outer portion. 

(c) Boundary and Continuity Conditions: 

Boundary Condition: 

031o = 0 at r = a. 

Continuity Condition: 

to io = wii r = ro-
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(d) Solution for Deflection due to Shear Stresses: 

Applying the boundary condition to Eq. (A.56), we get 

3P 
4irGh In a. (A.57) 

Applying the continuity condition to Eqs. (A.55) and (A.56), we 

get the following: 

,2 -3P 
4irGh In rn + C - -3P ro2 

r 
4Trr02Gh 2 1 

Substituting the value of C2 (Eq. A.54) into the last equation 

and then solving for C^ we get 

3 P  ( *  +  1 » £ )  4irGh (A.58) 

The center deflection will be obtained by substituting the value of Ci 

(Eq. A.58) into Eq. (A.55) with r=0, as follows: 

r=0 
3P 

4irGh ( % +  l n ^ ) .  

Because G = E/2(l+v), therefore 

0)1 
r = 0 =  ̂  (A.59) 

Step 7. Deflection and Stress Equations for the Jimenez 

Deflectometer Specimens Considering Bending and Shear Effects 

(a) Deflection at the Center of the Specimen: 

Algebraically adding Eqs. (A.51), (A.54), and (A.59), the re

quired deflection at the center will result and is given as 
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«r -

+  T T ^ r [ i r ( 1  +  2 1 " t ) - P a 2 ] | -  < A - 6 0 >  

The repeated deflection, 6r, is a measured quantity; therefore 

Eq. (A.60) in this research is used to calculate the dynamic modulus E. 

(b) Radial Tensile Stress at Bottom Center: 

No changes are made on Eq. (A.53) because shear stresses do not 

affect the value of radial stresses obtained by symmetrical bending. 

Equation (A.53) is represented here: 

"r " • <A"53> 

Step 8. Summary of Results 

Equations (A.53) and (A.60) are the same as the ones in the 

text. Thus the equations are derived. 



APPENDIX B 

A FORTRAN IV COMPUTER PROGRAM FOR THE DETERMINATION 

OF STRESSES AND STRAINS IN THE JIMENEZ DEFLECTOMETER SPECIMENS 

Part I. Program Description and Listing 

Description 

The purpose of this computer program, which was given the name 

"Fatigue Program," is to calculate the developed stresses and strains 

in deflectometer specimens. The Fatigue Program is written in FORTRAN 

IV language for the CDC 6400 computer, which is available at the Computer 

Center of The University of Arizona. This program is developed for as

phalt and cement stabilized material. However, with slight modifications 

in the listing, it can be used for any material, as changes are needed 

only in the input and output formats. Any of the deflectometer equation 

sets presented in Chapter 7 can be solved by the use of this program. 

To facilitate the use of this program, a description of the input data 

cards is given below. An output example is presented as Part II of this 

appendix. 

Data Input Cards 

Card No. 1 Format (II, IX, 8F6.2, 3F8.3, A6) 

This card consists of 14 zones, the descriptions of 

which are as follows. The notation CC refers to card 

columns, the range of columns being inclusive. 
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I l l  

CC 1 Card number, 1, (INTEGER) 

CC 2 Not used. 

CC 3-8 These four zones are for four different curing periods, 
CC 9-14 
CC 15-20 in days, for cement-treated soils. If cement-treated 
CC 21-26 

specimens are not used, zeros may be used. The curing 

period numbers are REAL numbers. The formats to be used 

for these zones are 4F6.2. 

CC 27-32 These four zones are for the testing temperature, in °F, 
CC 33-38 
CC 39-44 of the asphalt treated specimens. Zeros may be used if 
CC 45-50 

the specimens tested are not asphalt stabilized. The 

testing temperature numbers are also REAL. The formats 

for these numbers are 4F6.2. 

CC 51-58 Gravitational acceleration. 

This has a constant value of 386.04 in./sec2. The for

mat formula is F8.3. 

CC 59-66 Effective deflectometer specimen radius, which is con

stant and has a value of 7.0 in. The format formula is 

F8.3. 

CC 67-74 Rotational speed. 

In this research this is constant and has a value of 

77.5 rad/sec. The format formula is F8.3. 

CC 75-80 Not used. 

Card No. 2 Format (II, IX, 3F6.2, 7X, 5A10) 

CC 1 Card number, 2, (INTEGER) 

CC 2 Not used. 
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CC 3-8 Curing temperature of cement treated specimens, in °F. 

Real number, with format F6.2. 

CC 9-14 Curing days for asphalt treated specimens. Real number 

with format F6.2. 

CC 15-20 Relative humidity at which the cement treated materials 

are cured. Real, with format F6.2. 

CC 21-27 Not used. 

The following zones in this card are used for the units 

of the above. Each zone has eight columns. 

CC 28-37 Accelerated gravity units. 

CC 38-47 Rotational speed units. 

CC 48-57 Curing temperature units for cement treated specimens. 

CC 58-67 Curing period units for asphalt treated specimens. 

CC 68-77 Relative humidity units. 

Card No. 3 Format (II, 2X, 211, 13, 12, 12, 5F10.5) 

CC 1 Card number, 3, (INTEGER) 

CC 2-3 Not used. 

CC 4-10 Specimen identification number (INTEGERS), described as 

follows: 

CC 4 Either the number 1 or 2 is used. The number 1 tells 

that the specimen is cement treated. The number 2 tells 

that the specimen is made of sand asphalt. 

CC 5 A number that identifies the curing period of cement 

treated specimens or the testing temperature of asphalt 

treated specimens, as listed in zones 3, 4, 5, and 6 of 
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card No. 1 for the cement treated specimens or zones 7, 

8, 9, and 10 of card No. 1 for the asphalt treated spec

imens. The numbers 1, 2, 3, and 4 correspond to these 

zones, respectively, for each material. 

CC 6-8 Three-digit numbers that indicate the number of the 

specimen. 

CC 9-10 The order of the specimen in a certain group of identi

cal specimens. 

CC 11-12 Number of replications in a group (INTEGER). 

CC 13-22 Percent of stabilizing material. REAL, and has a format 

of F10.5. 

CC 23-32 Radius of loaded area in inches. REAL, and has a format 

of F10.5. 

CC 33-42 Poisson's ratio of stabilized material. REAL, and has a 

format of F10.5. 

CC 43-52 Eccentricity of the eccentric discs, in inches. REAL, 

and has a format of F10.5. Constant in this research, 

with a value of 1.0. 

CC 53-62 Eccentricity of the eccentric cams, in inches.. REAL 

and has a format of F10.5. Constant in this research, 

with a value of 2.0. 

Card No. 4 Format (II, 2X, 12, 13, 12, 2X, 5F10.5) 

CC 1 Card number, 4, (INTEGER) 

CC 2-3 Not used. 

CC 4-10 Specimen identification, as described for card No. 3. 

CC 11-12 Not used. 
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CC 13-22 Number of readings (REAL). Format F10.5. 

CC 23-32 Specimen thickness in inches, REAL, format F10.5. 

CC 33-42 Dead load in pounds, REAL, format F10.5. 

CC 43-52 Mass of eccentric disc, in pounds. REAL, format F10.5. 

Constant, and has a value in this research of 1.53 lb. 

CC 53-62 Mass of eccentric cam, in pounds. REAL, format F10.5. 

Constant, and has a value in this research of 0.446 lb. 

Card No. 5 Format (II, 2X, 12, 13, 12, 2X, 4F10.5, 12, 2A10, A6) 

CC 1 Card number, 5, (INTEGER) 

CC 2-3 Not used. 

CC 4-10 Specimen identification, as described for card No. 3. 

CC 11-12 Not used. 

CC 13-22 Repeated central deflection in inches. REAL, format 

F10.5. 

C 23-32 Cumulative central deflection, in inches. REAL, format 

F10.5. 

C 33-42 Support pressure, in psi. REAL, format F10.5. 

CC 43-52 Number of load repetitions in thousands. REAL, format 

F10.5. 

CC 53-54 NTEST, an INTEGER number. If it is equal to 9, a mes

sage such as "not tested" or "not enough data" can be 

punched between columns 55 and 80. If there is no mes

sage, nothing is punched in column 54. 
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Notes 

(1) Cards 1 and 2 are fixed for certain loading, material, and 

testing conditions and are not repeated unless those conditions are 

changed. 

(2) Card 3 is repeated for each group having identical or repli

cated specimens. 

(3) Card 4 is repeated for each replication in a group. 

(4) Card 5 is repeated for every reading. 

A copy of the program listing appears following the example for 

the input data cards. 

Example 

1 10 
f—•—F 

4Q. f r 

Card 
1 1 0 .  7 .  2 8 .  6 0 .  0 .  5 9 .  7 7 .  9 5 .  3 8 6 . 0 4  7 .  7 7 . 5  

Card 
2 

Card 
3 

Card 
4 

1 
2 

1 
77. 7. •

 

o
 

LO 1 ' 1 ' 1 
INIS.SEC RAD/SEC DEG 

1 ~ 1 
F DAYS P.C. 

'3 
' 1 

2202110 2 
1 

4. 
1 ' 1 

1.26 .2 
1 

1. 
1 " 1 

2. 
• ' 
4 2202110 
(This card is 

1 1 ' 1 
34. 1.52 175. 
for the first replication.) 

1 
1.53 

1 " 1 
0.446 

1 
5 

1 
2202110 . oi'ooo 

J ' 1 
.07500 1.830 .'20 

l ~i 
First reading 

1 1 

5 2202110 
(Etc.) 

.Ol'lOO 
1 i 

.10100 2.100 .'40 
1 '1 

Second reading 

1 ' 1 
4 2202120 
(This card is 

15. 1.54 175. 
for the second replication.) 

2/5^ 
| " 1 

0.446 

1 
5 

1 

2202120 
1 1 

.00700 
1 ' 1 

.06300 1.630 
I I 1 1 

.!40 
1 ' 

First reading 

Card 
5 

Card 
5 

Card 
4 

Card 
5 

5 2202120 .00800 .07400 1.700 .60 Second reading 
(Etc.) 

The output example (Part II) is for the second replication of this group. 



Program Listing 

PROGRAM FATIG 73/73 OPT=l  FTN <» .0»P357  10 /23 /73  20 .1S .3Z .  PAGE 1  

PROGRAM F  AT IG  J  INPUT ,OUTPUT> 

C  
C  

. . INTEGER ORD,  FOIS  
5  REAL NU,  N  

LOGICAL OEJA ,  MARK 
INTEGER NOTE(31  
D IMENSION RSLK.00 ,10 )  ,  IRT(1 ,00 ,51 ,  CURE(2 ,<»»  ,  ISUIT  (100>  

C  
10  OEJA =  .F .  

MARK =  .F .  
PI  =  3 .11 .16  
FOIS  =  0  
KSEf l=0  

15  N8 IS  =  1  
NUMPAG=1 
KPAGE*  1  •»  
Hc3A-£ 
NUMPAG-14  

20  NUt1PAG =  2  
C  
C  
C  REAO OATA ANO PARAMETERS 
C  

25  READ 111 ,  NCC,  ( (CURE( I ,J I ,  J= l ,O , I *1 ,21  ,  G,  A ,  OMG 
NSER =  0  
ORD =  0  
IF  (NCC.ED.1 )  2 ,7  

2  READ l i e ,  NCCiCUTMPtCUOAY,RELHUM,UNGRAV,UNOMG,OEGRE,UNCT,UNRH 
30  IF  (NCC .Ea . 2>  < • ,  7  

C  
«.  READ 111 ,  NCC, I01 . I02 , I03 , I0< . ,NREPL,PCMAT,  R0 ,NU,EXC1,EXC2 

NSER =  103  
oro = i0<» 

35  KSEQ=KSEQ»l  
ISU IT IKSEQ>*NREPL 
IF  (NCC.EQ.3 )  5 ,7  

5  IF  (NREPLI  6 ,51 ,  
C  

1 ,0  7  PRINT  132 ,  NCCt  NSER,  ORO 
STOP 

c 
6  CONTINUE 

00  50  NRP <  l .NREPL 
%5 NEXT =  0  

NNN =  0  
READ 115 ,  NCC, IOT ,NSER,ORD,  BN,  H ,  OL ,  EMI ,  EM2 
NBN =  8N  

FOIS=FOIS»1  fv j  



59  

55  

60 

65  

70  

75  

SO 

85  

90  

95  

100 

IRT (FOIS . l )  =  ID l  
IRT(FOIS ,2>  =  102  
IRT  CFOIS ,3 )  =  NSER 
IRT  (FO IS«  %)  =  ORO 

C  
RSL (FOIS  ,  11=  PCHAT 
RSHFOIS ,  21=  PCMAT 
RSL(FOIS ,  =  CUREC10111021  

RSL(FOI3 ,  51=  CURE ( ID l ,  1021  
RSLCFOI3 ,  6 )=  RO 
RSL(FOIS  ,  7 )  =  NU 

c 
RSLIFOIS ,  3 )  =  H  

8  NEXT =  NEXT 4  1  
ICHECK =  NEXT •  1  

9  IF  (NCC.EQ. ICHECKI  10 ,U  
10  IF  INSER.EQ. I03 )  12 ,1  <*  
12  IF  (ORO.GE. IDM 16 ,15  
m  PRIMT 132 ,  NCC,  NSER,  ORD 

STOP 
15  PRINT  132 ,  NCC,  NSER,  ORO 
16  GO TO ( 20 ,22 )  NEXT 
20  READ 117 ,  NCC, IDT ,NSER,ORO,  OFR.DFIiPSR, NINTESTINOTE 

IF  (NTEST.EQ.9 I  GO TO 39  
GO TO ( 8 ,9 .  NBIS  

C  
C  
c  COMPUTES Tmf  BASIC  VALUES 

c 
22  DMAS *  DL /G  

EHAS i  <t* ( t * l *EXCl  •  EN2*EXC2I  /  G 
FR r  EHAS*OHG**2  
FT  ® 0MAS*0FRM0MG*»2 I /Z .  
LL  i  FR •  FT  
P  =  OL •  LL  
RLD =  Z * (FR  •  FT I  

C  
C  
C  EVALUATES THE RESULTS 
C  

RATI  =  ( 3 . * (1 . -NU»*2 )» /U . *0FR*H*»3 I  
RATZ *  (3 . * (1 .»NU)> / (2 .»H»*2 l  
PSP = RID/PI  
HLi = ALOG(A/ROI  
RSQ «  R0* *2  
HMN =  IH* *2 I / ( 1 . -NU)  
8EN3  =  RATl» (PSPMA*»2-RSQ»RLG-J .»RSa /«» . l  -  (PSR*A*»%»/% I  
Sr t tAR *  RAT1»HHN»(PSPM1. *2 . *RLG»-PSR»A»»2 I  
E  *  BEND •  SHEAR 
S IGR =  RAT2*  ( IP /P I ) *CRLGMR0»»Z I/l< i.»a»»2ll -  IPSR*a*»Z IM.  I  
EPSR *  IS IGR •  NUMPSR -  StGRI I  /  E  
EP3Z  1  (PSR •  2»NU»SIGRI /  E  

c rvj 
c 0° c u> 



PRINTS TABLE 2  OF RESULTS 

IF IKPAGE.LT .56 IGO TO 27  
Zk  NUMPAG=NUMPAG*1  

PRINT  13H 
PRINT  158 ,MESA,NUMPAG 
PRINT  125  
PRINT  127  
PRINT  129  
KPAGE=9  
IF  (HARKI  1 .1 ,35  

27  IF (OEJA)  32 ,28  
28  PRINT  135  

PRINT  121  
PRINT  123  
PRINT  125  
PRINT  127  
PRINT  129  
OEJA =  .  T •  

32  IF  I  NRP.LE . l l  31 . ,36  
3<»  I F  INNN.GT.OI  GO TO 40  

IF IKPAGE.GT.  iS )  GO TO 2" .  
35  PRINT  136 ,KSEQ. IOT ,NSER,ORO.N,OFT,OFR,PSR,S IGR,EPSR,  

1  EPSZ.BF .NO,SHEAR,  E  
r.n Tn i, j 

36  IF  (NNN. IE .0 I  38 ,<«0  
3d  IF IKPAGE.GT.M8 I  GO TO 2<t  

PR INT  1U0 ,  NSER,0R0tN .OFT ,OFRtPSRtS IGRtEPSR,  
I  EPSZ,BENO,SHEAR,  E  

GO TO <41  
( . 0  PR INT  138 ,  N ,OFT ,OFR,PSR,S IGR,EPSR,EPSZ,BENO,SHEAR,  

GO TO < .1  
39  IF  (NRP.LE . l l  <«6 , i , 8  
< •6  PR INT  lU l ,KSEQ. IOT ,NSER,ORD,NOTE 

KPA3E =  KPAGE •  1  
IF  (KPAGE.  G£ .56>  *7 ,1 ,1  

" .7  MARK =  . T .  
GO TO 2k 

( . 8  PRINT  11 .2 ,  NSER.ORO.NOTE 
« t l  CONTINUE 

MA, {<  =  . F .  
KPA3E =  KPAGE •  1  
NNN =  NNN »  1  
IF  (NNN.LT .NBNI  *Z ,hh  

1 .2  NBIS  =  2  
GO TO 20  

HW NBIS  *  1  
PRINT  133  

KPAG£=K°AGE»2  
SO CONTINUE 

PRINT  1JJ  
KPAGE=KPAGE*2  



160 

165  

iro 

175  

I S O  

185  

190  

195  

200 

205  

210 

GO TO <•  
5«»  CONTINUE 

C  
C  
C  PRINTS TABLE 1 OF DESCRIPTIONS AHO SPECIFICATIONS 
C 

L I  Mi  =  0  
mesm 
NUMPAG=1 
KSEQ = 1  
INO »  1  
NREPL= ISUIT I1>  
JUMP=1  
KPAGE=12  

PRINT  135  
PRINT  l« . i »  
PR INT  13 ]  
PRINT  11 .6  
PR INT  1US 

c 
00  70  KF  *  l .FOIS  
IF IKPAGE.LT .56»  GO TO 60  
NUMPAG=NUMPAG*1  
PRINT  13<*  
PR INT  158 .MESA,NUNPAG 
PRINT  1< ,6  
PR INT  11 (8  
KPAGE=9  
L IN t = 0  

60  IF  < IND.GT. *REPL>7%,61  
7U KSEQ=KSEQ*1  

MREPLs ISUIT1KSEQI  
JUMP=1  
IN0=1  

61  K3H= IRT•KF , I I  
GO TO <&Z,&U)  KSH 

62  GO TO (76 ,70 )JUMP 
76  PRINT  150,  <SE0 , ( IRT<KF,J> ,J= l ,< , ) ,RSL(KF , l l ,RS l<KF,3> .  

1  RSL(KF ,<« I , (RSL(KF ,J I ,  J=6 ,7»  
GO T1  66  

78  PRINT  151  ,  < IRT(KF ,J ) ,J= t , l»l ,RSL<KF ,n ,RSL«KF,3> ,  
1  RSL(KF ,<« ) , (RSL(KF ,J )«  J=6 ,7 I  

GO TO 66  
6<»  GO TO (80 ,82 )  JUMP 
80  PRINT  152 ,KSEQ,  I IRT IKF.JI, J*l,l»l, RSLCKF,?>,RSL(KF,3), 

1  (RSLIKF .J ) ,  J *5 .7 I  
GO TO 66  

82  P»m 153 ,  (IRTiKFtJIf J«l,«.l , RSL(KF,2),RSL(KF,3)  » 
1  <RSL(KF ,J> ,  J *5 ,7 I  

66  L INE =  L INE  •  1  
KPAGE=KPAGEU 

INO=INO» '  
JUMP=2  JV>  
I F  U INE.GE.5 )  68 ,70  



215  

220 

225  

230  

235  

2<i0 

21.5 

250  

255  

260 

68  PRINT  133  
KHA&t  =  f^AGc»2  

L INE *  0  
70  CONTINUE 

C  
PRINT  156  ,  G|UNt )RAViOH^>UNOHG<CUTMP|DEG^Et  CUOAY ,UNCT ,RELHUM,UNRH 

C  
C  

111  FORMAT I  I I ,  IX ,  RF6 .2 ,  3F8 .3 ,  A6  I  
112  FORMAT I  I I ,  IX ,  3F6 .2 ,  7X ,  5A10  I  
113  FORI1AT( I1 ,2X ,2 I1 , I 3« I2 , I 2«6F10 .5 )  
115  FORMAT( I1 ,2X , I2 , I 3 , I 2»2X ,6F10 ,51  
117  FORMAT( I1 ,2X , I2 , I 3 , I 2 ,2X , I»F10 .5 , I 2 ,2A10 ,A6)  
121  FORMAT (  T<<7 ,  I »7H  COUPUTEO RESULTS FROM OEFLECTOHETER TESTS ,  

1  T35 ,  12H TABLE 2  -  I  
123  FORHAT I  T<»7 t  <t8H AS FUNCTIONS OF NUMBER OF LOAD REPETIT ION ,  
i // i 

125  FORMAT C T106 .18H DYNAMIC MOOULUS ,T8<» ,1< .H  VERT.  COMPR.  ,  
1  T34 .1 .6H  REPEAT.  SUPPORT RAO.  TENS.  RAD.  TENS.  ,  
2  T2 ,  3<«H SEQU.  IOENT.  LOAO TOTAL I  

127  FORMAT I  T87 ,  I . 6H  STRAIN  BENDING SHEAR COMBINED .  
1  T28 ,5< tH  DEFLECT.  DEFLECT.  PRESSURE STRESS STRAIN  t  
2  T3 ,  25H NO.  NO.  REPETIT ION I  

129  FORHAT (  T87 ,  < .5H  I IN / IN I  EFFECT «BJ  EFFECT (S I  B  •  S  ,  
1  T 39 ,  <<<«H ( IN I  (PS I I  (PS I I  ( IN / IN I  ,  
2  T16 ,  19H (THOUSANO)  ( IN I  i f  I  

132  FORMAT ( / / / , 5X , i»bH EXPECTED SEQUENCE NOT FOUNO IN  REAOING DATA •  ,  
1  /  ,  5X ,  22H CHECK ALL  CARDS CODE i  I I  i  
2 2H ,  ,11H OF SERIES .  13 ,  I I  I  

133  FORHAT ( / I  
13<t  FORMAT (1H1 , / )  
135  FORMAT (  1H1  ,  61 /1  I  
136  FORHAT(2X , I3 ,3X , I2 , I 3 , I 2 ,2X ,F8 .2 ,2 (3X ,F7 .5 l , 5X ,F6 .2 ,  

1  3X ,  F9 .1 ,  2 (  3X ,  F11 .6  I ,  J (  IX ,  FU . l l  )  
138  FORMAT (  17X  ,  F8 .2  ,  2 (  3X ,  F7 .5 I  ,  5X ,  F6 .2  ,  

1  3X ,  F9 .1 ,  21  3X ,  F11 .6  > ,  3 (  IX ,  F l l . l l  I  
mO FORMAT(10X , I3 , I 2 i2X ,F8 .2 ,2 (3X ,F7 .5 l«5X«F6 .2»  

1  3X ,  F9 .1 ,  2 (  3X ,  F11 .6  ) ,  3 (  IX ,  F l l . l l  I  
l< i l  FORMAT (  / ,  2X ,  13 ,  3X ,  i 2 ,  13 ,  12 ,  13X ,  2A10 ,  A6 I  
l l<2  FORHAT ( / , inx , I3 , I 2 ,13X ,2A10 ,A6)  
1<«< .  FORHAT (  T<»3 ,  39H  OF SAMPLES ANO TESTING CONDIT IONS •  

1  T18 ,  25H TAOLE 1  -  DESCRIPT ION I  
11 .6  FORHAT (  T70 ,  21H RADIUS POISSON ,  

1 T20 ,  < .7H  CEMENT ASPHALT SPECIMEN OAVS TEST , 
2  T2 ,  16H SEQU.  IOENT.  I  

1<>6  FORHAT (  T63 ,  20H LOAO.  AR.  PATIO ,  
1  T<(0  , 28H  THICKNESS CURE TEM?.  ,  
2  T3  ,  3<»H NO.  NO.  P .C .  P .C .  .  /  I  

150  FORMAT(2X , I3 ,5X ,2 I1 , I 3 , I 2 ,3X ,F6 .2 ,13XtF8 .2 ,5X ,F5 .1 ,  
1  11X ,  F7 .2 ,  < .X ,  F6 .3  I  

151  FORHAT ( t0X ,2 I l , I 3 , I 2 ,3X ,F6 .2 ,13X ,F8 .2 ,5X ,F5 .1«  
1  11X ,  F7 .2 ,  <«X,  F8 .3  I  

ro 
00 o> 



152  F0RMATJ2X, I3 ,5X ,2 I1 , I 3 , I 2 ,13X ,F6 .2 ,3X ,  FS .2 ,1<<X,F5 .  1 ,  
265  1  2X i  F7 .2 ,  < .X ,  F8 .3  )  

15J  FORMAT I 10X ,  211 ,13 .12 ,13X ,F6 .213X ,  F8 .  2 ,1<»X  ,F5 .1  •  
1  2X  •  F7 .2 ,  I .X ,  F8 .3  I  

156  FORHAT I  / / / ,  2X ,  2<«H GRAVITY  ACCELERATION *  ,  F7 .2 ,A10 ,  / , 2X  ,  
1  2dH ROTATIONAL SPEED *  ,  F7 .2 ,  A10 .  / ,  2X ,  

270  2  2"»H CURING TEHP.  (CEMENT! *  ,  FT .2 ,  A ID*  / ,  2Xt  
3  2«H CURING DAYS (ASPHALTI *  t  FT.2, A10 ,  / ,  2X ,  
<•  2<>H RELATIVE HUHIOITY  *  ,  F7 .2 ,  A10  I  

158  FORHAT(T122«  7H  TABLE , l i t / ,T122 .6H  PAGE 
C  

275  CALL EX IT  
ENO 

rsj oo 



Part II. Output Example 

TABLE 1  -  DESCRIPT ION OF SAMPLES AND TESTINS CONDIT IONS 

SEQU.  ID fcNT .  CEMENT ASPHALT SPECIMEN OATS TEST RADIUS POISSON 
NO.  NO.  P .C .  P .C .  THICKNESS CURE TEMP.  LOAD.  AR.  RATIO 

1 22 2120 «».00 1.5% 77.9 1.26 .200 

GRAVITY  ACCELERATION =  386 .01 .  IN /S .SEC 
ROTATIONAL SPEEO =  77.50 RAO/SEC 
CURING TEMP.  (CEMENTI *  77 .00  OEG.  F  
CURING DAYS (ASPHALT) *  7 .00  DAYS 
RELATIVE HUHIOITV  *  50 .00  P .C .  

SEQU.  IOENT.  
NO.  NO.  

22 2129 

LOAD 
REPETIT ION 
(TMOUSANOI  

. < • 0  

. 6 0  
.80 

1 . 2a  
1.10 

3 .50  
5 .50  
7 .00  
9 .00  

1 2 . 0 0  
lit.00 
1 8 . 0 0  
2 0 . 0 0  
27 .00  

7 .00  

TABLE 2  - COMPUTED RESULTS FROM OEFLECT OMETER TESTS 
AS FUNCTIONS OF NUHIJER OF  LOAD REPETIT ION 

TOTAL REPEAT.  SUPPORT RAD.  TENS.  RAO.  TENS.  VERT.  C01PR.  DYNAMIC NOnULUS 
COMBINED OEFLECT.  DEFLECT.  PRESSURE STRFSS STRAIN  STRAIN  BENDING SHPAR COMBINED 

I IN )  i  IS )  (PS I I  (PS I )  ( IN / IN )  ( IN / IN )  EFFFCT (B)  EFFECT (S I  9  •  S  

•06300 .00700 1 .63  125 .0  .0007 l<8  .000385 102877 .7  31161 . .1  131.01.1 .8  

•  071.01 .00300 1 .70  12 i» .  7  .onnn5 i»  .000<< <.0  ( "9370.  <.  27280 .6  117151 .0  

.08300 .00800 1 .80  123 .8  .00 f l«62 .  00 Oi l .  5  883 79 .  7  26921 .7  115301 .3  

.09651 .00(150 1 .90  123 .2  .001922 .0001.77 82231. .5  25132.6  107367 .1  

.11100 .00900 2 .03  122 .1  .000982 .000509 761.1 .0 .9  231»f2  .5  09913 .1 .  

. 13550  .00950  2 .30  119 .9  . 001061  .000553  69371. .0  21515 .0  90819 .0  

.15650  .01000  2 .<<2  119 .2  .001127  .0015*9  6<<802 .8  20192 .8  81 .995 .6  

. 17000  .01100  2 .53  118.7  . 0012^2  .000651 51533.2  18300.6  7M33 .8  

.18500  .01100  2 .60  118 .0  .001251  .000657  57720 .1  18101 . .  8  758 ' ! . . 9  

. 20650  .01150  2 .75  117 .0  .001325  .000697 53992.5  170< .1 .0  71033 .5  

. 22050  .01200  2 .85  116 .5  .001391 .  . 000735  51072 .5  16185 . l t  67257 .9  

•  21 .950  . 01300  2 .95  115 .9  .001512  .000799  1 .68  21 .7  11 .892 .5  61716 .2  

.26550  .01350  3 .05  115 .1 .  . 001583  .000838  1 .1 .1 .93 .6  1<>?11 .6  58705 .2  

.35600  .01500 3.<i0 113.0 .001808 . 900965  38037.9 1231.5.5 50383.k 

.17019 .91025 2.53 118. 2  • 90116*1 .990619 6221.8.1 19%75.0 81723.1 

fS3 
00 
00 



APPENDIX C 

SUMMARY OF TEST DATA 

The following notation system is used in the tables of this ap

pendix as well as in the text of the dissertation. 

A/C asphalt content, % of dry weight of sand 

VMA voids in the mineral aggregate, % of total volume of the mix 

T testing temperature, °F 

h specimen thickness, in. 

Po initial support pressure, psi 

ro radius of loaded area, in. 

Na number of applied load repetitions 

N number of load repetitions 

P support pressure, psi 

6r recoverable central deflection, in. 

<5c cumulative central deflection, in. 

°r radial tensile stress, psi 

er radial tensile strain, in./in. 

ez vertical compressive strain, in./in. 

E dynamic modulus, psi 

EB dynamic modulus due to bending effect, psi 

Esh dynamic modulus due to shear effect, psi 

Ec combined dynamic modulus due to bending and shear effects, psi 

i initial conditions 

f failure conditions 
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Part I. Surface Area of Yuma Dune Sand 

Table C.l. Surface Area Factors for Yuma Dune Sands. 

Sieve Percent Surface area Surfa< 
size passing factor® area" 

3/4 in. 100 — ) 2.0 
3/8 in. 100 — 

J 

No. 4 100 2 2.0 

No. 8 100 4 4.0 

No. 16 100 8 8.0 

No. 30 100 14 14.0 

No. 50 98 30 29.2 

No. 100 17 60 10.2 

No. 200 2 160 3.2 

Total 72.6 

aSurface area factors were taken from the Asphalt In
stitute (1963b) Manual MS-2. 

Sq. ft./lb. 

Part II. Mixture Design 

Table C.2. Estimation of Asphalt Content by CKE 
Procedures.3 

Grain size 
Specimen identification 
Weight of dry sample + cup, grams 
Weight of cup, grams 
Weight of sample, grams 
Weight of wet sample + cup, grams 
Weight of kerosene, grams 
Absorption, % (average) 

Passes No. 4 sieve 
1 

317.50 
217.50 
100.00 
319.95 

2.45 
2 .  

2 
318.92 
218.92 
100.00 
321.32 

2.40 
43 

aThe CKE procedure is fully described in the Asphalt 
Institute (1963b) Manual MS-2. 



Part III. The Jimenez Deflectometer Data 

4% 
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Fig. C.l. The Testing Program Chart. 
ro to 



Table C-3. Design Characteristics of the Yuma Sand-Asphalt Mixture by Marshall Stability Test. 

Asphalt Specimen Relative Air Film Marshall Marshall 
content, density, density, voids, VMA thickness, stability, flow, 
% gm/cm3 % % % microns lbs. 0.01 in. 

4 

4.5 

5.0 

6 . 0  

7.0 

8.0  

9.0 

10.0 

11.0 

12.0 

A 
B 

1.686 
1.730 

67 
69 

32.7 
30.9 

39.1 
37.5 2.7 340 

360 
24.5 
21.0 

A 
B 

1.732 
1.726 

70 
69 

30.4 
30.6 

37.7 
37.9 3.0 343 

360 
17.5 
20.0 

A 
B 

1.728 
1.726 

70 
70 

30.1 
30.1 

38.1 
38.2 3.4 360 

360 
16.5 
15.5 

A 
B 

1.739 
1.740 

71 
71 

28.7 
28.6 

38.3 
38.3 4.0 507 

500 
16.0 
14.0 

A 
B 

1.767 
1.767 

73 
73 

26.6 
26.6 

37.9 
37.9 4.7 423 

413 
13.5 
13.5 

A 
B 

1.783 
1.785 

75 
75 

25.0 
24.9 

37.9 
37.9 5.4 130 

150 
12.5 
14.0 

A 
B 

1.781 
1.780 

76 
76 

24.2 
24.2 

38.6 
38.6 6.0 120 

150 
13.5 
12.5 

A 
B 

1.804 
1.796 

78 
78 

22.3 
22.6 

38.3 
38.6 6.7 200 

200 
13.0 
12.0 

A 
B 

1.843 
1.834 

80 
80 

19.7 
20.0 

37.6 
37.9 7.4 220 

234 
13.5 
12.5 

A 
B 

1.842 
1.838 

81 
81 

18.8 
19.0 

38.2 
38.3 8.0 218 

208 
14.5 
14.5 
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Table C.4. Mixture and Specimen Characteristics of the Jimenez Deflec-
tometer Specimens. 

Den- Air Test conditions 
Specimen A/C, h, sity, voids, VMA, po, ro» T, 
identification % in. gm/cm3 % % psi in. °F 

Variable: Asphalt Content 

(a) T = 95°F 

1A-5-10-1-95-1.5 10 1.538 1.825 21.4 37.6 1.0 1.26 95 

2A-5-10-1-95-1.5 10 1.548 1.822 21.5 37.7 1.0 1.26 95 
1A-5-8-1-95-1.5 8 1.533 1.804 24.1 37.2 1.0 1.26 95 

2A-5-8-1-95-1.5 8 1.522 1.790 24.7 37.7 1.0 1.26 95 

1A-5-6-1-95-1.5 6 1.523 1.747 28.3 38.0 1.0 1.26 95 

2A-5-6-1-95-1.5 6 1.513 1.767 27.5 37.3 1.0 1.26 95 

(b) T = 77°F 

1A-5-10-1-77-1.5 10 1.533 1.820 21.6 37.8 1.0 1.26 77 

2A-5-10-1-77-1.5 10 1.523 1.824 21.4 37.7 1.0 1.26 77 

3A-5-10-1-77-1.5 10 1.528 1.823 21.4 37.7 1.0 1.26 77 

1A-5-8-1-77-1.5 8 1.518 1.802 24.2 37.3 1.0 1.26 77 

2A-5-8-1-77-1.5 8 1.516 1.789 24.7 37.7 1.0 1.26 77 

3A-5-8-1-77-1.5 8 1.528 1.778 25.2 38.1 1.0 1.26 77 

4A-5-8-1-77-1.5 8 1.528 1.781 25.1 38.0 1.0 1.26 77 

1A-5-6-1-77-1.5 6 1.513 1.756 28.0 37.7 1.0 1.26 77 

2A-5-6-1-77-1.5 6 1.516 1.753 28.1 37.8 1.0 1.26 77 

3A-5-6-1-77-1.5 6 1.510 1.759 27.8 37.6 1.0 1.26 77 

4A-5-6-1-77-1.5 6 1.513 1.756 28.0 37.7 1.0 1.26 77 

1A-5-4-1-77-1.5 4 1.530 1.733 30.8 37.4 1.0 1.26 77 

2A-5-4-1-77-1.5 4 1.536 1.711 31.7 38.2 1.0 1.26 77 

(c) T = 590F 

1A-5-10-1-59-1.5 10 1.520 1.812 21.9 38.1 1.0 1.26 59 

2A-5-10-1-59-1.5 10 1.558 1.782 23.2 39.1 1.0 1.26 59 
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Table C.4. Mixture and Specimen Characteristics—Continued 

Specimen 
identification 

A/C, h, 
% in. 

Den
sity, 
gm/cm3 

Air 
voids 
% 

, VMA, 
% 

Test 

Po» 
psi 

conditions 

r0» T, 
in. °F 

1A-5-8-1-59-1.5 8 1.544 1.762 25.9 38.7 1.0 1.26 59 

2A-5-8-1-59-1.5 8 1.528 1.787 24.8 37.8 1.0 1.26 59 

3A-5-8-1-59-1.5 8 1.548 1.774 25.4 38.3 1.0 1.26 59 

1A-5-6-1-59-1.5 6 1.516 1.755 28.0 37.8 1.0 1.26 59 

2A-5-6-1-59-1.5 6 1.523 1.739 28.7 38.3 1.0 1.26 59 

3A-5-6-1-59-1.5 6 1.553 1.702 30.2 39.6 1.0 1.26 59 

1A-5-4-1-59-1.5 4 1.538 1.706 31.9 38.3 1.0 1.26 59 

2A-5-4-1-59-1.5 4 1.543 1.714 31.6 38.0 1.0 1.26 59 

3A-5-4-1-59-1.5 4 1.563 1.680 32.9 39.3 1.0 1.26 59 

Variable: Testing Temperature 

(a) A/C = 10%, h = 1.5 in. 

1A-5-10-1-95.1.5 10 1.538 1.825 21.4 37.6 1.0 1.26 95 

2A-5-10-1-95-1.5 10 1.548 1.822 21.5 37.7 1.0 1.26 95 

1A-5-10-1-77.1.5 10 1.533 1.820 21.6 37.8 1.0 1.26 77 

2A-5-10-1-77-1.5 10 1.523 1.824 21.4 37.7 1.0 1.26 77 

3A-5-10-1-59-1.5 10 1.528 1.823 21.4 37.7 1.0 1.26 77 

1A-5-10-1-59-1.5 10 1.520 1.812 21.9 38.1 1.0 1.26 59 

2A-5-10-1-59-1.5 10 1.558 1.782 23.2 39.1 1.0 1.26 59 

(b) A/C = 8%, h * 1.5 in. 

1A-5-8-1-95-1.5 8 1.533 1.804 24.1 37.2 1.0 1.26 95 

2A-5-8-1-95-1.5 8 1.522 1.790 24.7 37.7 1.0 1.26 95 

1A-5-8-1-77-1.5 8 1.518 1.802 24.2 37.3 1.0 1.26 77 

2A-5-8-1-77-1.5 8 1.516 1.789 24.7 37.7 1.0 1.26 77 

3A-5-8-1-77-1.5 8 1.528 1.778 25.2 38.1 1.0 1.26 77 

4A-5-8-1-77-1.5 8 1.528 1.781 25.1 38.0 1.0 1.26 77 
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Table C.4. Mixture and Specimen Characteristies—Continued 

Specimen 
identification 

A/C 
% 

, h, 
in. 

Den
sity, 
gm/cm3 

Air 
voids 
% 

, VMA, 
% 

Test 

Po» 
psi 

conditions 

r0. T, 
in. of 

1A-5-8-1-59-1.5 8 1.544 1.762 25.9 38.7 1.0 1.26 59 

2A-5-8-1-59-1.5 8 1.528 1.787 24.8 37.8 1.0 1.26 59 

3A-5-8-1-59-1.5 8 1.548 1.774 25.4 38.3 1.0 1.26 59 

(c) A/C = 6%, h = 1.5 in. 

1A-5—6-1-95—1.5 6 1.523 1.747 28.3 38.0 1.0 1.26 95 

2A-5-6-1-95-1.5 6 1.513 1.767 27.5 37.3 1.0 1.26 95 

1A-5-6-1-77-1.5 6 1.513 1.756 28.0 37.7 1.0 1.26 77 

2A-5-6-1-77-1.5 6 1.516 1.753 28.1 37.8 1.0 1.26 77 

3A-5-6-1-77-1.5 6 1.510 1.759 27.8 37.6 1.0. 1.26 77 

4A-5-6-1-77-1.5 6 1.513 1.756 28.0 37.7 1.0 1.26 77 

1A-5-6-1-59-1.5 6 1.516 1.755 28.0 37.8 1.0 1.26 59 

2A-5-6-1-59-1.5 6 1.523 1.739 28.7 38.3 1.0 1.26 59 

3A-5-6-1-59-1.5 6 1.553 1.702 30.2 39.6 1.0 1.26 59 

(d) A/C = 4%, h = 1.5 in. 

1A-5-4-1-77-1.5 4 1.530 1.733 30.8 37.4 1.0 1.26 77 

2A-5-4-1-77-1.5 4 1.536 1.711 31.7 38.2 1.0 1.26 77 

1A-5-4-1-59-1.5 4 1.538 1.706 31.9 38.3 1.0 1.26 59 

2A-5-4-1-59-1.5 4 1.543 1.714 31.6 38.0 1.0 1.26 59 

3A-5-4-1-59-1.5 4 1.563 1.680 32.9 39.3 1.0 1.26 59 

(e) A/C = 6%, h * 2.0 in. 

1A-5-6-1-95-2 6 2.020 1.751 28.2 37.9 1.0 1.26 95 

2A-5-6-1-95-2 6 2.018 1.725 29.2 38.8 1.0 1.26 95 

1A-5-6-1-77-2 6 2.015 1.770 27.4 37.2 1.0 1.26 77 

2A-5-6-1-77-2 6 2.033 1.750 28.2 37.9 1.0 1.26 77 

3A-5-6-1-77-2 6 2.044 1.719 29.5 39.0 1.0 1.26 77 



296 

Table C.4. Mixture and Specimen Characteristics--Continued 

Specimen 
identification 

A/C 
% 

, h, 
in. 

Den
sity, 
gm/cm3 

Air 
voids 
% 

, VMA, 
% 

Test 

Po» 
psi 

conditions 

r 0 »  T ,  
in. °F 

1A-5-6-1-59-2 6 2.025 1.733 28.9 38.5 1.0 1.26 59 

2A-5-6-1-59-2 6 2.035 1.741 28.6 38.3 1.0 1.26 59 

(f) A/C = 6%, h « 2.5 in. 

1A-5-6-1-95-2.5 6 2.530 1.743 28.5 38.2 1.0 1.26 95 

1A-5-6-1-77-2.5 6 2.525 1.762 27.7 37.5 1.0 1.26 77 

2A-5-6-1-77-2.5 6 2.542 1.737 28.8 38.4 1.0 1.26 77  

3A-5-6-1-77-2.5 6 2.500 1.769 27.4 37.3 1.0 1.26 77 

1A-5-6-1-59-2.5 6 2.540 1.734 28.9 38.5 1.0 1.26 59 

2A-5-6-1-59-2.5 6 2.560 1.721 29.4 39.0 1.0 1.26 59 

Variable: Initial Support Pressure 

1A-5-6-0.1-77-1. 5 6 1.518 1.765 27.6 37.4 ' 0.1 1.26 77 

2A-5-6-0.1-77-1. 5 6 1.503 1.768 27.5 37.3 0.1 1.26 77 

3A-5-6-0.1-77-1. 5 6 1.506 1.769 27.4 37.3 0.1 1.26 77 

1A-5-6-0.5-77-1. 5 6 1.510 1.756 28.0 37.7 0.5 1.26 77 

2A-5-6-0.5-77-1. 5 6 1.512 1.755 28.0 37.8 0.5 1.26 77 

3A-5-6-0.5-77-1. 5 6 1.538 1.741 28.6 38.3 0.5 1.26 77 

1A-5-6-1-77—1.5 6 1.513 1.756 28.0 37.7 1.0 1.26 77 

2A-5-6-1-77-1.5 6 1.516 1.753 28.1 37.8 1.0 1.26 77 

3A-5-6-1-77-1.5 6 1.510 1.759 27.8 37.6 1.0 1.26 77 

4A-5-6-1-77-1.5 6 1.513 1.756 28.0 37.7 1.0 1.26 77 

1A-5-6-1.5-77-1. 5 6 1.528 1.754 28.1 37.8 1.5 1.26 77 

2A-5-6-1.5-77-1. 5 6 1.526 1.746 28.4 38.1 1.5 1.26 77 

3A-5-6-1.5-77-1. 5 6 1.523 1.768 27.5 37.3 1.5 1.26 77 

4A-5-6-1.5-77-1. 5 6 1.533 1.751 28.2 37.9 1.5 1.26 77 
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Table C.4. Mixture and Specimen Characteristics--Continued 

Specimen 
identification 

A/C 
% 

, h, 
in. 

Den
sity, 
gm/cm3 

Air 
voids, 
% 

VMA, 
% 

Test 

Po> 
psi 

conditions 

r 0 »  T ,  
in. OF 

1A-5-6-2-77-1. 5 6 1.518 1.762 27.7 37.5 2.0 1.26 77 

2A-5-6-2-77-1. 5 6 1.506 1.759 27.8 37.6 2.0 1.26 77 

Variable: Radius of Loaded Area 

1A-1-6-1-77-2 6 2.040 1.736 28.8 38.4 1.0 0.56 77 

2A-1-6-1-77-2 6 2.032 1.749 28.3 38.0 1.0 0.56 77 

3A-1-6-1-77-2 6 2.050 1.756 28.0 37.7 1.0 0.56 77 

4A-1-6-1-77-2 6 2.043 1.743 28.5 38.2 1.0 0.56 77 

1A-2-6-1-77-2 6 2.035 1.747 28.3 38.0 1.0 0.8 77 

2A-2-6-1-77-2 6 2.035 1.747 28.3 38.0 1.0 0.8 77 

3A-2-6-1-77-2 6 2.028 1.731 29.0 38.6 1.0 0.8 77 

IA-TT-6-1-77-2 6 2.040 1.736 28.8 38.4 1.0 1.0 77 

2A-TT-6-1-77-2 6 2.045 1.726 29.2 38.8 1.0 1.0 77 

3A-tt-6-1-77-2 6 2.048 1.736 28.8 38.4 1.0 1.0 77 

1A-5-6-1-77-2 6 2.015 1.770 27.4 37.2 1.0 1.26 77 

2A-5-6-1-77-2 6 2.033 1.750 28.2 37.9 1.0 1.26 77 

3A-5-6-1-77-2 6 2.044 1.719 29.5 39.0 1.0 1.26 77 

Variable: Specimen Thickness 

(a) T = 95°F 

1A-5-6-1-95-1. ,5 6 1.523 1.747 28.3 38.0 1.0 1.26 95 

2A-5-6-1-95-1. ,5 6 1.513 1.767 27.5 37.3 1.0 1.26 95 

1A-5-6-1-95-2 6 2.020 1.751 28.2 37.9 1.0 1.26 95 

2A-5-6-1-95-2 6 2.018 1.725 29.2 38.8 1.0 1.26 95 

1A-5-6-1-95-2. .5 6 2.530 1.743 28.5 38.2 1.0 1.26 95 
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Table C.4. Mixture and Specimen Characteristics—Continued 

Den Air Test conditions 

Specimen A/C, h, sity, voids, VMA, Po. ro. T, 
identification % in. gm/cm3 % % psi in. °F 

(b) T = 77°F 

1A-5-6-1-77-1.5 6 1.513 1.756 28.0 37.7 1.0 1.26 77 

2A-5-6-1-77-1.5 6 1.516 1.753 28.1 37.8 1.0 1.26 77 

3A-5-6-1-77-1.5 6 1.510 1.759 27.8 37.6 1.0 1.26 77 

4A-5-6-1-77-1.5 6 1.513 1.756 28.0 37.7 1.0 1.26 77 

1A-5-6-1-77-2 6 2.015 1.770 27.4 37.2 1.0 1.26 77 

2A-5-6-1-77-2 6 2.033 1.750 28.2 37.9 1.0 1.26 77 

3A-5-6-1-77-2 6 2.044 1.719 29.5 39.0 1.0 1.26 77 

1A-5-6-1-77-2.5 6 2.525 1.762 27.7 37.5 1.0 1.26 77 

2A-5-6-1-77-2.5 6 2.542 1.737 28.8 38.4 1.0 1.26 77 

3A-5-6-1-77-2.5 6 2.500 1.769 27.4 37.3 i.O 1.26 77 

(c) T = 59°F 

1A-5-6-1-59-1.5 6 1.516 1.755 28.0 37.8 1.0 1.26 59 

2A-5-6-1-59-1.5 6 1.523 1.739 28.7 38.3 1.0 1.26 59 

3A-5-6-1-59-1.5 6 1.553 1.702 30.2 39.6 1.0 1.26 59 

1A-5-6-1-59-2 6 2.025 1.733 28.9 38.5 1.0 1.26 59 

2A-5-6-1-59-2 6 2.035 1.741 28.6 38.3 1.0 1.26 59 

1A-5-6-1-59-2.5 6 2.540 1.734 28.9 38.5 1.0 1.26 59 

2A-5-6-1-59-2.5 6 2.560 1.721 29.4 39.0 1.0 1.26 59 



Table C.5. Summary of Jimenez Def1ectometer Load Test Data. 

(D.L. = 175 lb., Fr = 150 lb., frequency = 740 rpm.) 

Specimen Na 
identification Nf 

Initial conditions 

r̂i» 5ci» 
Pi» 10-3 10-2 

Ni psi in. in. 

Failure conditions 

6rf» 5cf' 
Nf, Pf, 10-3 10-2 

103 psi in. in. 

Variable: Asphalt Content 

(a) T = 95°F 

1A-5-10-1-95-1.5 3.75 200 3.35 40.0 39.0 0.4 3.13 30.0 18.0 

2A-5-10-1-95-1.5 2.00 400 3.30 40.0 19.5 0.5 3.40 43.0 32.2 

1A-5-8-1-95-1.5 4.15 800 2.70 17.0 19.8 1.3 2.88 20.0 22.8 

2A-5-8-1-95-1.5 2.67 600 3.00 27.0 24.7 0.6 3.00 27.0 24.7 

1A-5-6-1-95-1.5 2.00 800 3.05 35.0 26.5 0.8 3.05 35.0 26.5 

2A-5-6-1-95-1.5 2.00 800 2.95 25.0 22.0 1.1 3.03 27.3 24.5 

(b) T = 77°F 

1A-5-10-1-77-1.5 3.46 1000 2.30 9.0 13.4 5.5 2.84 14.0 22.8 

2A-5-10-1-77-1.5 3.60 800 2.20 7.5 11.8 5.0 2.80 9.0 21.0 

3A-5-10-1-77-1.5 3.57 800 2.00 8.0 10.9 7.0 2.70 11.0 21.5 

1A-5-8-1-77-1.5 4.84 1000 1.83 10.0 15.2 6.0 2.55 13.5 23.8 

2A-5-8-1-77-1.5 3.46 800 2.40 11.0 15.1 4.2 2.90 16.2 25.0 

3A-5-8-1-77-1.5 3.60 800 2.20 8.0 11.3 5.0 2.80 8.0 20.8 

4A-5-8-1-77-1.5 2.07 800 2.20 9.0 12.4 5.8 2.78 12.0 22.5 

1A-5-6-1-77-1.5 2.88 800 2.00 8.0 11.2 5.5 2.67 11.2 21.2 

2A-5-6-1-77-1.5 3.88 800 1.80 7.0 8.2 8.5 2.65 8.0 17.8 

3A-5-6-1-77-1.5 2.10 800 2.15 9.0 12.4 6.5 2.90 12.8 25.5 

4A-5-6-1-77-1.5 2.40 800 2.00 7.0 10.9 7.5 2.75 11.5 22.0 

1A-5-4-1-77-1.5 3.00 800 2.40 11.0 12.3 3.5 2.90 15.0 19.8 

2A-5-4-1-77-1.5 3.86 800 1.80 8.0 8.3 7.0 2.53 10.3 17.0 
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Table C.5. Load Test Data—Continued 

Initial conditions Failure conditions 

Na 
6ri» 6ci» 5rf» 5cf» 

Specimen Na Pi> 10"3 10-2 Nf, Pft io-3 io-2 
identification Nf NT psi in. in. 103 psi in. in. 

(c) T = = 59° F 

1A—5-10—1-59-1.5 3.64 800 1.48 4.0 4.7 55.0 2.65 6.0 19.7 

2A-5-10-1-59-1.5 2.67 1000 1.42 4.0 4.3 60.0 2.38 5.3 16.0 

1A-5-8-1-59-1.5 2.08 1200 1.50 4.3 5.5 70.0 2.50 6.5 19.5 

2A-5-8-1-59-1.5 9.86 1000 1.25 4.0 3.1 70.0 2.00 4.0 10.3 

3A-5-8-1-59-1.5 2.86 1000 1.35 3.5 3.6 70.0 2.25 4.8 12.8 

1A-5-6-1-59-1.5 3.12 1600 1.38 4.5 4.3 80.0 2.30 6.4 14.5 

2A-5-6-1-59-1.5 2.50 800 1.45 4.5 4.4 80.0 2.70 7.3 20.5 

3A-5-6-1-59-1.5 8.75 800 1.35 4.5 3.8 80.0 2.40 6.4 15.9 

1A-5-4-1-59-1.5 2.00 800 1.45 5.0 4.7 60.0 2.55 7.8 18.3 

2A-5-4-1-59-1.5 5.50 800 1.28 4.5 3.2 65.0 2.08 5.9 12.2 

3A-5-4-1-59-1.5 2.43 1000 1.48 5.5 4.4 70.0 2.55 9.0 17.0 

Variable: Testing Temperature 

(a) A/C = 10% , h « 1.5 in. 

1A-5-10-1-95-1.5 3.75 200 3.35 40.0 39.0 0.4 3.13 30.0 18.0 

2A-5-10-1-95-1.5 4.00 400 3.30 40.0 19.5 0.5 3.40 43.0 32.2 

1A-5-10-1-77-1.5 3.46 1000 2.30 9.0 13.4 5.5 2.84 14.0 22.8 

2A-5-10-1-77-1.5 3.60 800 2.20 7.5 11.8 5.0 2.80 9.0 21.0 

3A-5-10-1-77-1.5 3.57 800 2.00 8.0 10.9 7.0 2.70 11.0 21.5 

1A-5-10-1-59-1.5 3.64 800 1.48 4.0 4.7 55.0 2.65 6.0 19.7 

2A-5-10-1-59-1.5 2.67 1000 1.42 4.0 4.3 60.0 2.38 5.3 16.0 

(b) A/C II 00
 

V h * 1 .5 in. 

1A-5-8-1-95-1.5 4.15 800 2.70 17.0 19.8 1.3 2.88 20.0 22.8 

2A-5-8-1-95-1.5 2.67 600 3.00 27.0 24.7 0.6 3.00 27.0 24.7 
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Table C.5. Load Test Data—Continued 

Initial conditions Failure conditions 

Na 
<5ri» <5ci» 

Nf. 
5rf» 6cf» 

Specimen Na P i '  io-3 io-2 Nf. Pf. 10" 3 10-2 
identification Nf Ni psi in. in. 103 psi in. in. 

1A-5-8-1-77-1.5 4.84 1000 1.83 10.0 15.2 6.0 2.55 13.5 23.8 

2A-5-8-1-77-1.5 3.46 800 2.40 11.0 15.1 4.2 2.90 16.2 25.0 

3A-5-8-1-77-1.5 3.60 800 2.20 8.0 11.3 5.0 2.80 8.0 20.8 

4A-5-8-1-77-1.5 2.07 800 2.20 9,0 12.4 5.8 2.78 12.0 22.5 

1A-5-8-1-59-1.5 2.08 1200 1.50 4.3 5.5 70.0 2.50 6.5 19.5 

2A-5-8-1-59-1.5 9.86 1000 1.25 4.0 3.1 70.0 2.00 4.0 10.3 

3A-5-8-1-59-1.5 2.86 1000 1.35 3.5 3.6 70.0 2.25 4.8 12.8 

(c) A/C = 6%, h - 1 .5 in. 

1A-5-6-1-95-1.5 2.00 800 3.05 35.0 26.5 0.8 3.05 35.0 26.5 

2A-5-6-1-95-1.5 2.00 800 2.95 25.0 22.0 1.1 3.03 27.3 24.5 

1A-5-6-1-77-1.5 2.88 800 2.00 8.0 11.2 5.5 2.67 11.2 21.2 

2A-5-6-1-77-1.5 3.88 800 1.80 7.0 8.2 8.5 2.65 8.0 17.8 

3A-5-6-1-77-1.5 2.10 800 2.15 9.0 12.4 6.5 2.90 12.8 25.5 

4A-5-6-1-77-1.5 2.40 800 2.00 7.0 10.9 7.5 2.75 11.5 22.0 

1A-5-6-1-59-1.5 3.12 1600 1.38 4.5 4.3 80.0 2.30 6.4 14.5 

2A-5-6-1—59-1.5 2.50 800 1.45 4.5 4.4 80.0 2.70 7.3 20.5 

3A-5-6-1-59-1.5 8.75 800 1.35 4.5 3.8 80.0 2.40. 6.4 15.9 

(d) A/C *
 

ii 

h « 1. 5 in. 

1A-5-4-1-77-1. 5 3.00 800 2.40 11.0 12.3 3.5 2.90 15.0 19.8 

2A-5-4-1-77-1. 5 3.86 800 1.80 8.0 8.3 7.0 2.53 10.3 17.0 

1A-5-4-1-59-1. 5 2.00 800 1.45 5.0 4.7 60.0 2.55 7.8 18.3 

2A-5-4-1-59-1. 5 5.50 800 1.28 4.5 3.2 65.0 2.08 5.9 12.2 

3A-5-4-1-59-1. 5 2.43 1000 1.48 5.5 4.4 70.0 2.55 9.0 17.0 
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Table C.5. Load Test Data—Continued 

Initial conditions Failure conditions 

Specimen 
identification 

Na 
Nf Ni 

Pi, 
psi 

6ri» 
10"3 

in. 

6ci» 
10'2 
in. 

Nf, 
103 

Pf» 
psi 

5rf, 

10"3 
in. 

cf' 
10"2 
in. 

(e) A/C = 6%, h a 2. 0 in. 

1A-5-6-1-95-2 3.58 800 2.60 11.0 15.6 1.2 2.71 11.0 17.8 

2A-5-6-1-95-2 1.72 600 2.70 16.0 33.6 0.7 2.78 16.5 25.5 

1A-5-6-1-77-2 2.71 800 1.80 5.0 8.5 8.5 2.65 6.2 18.9 

2A-5-6-1-77-2 2.50 600 1.67 5.0 6.7 12.0 2.58 5.7 18.4 

3A-5-6-1-77-2 3.00 1000 1.83 5.0 8.1 11.0 2.56 6.2 16.8 

1A-5-6-1-59-2 3.64 1800 1.32 2.3 3.7 110.0 2.30 3.3 12.8 

2A-5-6-1-59-2 2.38 1600 1.35 2.8 3.8 105.0 2.38 4.0 14.7 

(f) A/C = 6%, h = 2. ,5 in. 

1A-5-6-1-95-2.5 4.00 1000 2.58 8.0 15.3 1.3 2.67 .8.0 16.8 

1A-5-6-1-77-2.5 8.14 800 1.35 2.5 6.8 16.0 2.02 2.8 12.8 

2A-5-6-1-77-2.5 7.12 1000 1.62 3.0 6.8 12.0 2.30 3.5 13.6 

3A-5-6-1-77-2.5 3.46 600 1.60 3.0 6.0 13.0 2.68 3.5 18.0 

1A-5-6-1-59-2.5 2.31 1200 1.25 2.0 3.1 130.0 2.48 2.3 15.0 

2A-5-6-1-59-2.5 2.50 1400 1.25 2.0 3.1 160.0 2.42 2.3 13.5 

Variable: Initial Support Pressure 

1A-5-6-0.1-77-1. 5 2.33 800 1.75 10.0 15.5 5.5 2.70 15.2 28.9 

2A-5-6-0.1-77-1. 5 3.67 800 1.52 9.0 13.9 6.0 2.40 11.5 24.9 

3A-5-6-0.1-77-1. 5 3.39 800 1.38 8.0 12.8 6.5 2.40 11.0 24.6 

1A-5-6-0.5-77-1. 5 3.57 800 1.67 7.5 10.8 7.0 2.45 9.7 21.3 

2A-5-6-0.5-77-1. 5 3.75 800 1.63 8.0 10.0 8.0 2.50 10.5 21.5 

3A-5-6-0.5-77-1. 5 2.60 1000 2.00 8.5 14.4 5.0 2.70 10.0 24.4 

1A-5-6-1-77-1.5 2.88 800 2.00 8.0 11.2 5.5 2.67 11.2 21.2 

2A-5-6-1-77-1.5 3.88 800 1.80 7.0 8.2 8.5 2.65 8.0 17.8 

3A-5-6-1-77-1.5 2.10 800 2.15 9.0 12.4 6.5 2.90 12.8 25.5 
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Table C.5. Load Test Data—Continued 

Initial conditions Failure conditions 

Specimen 
identification 

h 
Nf Ni 

P i '  
psi 

ri» 
10"3 
in. 

6ci> 
10-2 
in. 

Nn 103 
Pf. 
psi 

6rf» 
10"3 
in. 

6cf 
10-2 
in. 

4A-5-6-1-77-1.5 2.40 800 2.00 7.0 10.9 7.5 2.75 11.5 22.0 

1A-5-6-1.5-77-1. 5 8.50 1000 2.17 9.5 7.0 10.0 2.63 11.3 12.7 

2A-5-6-1.5-77-1. 5 13.00 800 2.13 7.0 5.3 9.0 2.58 8.0 10.4 

3A-5-6-1.5-77-1. 5 3.09 800 2.42 8.5 8.7 7.0 2.90 10.5 17.6 

4A-5-6-1.5-77-1. 5 6.50 1000 2.17 7.5 7.7 8.0 2.60 8.5 13.8 

1A-5-6-2-77-1.5 3.64 800 2.67 9.0 6.8 11.0 3.08 11.3 15.0 

2A-5-6-2-77-1.5 2.89 1000 2.80 8.5 9.4 4.5 3.08 10.0 16.0 

Variable: Radius of Loaded Area 

1A-1-6-1-77-2 2.10 800 1.92 9.0 13.8 2.0 2.38 9.0 22.0 

2A-1-6-1-77-2 2.90 800 1.85 7.5 12.0 2.0 2.28 8.0 18.8 

3A-1-6-1-77-2 6.25 800 1.70 7.0 8.7 2.0 1.85 7.0 11.6 

4A-1-6-1-77-2 3.00 800 1.80 7.5 10.8 2.0 2.15 7.5 16.3 

1A-2-6-1-77-2 2.38 800 1.82 6.0 10.6 4.0 2.48 6.9 20.2 

2A-2-6-1-77-2 3.73 800 1.72 5.5 7.6 5.5 2.28 6.0 15.0 

3A-2-6-1-77-2 3.17 600 1.62 5.0 4.1 6.0 2.30 5.0 13.0 

IA-TT-6- 1-77-2 4.12 1400 1.70 6.0 7.5 9.0 2.22 6.7 14.7 

2A-TT—6-1-77-2 4.70 600 1.48 5.0 5.2 10.0 2.20 5.8 13.5 

3A-tt-6- 1-77-2 7.60 1000 1.42 4.0 4.2 10.0 1.88 5.0 9.3 

1A-5-6-1-77-2 2.71 800 1.80 5.0 8.5 8.5 2.65 6.2 18.9 

2A-5-6-1-77-2 2.50 600 1.67 5.0 6.7 12.0 2.58 5.7 18.4 

3A-5-6-1-77-2 3.00 1000 1.83 5.0 8.1 11.0 2.56 6.2 16.8 

1A-5-6-1-95-1.5 

2A-5-6-1-95-1.5 

Variable: Specimen Thickness 

(a) T = 95°F 

2.00 

2.00 

800 

800 

3.05 

2.95 

35.0 26.5 

25.0 22.0 

0.8 

1 . 1  

3.05 

3.03 

35.0 

27.3 

26.5 

24.5 



Table C.5. Load Test Data—Continued 
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Initial conditions Failure conditions 

Specimen 
identification 

Na 

Nf Ni 
Pi» 
psi 

6ri» 
10-3 
in. 

5ci» 
10"2 
in. 

Nf, 
103 

Pf» 
psi 

6rf» 
io-3 
in. 

5cf» 
IO"2 
in. 

1A-5-6-1-95-2 3.58 800 2.60 11.0 15.6 1.2 2.71 11.0 17.8 

2A-5-6-1-95-2 1.72 600 2.70 16.0 33.6 0.7 2.78 16.5 25.5 

1A-5-6-1-95-2.5 4.00 1000 2.58 8.0 15.3 1.3 2.67 8.0 16.8 

(b) T = 77°F 

lA-5-6-1-77-1.5 2.88 800 2.00 8.0 11.2 5.5 2.67 11.2 21.2 

2A-5-6-1-77-1.5 3.88 800 1.80 7.0 8.2 8.5 2.65 8.0 17.8 

3A-5-6-1-77-1.5 2.10 800 2.15 9.0 12.4 6.5 2.90 12.8 25.5 

4A-5-6-1-77-1.5 2.40 800 2.00 7.0 10.9 7.5 2.75 11.5 22.0 

1A-5-6-1-77-2 2.71 800 1.80 5.0 8.5 8.5 2.65 6.2 18.9 

2A-5-6-1-77-2 2.50 600 1.67 5.0 6.7 12.0 2.58 5.7 18.4 

3A-5-6-1-77-2 3.00 1000 1.83 5.0 8.1 11.0 2.56 6.2 16.8 

1A-5-6-1-77-2.5 8.14 800 1.35 2.5 6.8 16.0 2.02 2.8 12.8 

2A-5-6-1-77-2.5 7.12 1000 1.62 3.0 6.8 12.0 2.30 3.5 13.6 

3A-5-6-1-77-2.5 3.46 600 1.60 3.0 6.0 13.0 2.68 3.5 18.0 

(c) T = 59° F 

1A-5-6-1-59-1.5 3.12 1600 1.38 4.5 4.3 80.0 2.30 6.4 14.5 

2A-5-6-1-59-1.5 2.50 800 1.45 4.5 4.4 80.0 2.70 7.3 20.5 

3A-5-6-1-59-1.5 8.75 800 1.35 4.5 3.8 80.0 2.40 6.4 15.9 

1A-5-6-1-59-2 3.64 1800 1.32 2.3 3.7 110.0 2.30 3.3 12.8 

2A-5-6-1̂ 59-2 2.38 1600 1.35 2.8 3.8 105.0 2.38 4.0 14.7 

1A-5-6-1-59-2.5 2.31 1200 1.25 2.0 3.1 130.0 2.48 2.3 15.0 

2A-5-6-1-59-2.5 2.50 1400 1.25 2.0 3.1 160.0 2.42 2.3 13.5 



Table C.6. Summary of Jimenez Deflectometer Data Analysis. 

D.L . = 175, Fr = 150 lb., w = 740 rpm; all calculations performed on the final modified 
case. 

Initial conditions Failure conditions 
Ei, 103  psi M Ef, 103  psi 

Specimen eri« ezi» Nf» erf» ezf» — — 
identification °ri 10"3  10"3  ESh Ec  103  °rf 10"3  10"3  ^sh ^c 

Variable: Asphalt Content 

(a) T = 95°F 

24.69 7.74 32.43 0.4 123.6 3.164 1.671 23.90 7.55 31.45 

18.97 6.06 25.03 0.5 126.9 4.325 2.292 17.90 5.73 23.63 

39.62 12.36 51.98 1.3 120.9 2.191 1.154 33.80 10.60 44.39 

27.08 8.36 35.44 0.6 125.7 2.854 1.503 27.08 8.36 35.44 

22.50 6.92 29.42 0.8 129.7 3.549 1.868 22.50 6.92 29.42 

29.37 8.96 38.33 1.1 127.0 2.874 1.513 27.24 8.32 35.56 

(b) T = 77°F 

1A-5-10-1-77-1.5 1000 120.0 1.006 0.525 73.23 22.63 95.85 5.5 117.8 1.595 0.840 45.24 14.24 59.48 

2A-5-10-1-77-1.5 800 121.7 0.836 0.435 89.65 27.27 116.92 5.0 116.8 1.056 0.556 67.88 21.17 89.05 

3A-5-10-1-77-1.5 800 123.2 0.875 0.453 86.75 26.34 113.09 7.0 118.3 1.261 0.663 57.53 17.94 75.47 

1A-5-8-1-77-1.5 1000 127.8 1.060 0.547 74.55 22.18 96.72 6.0 123.0 1.495 0.782 50.67 15.46 66.13 

2A-5-8-1-77-1.5 800 123.0 1.218 0.636 62.29 18.87 81.16 4.2 121.2 1.816 0.957 41.06 12.65 53.71 

3A-5-8-1-77-1.5 800 121.3 0.891 0.464 83.72 25.62_109.34 5.0 115.6 0.949 0.500 74.63 23.46 98.09 

4A-5-8-1-77-1.5 800 121.7 0.995 0.518 75.29 23.02 98.32 5.8 117.4 1.364 0.719 52.73 16.53 69.26 

1A-5-6-1-77-1.5 800 125.6 0.870 0.451 89.35 26.60 115.95 5.5 120.8 1.270 0.667 58.62 17.90 76.52 

2A-5-6-1-77-1.5 800 126.6 0.754 0.389 103.90 30.85 134.75 8.5 118.9 0.929 0.488 78.74 24.19 102.93 

1A-5-10-1-95-1.5 .200 125.5 3.113 1.638 

2A-5-10-1-95-1.5 400 126.2 4.060 2.148 

1A-5-8-1-95-1.5 800 120.8 1.870 0.982 

2A-5-8-1-95-1.5 600 125.7 2.854 1.503 

1A-5-6-1-95-1.5 800 129.7 3.549 1.868 

2A-5-6-1-95-1.5 800 126.4 2.653 1.396 



Table C.6. Data Analysis—Continued 

Initial conditions Failure conditions 

Specimen 
identification 

eri > 
10"3  

ezi • 
io-3  

fi , 103  psi 
Nf, 
103  

erf • 
10"3  

ezf > 
10"3  

Ef-, 103  psi 
Specimen 
identification Ni °ri 

eri > 
10"3  

ezi • 
io-3  EB Esh Ec 

Nf, 
103  °rf 

erf • 
10"3  

ezf > 
10"3  EB Esh Ec 

3A-5-6-1-77-1.5 800 125.1 0.984 0.511 78.71 23.46 102.18 6.5 120.5 1.471 0.775 50.42 15.46 65.88 

4A-5-6-1-77-1.5 800 125.2 0.767 0.397 100.96 30.08 131.03 7.5 120.6 1.314 0.691 56.49 17.30 73.79 

1A-5-4-1-77-1.5 800 120.8 1.224 0.639 60.60 18.70 79.30 3.5 118.6 1.709 0.901 42.51 13.35 55.86 

2A-5-4-1-77-1.5 800 123.8 0.862 0.445 88.38 26.92 115.30 7.0 118.2 1.164 0.610 62.25 19.48 81.72 

(c) T = 59°F 

.46 238.69 55.0 117.0 0.708 0.372 101.50 31.41 132.91 

.55 226.35 60.0 113.4 0.619 0.324 111.54 35.84 147.37 

.89 213.39 70.0 115.2 0.759 0.398 92.68 29.37 122.05 

.83 244.15 70.0 121.1 0.450 0.233 165.61 50.42 216.03 

.85 264.43 70.0 116.1 0.554 0.289 127.92 40.36 168.28 

.43 218.15 80.0 121.4 0.726 0.378 103.20 31.25 134.45 

.76 213.26 80.0 116.9 0.859 0.452 83.51 25.97 109.48 

.45 206.16 80.0 114.8 0.743 0.389 94.19 30.07 124.26 

.68 188.21 60.0 116.4 0.906 0.475 78.67 24.76 103.43 

.20 211.83 65.0 118.8 0.663 0.344 109.90 34.19 144.09 

.18 152.17 70.0 113.2 1.042 0.547 65.95 21.41 87.36 

Variable: Testing Temperature 

(a) A/C = 102, h = 1.5 in. 

1A-5-10-1-95-1.5 200 125.5 3.113 1.638 24.69 7.74 32.43 0.4 123.6 3.164 1.671 23.90 7.55 31.45 

2A-5-10-1-95-1.5 400 126.2 4.060 2.148 18.97 6.06 25.03 0.5 126.9 4.325 2.292 17.90 5.73 23.63 

1A-5-10-1-59-1.5 800 127.3 0.428 0.220 184.23 

2 A- 5-10-1 - 59-1.5 1000 121.7 0.431 0.221 172.79 

1A-5-8-1-59-1.5 120r 123.2 0.463 0.238 163.50 

2A-5-8-1-59-1.5 1000 128.1 0.421 0.215 188.32 

3A-5-8-1-59-1.5 1000 123.5 0.375 0.192 202.58 

1A-5-6-1-59-1.5 1600 128.9 0.474 0.243 168.72 

2A-5-6-1-59-1.5 800 127.1 0.478 0.245 164.50 

3A-5-6-1-59-1.5 800 123.1. 0.479 0.245 157.71 

1A-5-4-1-59-1.5 800 125.0 0.533 0.273 144.53 

2A-5-4-1-59-1.5 800 125.4 0.475 0.243 162.63 

3A-5-4-1-59-1.5 800 121.5 0.641 0.329 115.98 



Table C.6. Data Analysis—Continued 

Initial conditions Failure conditions 
E.:, 103  psi E f, 103  psi 

Specimen eri > ezi, Nf, erf, e2f, 
identification Ni °n* 10"3  10"3  Esh Ec  103  <Yf 10"3  10"3  Esh 

1A-5- 10-1-•77-•1. 5 1000 120.0 1.006 0.525 73.23 22.63 95.85 5.5 117.8 1.595 0.840 45.24 14.24 59.48 

2A-5- 10-1-•77- 1. 5 800 121.7 0.836 0.435 89.65 27.27 116.92 5.0 116.8 1.056 0.556 67.88 21.17 89.05 

3A-5- 10-1-•77-•1. 5 800 123.2 0.875 0.453 86.75 26.34 113.09 7.0 118.3 1.261 0.663 57,53. 17.94 75.47 

1A-5- 10-1-•59-1. 5 800 127.3 0.428 0.220 184.23 54.46 238.69 55.0 117.0 0.708 0.372 101.50 31.41 132.91 

2A-5- 10-1-•59-1. 5 1000 121.7 0.431 0.221 172.79 53.55 226.35 60.0 113.4 0.619 0.324 111.54 35.84 147.37 

(b) A/C = 8%, h « 1.5 in. 

1A-5-8- 1-•95- 1. 5 800 120.8 1.870 0.982 39.62 12.36 51.98 1.3 120.9 2.191 1.154 33.80 10.60 44.39 

2A-5-8- 1--95- 1. 5 600 125.7 2.854 1.503 27.08 8.36 35.44 0.6 125.7 2.854 1.503 27.08 8.36 35.44 

1A-5-8: 1-•77- 1. 5 1000 127.8 1.060 0.547 74.55 22.18 96.72 6.0 123.0 1.495 0.782 50.67 15.46 66.13 

2A-5-8- 1--77-•1. 5 800 123.0 1.218 0.636 62.29 18.87 81.16 4.2 121.2 1.816 0.957 41.06 12.65 53.71 

3A-5-8- 1-•77- 1. 5 800 121.3 0.891 0.464 83.72 25.62 109.34 5.0 115.6 0.949 0.500 74.63 23.46 98.09 

4A-5-8- 1-•77- 1. 5 800 121.7 0.995 0.518 75.29 23.02 98.32 5.8 117.4 1.364 0.719 52.73 16.53 69.26 

1A-5-8- 1--59-•1. 5 1200 123.2 0.463 0.238 163.50 49.89 213.39 70.0 115.2 0.759 0.398 92.68 29.37 122.05 

2A-5-8- 1-•59-•1. 5 1000 128.1 0.421 0.215 188.32 55.83 244.15 70.0 121.1 0.450 0.233 165.61 50.42 216.03 

3A-5-8- 1--59-•1. 5 1000 123.5 0.375 0.192 202.58 61.85 264.43 70.0 116.1 0.554 0.289 127.92 40.36 168.28 

1A-5-6-1-95-•1. 5 800 129.7 3.549 

2A-5-6-1-95- 1. 5 800 126.4 2.653 

1A-5-6-1-77- 1. 5 800 125.6 0.870 

2A-5-6-1-77- 1. 5 800 126.6 0.754 

(c) A/C • 6%, h • 1.5 in. 

1.868 22.50 6.92 

1.396 29.37 8.96 

0.451 89.35 26.60 

29.42 0.8 129.7 3.549 1.868 22.50 6.92 29.42 

38.33 1.1 127.0 2.874 1.513 27.24 8.32 35.56 

115.95 5.5 120.8 1.270 0.667 58.62 17.90 76.52 

134.75 8.5 118.9 0.929 0.488 78.74 24.19 102.93 



Table C.6. Data Analysis—Continued 

Initial conditions Failure conditions 
E41 103  psi w Ef, 103  psi 

Specimen eri' ezi» erf» ezf» 
identification ^i °ri 10 -3  10 -3  Esh Ec  iq3 or  f iq-3 iq-3 Eg Esj, Ec  

3A-5-6- 1-•77-•1. 5 800 125.1 0.984 0.511 78.71 23.46 102.18 6.5 120.5 1.471 0.775 50.42 15.46 65.88 

4A-5-6-•1-•77-•1. 5 800 125.2 0.767 0.397 100.96 30.08 131.03 7.5 120.6 1.314 0.691 56.49 17.30 73.79 

1A-5-6- 1--59- 1. 5 1600 128.9 0.474 0.243 168.72 49.43 218.15 80.0 121.4 0.726 0.378 103.20 31.25 134.45 

2A-5-6- 1-•59-•1. 5 800 127.1 0.478 0.245 164.50 48.76 213.26 80.0 116.9 0.859 0.452 83.51 25.97 109.48 

3A-5-6- 1-•59- 1. 5 800 123.1 0.479 0.245 157.71 48.45 206.16 80.0 114.8 0.743 0.389 94.19 30.07 124.26 

(d) A/C = 4%, h * 1.5 in. 

1A-5-4- 1-•77-•1. 5 800 120.8 1.224 0.639 60.60 18.70 79.30 3.5 118.6 1.709 0.901 42.51 13.35 55.86 

2A-5-4-•1--77-•1. 5 800 123.8 0.862 0.445 88.38 26.92 115.30 7.0 118.2 1.164 0.610 62.25 19.48 81.72 

1A-5-4- 1--59- 1. 5 800 125.0 0.533 0.273 144.53 43.68 188.21 60.0 116.4 0.906 0.475 78.67 24.76 103.43 

2A-5-4- 1--59-•1. 5 800 125.4 0.475 0.243 162.63 49.20 211.83 65.0 118.8 0.663 0.344 109.90 34.19 144.09 

3A-5-4- 1-•59-•1. 5 1000 121.5 0.641 0.329 115.98 36.18 152.17 70.0 113.2 1.042 0.547 65.95 21.41 87.36 

(e) A/C = 6%, h • 2.0 in. 

1A-5-6-•1--95-2 800 68.2 1.407 0.763 25.38 13.77 39.14 1.2 67.6 1.423 0.775 24.84 13.54 38.38 

2A-5-6-•1--95-2 600 69.5 1.997 1.085 18.24 9.87 28.11 0.7 69.3 2.069 1.127 17.55 9.53 27.08 

1A-5-6-•1-•77-2 800 70.9 0.618 0.327 60.57 31.81 92.37 8.5 66.8 0.827 0.450 42.27 22.98 65.25 

2A-5-6-•1-•77-2 600 70.4 0.613 0.323 60.26 32.07 92.33 12.0 65.8 0.759 0.412 45.15 24.91 70.07 

3A-5-6- 1-•77-2 1000 68.8 0.622 0.330 57.78 31.25 89.02 11.0 65.4 0.823 0.448 41.21 22.96 64.17 

1A-5-6- 1-•59-2 1800 71.9 0.278 0.145 136.62 71.34 207.97 110.0 67.1 0.434 0.234 80.79 43.77 124.57 

2A-5-6- 1-•59-2 1600 71.2 0.339 0.177 110.63 58.39 169.01 105.0 66.3 0.529 0.286 65.30 35.83 101.13 



Table C.6. Data Analysis—Continued 

Specimen 
identification ni Jri 

Initial conditions 

Eri» 
10" 3 

Ez 1 » 
10-3 

Ei, 103 psi 

EB Esh 

Failure conditions 

Nf. 
103  °rf 

erf» 
IO"3  

ezf' 
10-3 

E f, 103  psi 

EB Esh 

(f] 1 A/C = 6%, 1 

1A- 5-6-•1-•95-2.5 1000 42.9 1.095 0.620 17.19 14.66 

1A-5-6- 1-•77-2.5 800 46.3 0.318 0.169 64.65 52.54 

2A-5-6-•1-•77-2.5 1000 44.7 0.389 0.210 50.72 42.16 

3A-5-6- 1--77-2.5 600 46.3 0.387 0.209 53.50 42.98 

1A-5-6- 1-•59-2.5 1200 45.9 0.253 0.134 80.28 65.81 

2A-5-6-•1-•59-2.5 1400 45.2 0.253 0.135 78.41 65.30 

31.85 1.3 

117.19 16.0 

92.88 12.0 

96.48 13.0 

146.09 130.0 

143.71 160.0 

Variable: Initial Support Pressure 

1A-5-6-

2A-5-6-

3A-5-6-

1A-5-6-

2A-5-6-

3A-5-6-

1A-5-6-

2A-5-6-

3A-5-6-

4A-5-6-

1A-5-6-

2A-5-6-

0.1-77-1.5 

0.1-77-1.5 

0.1-77-1.5 

0.5-77-1.5 

0.5-77-1.5 

0.5-77-1.5 

1-77-1.5 

1-77-1.5 

1-77-1.5 

1-77-1.5 

1.5-77-1.5 

1.5-77-1.5 

800 

800 

800 

800 

800 

1000 

800 

800 

800 

800 

1000 

800 

128.5 

132.4 

132.9 

128.8 

129.4 

122.0 

125.6 

126.6 

125.1 

125.2 

122.4 

121.9 

1.054 

0.929 

0.823 

0,793 

0.842 

0.931 

0.870 

0.754 

0.984 

0.767 

1.045 

0.780 

0.543 

0.477 

0.421 

0.408 

0.433 

0.483 

0.451 

0.389 

0.511 

0.397 

0.543 

0.405 

75.48 

88.66 

100.49 

100.77 

95.39 

80.52 

89.35 

103.90 

78.71 

100.96 

72.06 

96.23 

22.39 

25.61 

29.01 

29.55 

27.99 

24.76 

26.60 

30.85 

23.46 

30.08 

22.01 

29.30 

97.87 

114.27 

129.50 

130.32 

123.38 

105.28 

115.95 

134.75 

102.18 

131.03 

94.07 

125.53 

5.5 

6 . 0  

6.5 

7.0 

8 .0  
5.0 

5.5 

8.5 

6.5 

7.5 

10.0 

9.0 

42.6 

44.0 

42.6 

42.7 

41.7 

41.3 

122.4 

125.6 

124.6 

122.6 
122.7 

116.3 

120.8 

118.9 

120.5 

120.6 

119.3 

118.0 

1.106 

0.377 

0.482 

0.501 

0.325 

0.324 

1.686 

1.265 

1.214 

1.086 

1.180 

1.160 

1.270 

0.929 

1.471 

1.314 

1.281 

0.926 

0.630 

0.208 

16.86 

51.49 

0.270 38.61 

0.285 37.58 

0.184 

0.183 

0.885 

0.659 

0.633 

0.567 

0.617 

0.610 

0.667 

0.488 

0.775 

0.691 

0.672 

0.485 

14.44 

42.88 

32.96 

31.60 

55.93 

55.30 

44.68 

61.50 

63.54 

69.74 

64.20 

61.28 

58.62 

78.74 

50.42 

56.49 

57.18 

78.27 

31.30 

94.37 

71.56 

69.18 

48.12 104.05 

48.20 103.50 

13.70 

18.31 

19.00 

21.03 

19.44 

19.38 

17.90 

24.19 

15.46 

17.30 

17.77 

24.28 

58.38 

79.81 

82.54 

90.77 

83.63 

80.66 

76.52 

102.93 

65.88 

73.79 

74.95 

102.55 



Table C.6. Data Analysis—Continued 

Initial conditions Failure conditions 
E i f  103  psi ~ E f, 103  psi 

Specimen eri> ezi» — — Nf> erf» ezf> 
identification ^i 0ri 10"3  10 -3  Esf, Ec  jq3  arf 10"3  10"3  ^sh ^ c 

3A-5-6-1.5-77-1.5 800 120.4 0.964 0.504 76.80 23.56 100.36 7.0 117.1 1.235 0.652 58.16 18.19 76.35 

4A-5-6-1.5-77-1.5 1000 120.3 0.837 0.436 88.31 27.18 115.49 8.0 117.2 0.985 0.517 72.84 22.81 95.65 

1A-5-6-2-77-1.5 800 118.8 1.040 0.546 70.27 21.64 91.91 11.0 116.7 1.339 0.709 53.43 16.74 70.17 

2A-5-6-2-77-1.5 1000 119.5 0.997 0.525 73.85 22.53 96.38 4.5 117.7 1.196 0.633 60.53 18.69 79.22 

Variable: Radius of Loaded Area 

1A-1-6-1-77-2 800 106.8 1.381 0.718 36.03 26.09 62.13 2.0 104.3 1.437 0.755 33.43 24.99 58.42 

2A-1-6-1-77-2 800 107.3 1.154 O.o99 43.52 31.18 74.70 2.0 105.3 1.275 0.668 38.25 28.21 66.46 

3A-1-6-1-77-2 800 106.2 1.071 0.555 46.24 33.41 79.64 2.0 105.4 1.084 0.563 45.16 32.95 78.11 

4A-1-6-1-77-2 800 106.4 1.150 0.597 43.16 31.15 74.31 2.0 104.5 1.185 0.620 40.79 30.14 70.94 

1A-2-6-1-77-2 800 90.5 0.850 0.444 52.35 33.27 85.61 4.0 87.6 1.035 0.550 41.07 27.12 68.19 

2A-2-6-1-77-2 800 91.0 0.777 0.405 57.72 36.50 94.22 5.5 88.1 0.886 0.469 48.41 31.61 80.02 

3A-2-6-1-77-2 600 91.9 0.701 0.364 64.83 40.52 105.35 6.0 88.3 0.745 0.394 57.79 37.56 95.35 

lA-ir-6-1-77-2 1400 80.4 0.788 0.413 51.78 30.26 82.05 9.0 78.0 0.918 0.488 42.78 25.62 68.40 

2A-H-6-1-77-2 600 80.9 0.650 0.338 63.24 36.80 100.04 10.0 77.4 0.799 0.425 48.71 29.30 78.01 

3A-ir-6-l-77-2 1000 80.8 0.522 0.271 78.61 45.79 124.40 10.0 78.6 0.673 0.355 58.93 35.02 93.96 

1A-5-6-1-77-2 800 70.9 0.618 0.327 60.57 31.81 92.37 8.5 66.8 0.827 0.450 42.27 22.98 65.25 

2A-5-6-1-77-2 600 70.4 0.613 0.323 60.26 32.07 92.33 12.0 65.8 0.759 0.412 45.15 24.91 70.07 

3A-5-6-1-77-2 1000 68.8 0.622 0.330 57.78 31.25 89.02 11.0 65.4 0.823 0.448 41.21 22.96 64.17 



Table C.6. Data Analysis--Continued 

Initial conditions Failure conditions 
Ei, 103  psi ki Ef, 103  psi 

Specimen eri» ezi> Nf, erf, ezf, 
identification ori io~3  10-3  EB Esh Ec 103  °rf 10"3  10"3  EB Esh 

Variable: Specimen Thickness 

(a) T = 95<>F 

1A-5-6-•1-•95-1.5 800 129.7 3.549 1.868 22.50 6.92 29.42 0.8 129.7 3.549 1.868 22.50 6.92 29.42 

2A-5-6-•1--95-1.5 800 126.4 2.653 1.396 29.37 8.96 38.33 1.1 127.0 2.874 1.513 27.24 8.32 35.56 

1A-5-6-•1-•95-2 800 68.2 1.407 0.763 25.38 13.77 39.14 1.2 67.6 1.423 0.775 24.84 13.54 38.38 

2A-5-6- 1-•95-2 600 69.5 1.997 1.085 18.24 9.87 28.11 0.7 69.3 2.069 1.127 17.55 9.53 27.08 

1A-5-6- 1-•95-2.5 1000 42.9 1.095 0.620 17.19 14.66 31.85 1.3 42.6 1.106 0.630 16.86 14.44 31.30 

(b) T = 77°F 

1A-5-6-1-77-1.5 800 125.6 0.870 0.451 89.35 

2A-5-6-1-77-1.5 800 126.6 0.754 0.389 103.90 

3A-5-6-1-77-1.5 800 125.1 0.984 0.511 78.71 

4A-5-6-1-77-1.5 800 125.2 0.767 0.397 100.96 

1A-5-6-1-77-2 800 70.9 0.618 0.327 60.57 

2A-5-6-1-77-2 600 70.4 0.613 0.323 60.26 

3A-5-6-1-77-2 1000 68.8 0.622 0.330 57.78 

1A-5-6-1-77-2.5 800 46.3 0.318 0.169 64.65 

2A-5-6-1-77-2.5 1000 44.7 0.389 0.210 50.72 

3A-5-6-1-77-2.5 600 46.3 0.387 0.209 53.50 

26.60 

30.85 

23.46 

30.08 

31.81 

32.07 

31.25 

52.54 

42.16 

42.98 

115.95 

134.75 

102.18 

131.03 

92.37 

92.33 

89.02 

117.19 

92.88 

96.48 

5.5 

8.5 

6.5 

7.5 

8.5 

12.0 

11.0 

16.0 

12.0 

13.0 

120.8 

118.9 

120.5 

120.6 

66.8 

65.8 

65.4 

44.0 

42.6 

42.7 

1.270 

0.929 

1.471 

1.314 

0.827 

0.759 

0.823 

0.377 

0.482 

0.501 

0.667 

0.488 

0.775 

0.691 

0.450 

0.412 

0.448 

0.208 

0.270 

0.285 

58.62 

78.74 

50.42 

56.4? 

42.27 

45.15 

41.21 

51.49 

38.61 

37.58 

17.90 

24.19 

15.46 

17.30 

22.98 

24.91 

22.96 

42.88 

32.96 

31.60 

76.52 

102.93 

65.88 

73.79 

65.25 

70.07 

64.17 

94.37 

71.56 

69.18 



Table C.6. Data Analysis—Continued 

Initial conditions Failure conditions 

Specimen 
identification 

eri» 
10-3  

Ezi» 
10-3 

Ei ,  103  psi 
Nf. 
103  

erf» 
lO-3  

Ezf» 
lO"3  

Ef! , 103  psi 
Specimen 
identification Ni °ri 

eri» 
10-3  

Ezi» 
10-3 EB Esh Ec 

Nf. 
103  °rf 

erf» 
lO-3  

Ezf» 
lO"3  EB Esh Ec 

(c) T = 59°F 

1A-5-6-1-59-1.5 1600 128.9 0.474 0.243 168.72 49.43 218.15 90.0 121.4 0.726 0.378 103.20 31.25 134.45 

2A-5-6-1-59-1.5 800 127.1 0.478 0.245 164.50 48.76 213.26 80.0 116.9 0.859 0.452 83.51 25.97 109.48 

3A-5-6-1-59-1.5 800 123.1 0.479 0.245 157.71 48.45 206.16 80.0 114.8 0.743 0.389 94.19 30.07 124.26 

1A-5-6-1-59-2 1800 71.9 0.278 0.145 136.62 71.34 207.97 110.0 67.1 0.434 0.234 80.79 43.77 124.57 

2A-5-6-1-59-2 1600 71.2 0.339 0.177 110.63 58.39 169.01 105.0 66.3 0.529 0.286 65.30 35.83 101.13 

1A-5-6-1-59-2.5 1200 45.9 0.253 0.134 80.28 65.81 146.09 130.0 41.7 0.325 0.184 55.93 48.12 104.05 

2A-5-6-1-59-2.5 1400 45.2 0.253 0.135 78.41 65.30 143.71 160.0 41.3 0.324 0.183 55.30 48.20 103.50 



APPENDIX D 

MODIFIED CHEVRON COMPUTER PROGRAM CHEVML 

Part I. Program Description and Listing 

The Chevron program is a multilayered elastic system computer 

program written in a FORTRAN IV language to determine the various compo

nents of stress and strain in a three-dimensional ideal elastic layered 

system. The original Chevron program (CHEVNL) assumes that a single 

wheel load is applied on a circular loaded area at the surface of the 

system. The program described and listed in this appendix is a modified 

version of the original one in the sense that the developed stresses and 

strains in the system are the results of the application of a dual wheel 

load on the surface. Each wheel load of the duals is assumed to be dis

tributed on a circular loaded area of the same radius. The distance be-

tween the wheels of the dual can be adjusted as desired. 

Although the Chevron program or its modification can be used for 

several layers up to 15 layers, it is used here for the solution of a 

two-elastic-layered system. The solution of the elastic layered system 

by this program is based on Burmister's (1943, 1945, 1956) assumptions. 

The data input cards are listed in the following pages, followed 

by an example. 
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Data Input Cards 

Card No. 1 Title 

CC 1-80 Any combination of alphanumeric characters used to iden

tify the system to be solved. 

Card No. 2 Format (II, 4X, 3F10.0) 

CC 1 Card number, 2, (INTEGER) 

CC 6-15 , Total load, (WGT), in pounds (REAL) 

CC 16-25 Tire pressure, (PSI), in psi (REAL) 

CC 26-35 Center distance, (CENDIS), between the wheels of the 

dual in inches (REAL) 

The center distance, CENDIS, is controlled by LCEN in Card No. 3. 

If LCEN exists, then CENDIS is left plank. If LCEN does not ex

ist, the desired value of the center distance must be punched; 

otherwise the results will be calculated due to single wheel 

load. 

Card No. 3 Format (II, 4X, 815) 

CC 1 Card number, 3, (INTEGER) 

CC 2-5 Not used 

CC 6-10 NOUTOP (INTEGER). This might be zero or more than zero. 

It is absolute or relative output data selector. The 

value of zero is used here. 

CC 11-15 LCEN (INTEGER). LCEN is a number when multipled by the 

radius of the loaded area of one wheel of the dual; the 

result is the center distance between the wheels of the 

dual. A number of 3 is used in the analysis; therefore 
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the center distance between the wheels of the dual is 3 

times the radius of the loaded area of one wheel of the 

dual. 

CC 16-20 IR (INTEGER), the number of radial distances from the 

center of one of the wheels in the dual. 

CC 21-25 IR COEF (INTEGER), number that is zero or greater. If 

it is greater than zero, then the values read on Card 

No. 6 are only factors to be multiplied by the radius of 

loaded area (AR), to result in the radial distances (R). 

If this number is zero, then the values read on Card No. 

6 are the actual values of the radial distances. In 

this research IRCOEF is greater than zero. 

CC 26-30 IZ (INTEGER), the number of depths below the surface. 

CC 31-35 NS (INTEGER), the number of layers including the semi-

infinite layer (in this research NS = 2). 

CC 36-40 MATER (INTEGER), the number of different materials used. 

A value of 2 is used here. 

Card No. 4 10 F8.0 

CC 1-8 E(l), modulus of elasticity of layer 1, in psi (REAL). 

CC 8-16 V(l), Poisson's ratio of layer 1 (REAL). 

CC 17-24 E(2), modulus of elasticity of layer 2, in psi (REAL). 

CC 25-32 V(2), Poisson's ratio of layer 2 (REAL). 

etc. 

Card No. 5 (13 F6.0, 2X) 

CC 1-6 HH(1), thickness of first layer in inches (REAL), etc., 

up to 14 layers of finite thickness. 



316 

Card No. 6 (13 F6.0, 2X) 

CC 1-6 RR(1), first radial distance at depth z(1) in inches, or 

if Card No. 3 has a value greater than one, the RR(1) is 

a factor to be multiplied by the radius of loaded area 

to be used as described for Card No. 3 (REAL). 

CC 7-12 Second RR value (REAL). 

etc. 

Card No. 7 (13 F6.0, 2X) 

CC 1-6 zz(l), first depth in inches (REAL). 

CC 7-12 Second depth in inches (REAL). 

etc. 

Example 

The output example given in Part II is for these input data. 

1 10 20 30 40 50 60 

Card 
1 

Card 
2 

Card 
3 

Card 
4 

Card 
5 

Card 
6 

Card 
7 

•  1  1 * 1  I *  1  J .  1  

MODIFIED CHEVRON PROGRAM - A TWO-LAYER EXAMPLE 

ro
 

-f
e

. 
tn

 
o

 
o

 
• CO

 
o

 
• 1 ' 1 1 1 

3 ' 1 *3 '3 1 >2 '2 l2 ' 1 ' 1 

1&000.1 .'35 1&00. ' 1 .5 ' 1 ' 1 ' 1 

1'0. 1 ' « ' i 1 ' 1 ' 1 

•0. '1.5 ' 3. • 1 ' 1 ' 1 ' ' 

I'O 1 1 1 ' 1 1 • 1 ' 1 



Program Listing 

PROGRAM CHEVND 7J/73 OPT»l FTN <i.0»P357 10/23/73 l»i.<»5.32. PAGE 

PROGRAM CHEVMO (INPUT ,OUTPUT,TAPE5*INPJT,TAPE6=0UTPUT I 
C 
€ 

EXTERNAL WHEEL,LAGINP.BESSEL,PART,CALCIN.COE? 
5 LOGICAL FIRST,DUAL 

COMMON/MATO/A(185,6I ,B(185,6),C(185,6I,U(18S,6) 
C0rtM0N/HAT3/RR(26l ,ZZ(26) , c (10) , V (10) , HH ( 25) , H ( 25) 
C0HM0N/PARAM/IR,IZ,WGT,CENDIS,SC(1<»>,FM(2,2) ,SVZ (12) tKTZ 
COMMON/INTP/TRE3(9) 

10 COMHON/S*ST/AZ(18<.l • A J (1S(*I ,0Z(<»8) ,RJI(18<») ,RJ0(18<»» 
COMHON/HISC/TITLE(20),TEST(11),ASTER,PE^O,NOTAB 
COHNON/RHCOY/X(15,•,,<»), PM(1<«,<«,••)• R, Z, AR, NS, i 

i 
is 

20 

5 N, I, IT N, RSZ, RSP, 
6 ROM, RMU, SF, CSZ, CST , 
7 CSR, CTR, COM, CMU, PST, 
8 NLINE, NOUTP, NTEST, I, ITN«i, 
9 K, LC, JT, TZZ, PR, 
A PA, P. EP, TIP, TIM, 
9 Tl, T2, T3, T<», T5, 
C T6, T2P, T2M, WA, BJ1, 
0 BJO, ZF, SZ1, SZ2, SGI, 
E SG2, PH, PH2, VK2, VKP2, 
F VKH, VKP"», VKK8, ROT, ROS 

DIMENSION FRONT(2).P0WERI2),ESV(6) ,0LIF(6, 10,9) 

AR*AY DLIF MUST BE DIMENSIONED TO FIT 

25 
C 
C 
C USE**S NEEDS. MAXIMUM ALLOWED IS 0LIF(26,26,9) 
C 

30 DATA APH/,1/ 
DATA ITN,ITN*»/i»6,18*«/ 
OATA ASTER,PER3/«.H«»* • i»H..../ 
DATA(aZ(I) ,1*1,61 /O. 0,1.0,2. «»0i«8,3.8317,5.9201,7,0156/ 

C 
35 C TURN OFF ALL UNDERFLOW MESSAGES 

C 
C •• COMPUTE ZEROS OF J1(X) AND Jl(X). SET UP GAUSS CONSTANTS •• 

K * ITNM 
00 2 1=7,K,2 

l»0 T = 1/2 
TO = %•0*T - 1.0 

2 GZ(II = 3.1<»15927*(T - 0.25 • 0.050661/T0 
1 -O.0530<«l/T0"3 • O.262051/T0»*5) 

00 3 I-S.ITN.2 
%5 T » (I-2)/2 

oj 



50 

55 

60 

65 

70 

75 

so 

85 

90 

95 

S 
1 

to » • 0 *t • 1.0 
oz(i) * 3. h15927* it » 0.25 - 0.151982/td 

• o.015399/t0»»3 - •«2*5270/to*"51 
DO 6 J * 1*9 

6 TRECIJI * 0. 
kset « 0 

1.0 rst1 r 0. -v 
ktz = 0 
ec1 = 0. 
OIFF = 0. 
KSET * KSET • 1 
DUAL = .F. 

read<5,310) (title(i), i *1,8) 
IF CEOFC5M 360,1.1. 

i.". rea0(5,312) nccihgtfpsi, cendis 
IF (NCC.EQ.2) 38.36 

36 PRI>U 13"., NCC.KSET 
STOP 

38 REAO15,313) NC;,NOUTP,LCEN,ir,ircoef,iz,ns,nater,notab 
if (ncc.to.3) k2.36 

<.2 re 4015 .311.) (e(i).v(i), 1*1,hater) 
N = NS -  1 
re ao(5.316) ihh(i), 1=1.hi 
reaoc5.316) (rr(i), 1 = 1,ir» 
reaoi5.316) <zz(i),i*1,1z) 
AR = S3RT(HjT/l3.1"»159*PSII I 
IF (IRCOEF) 3<.f3<>,30 

30 DO 32 I = l.IR 
32 RR (I) = RR (I)*AR 
3<* IF (LCEN.GT.O) CENDIS * lcen'ar 

HALF = CENOIS/2. 
IF (HALF.GT.AR) oual « .t. 
CALL HHEELIDLIF I 

IF (NOTAD.GT.0) 16,18 
16 PRINT 358,CENDIS 

GO TO 7 k  

18 PRINT 352 
if (OUAL) 22,(.0 

22 Print 356, cendis 
70 print 33", 

PRINT 3<t0 
7i» PRINT 3<t2 

PRINT 31.3, (PERD, 1*1,15) , (PERD, I'l,3),SPERO, 1-1,9 I 
PRINT 3I.S 

00 112 IZT * 1,KTZ 
FIRST = .T. iZ 

88 DO 108 KR * l.IR 00 



100 

105 

110 

115 

120 

125 

130 

135 

1*0 

1<>5 

150 

FACl = I .  
IF (RR(KR).LE.CENDISt FACl *  -1.  
RECIP = JRR1KRI -  CEN0IS)*FAC1 
IF (RECIP. LE.RRdRM 90.100 

90 DO 10<» LR = l . IR 
IF IRECIP.LE.(RR1LR>*APHII  9 2,10* 

92 DIFR = RECIP -  RR<LR> 
IF (ABSIOIFRt.LE.APH) 93,96 

93 DO 9<» I  » 1,9 
TREC(I)  » OLIF(IZT,LR,I> 

9<. CONTINUE 
GO TO 100 

96 CALL LAGINPIDLIF,RECIP,LR,IZT,KR I  

100 00 102 I  x 1,9 
FAC2 = -1.  

IF <RP.KRI .GT.CENDIS) FAC2=1. 
IF d.EQ.t l  FAC2a l .  
TRECd» » FACl»FAC2*TRECd» 
TRECII I  « TRECII I  •  DLIFdZT,KR,I)  

102 CONTINUE 
IF I .N.FIRST! GO TO 103 
PRINT ]<. ! . ,  SVZdZT I  ,RR(KR) •  RECIP, (TRECd) ,1*1,9) 
FIRST = .F.  

GO TO 108 
103 PRINT 3<i6,  RR(KR),RECIP, ITRECdt ,  I«l ,9 I  

30 TO 100 
10<t CONTINUE 
108 CONTINUE 

PRINT 350 
112 CONTINUE 

GO TO <t0 

310 FORMAT I  8A10 I  
312 FORMAT I  I I ,  *»X. JF10.0 > 
313 FORMAT ( I I ,  <tX, 815 J 
31 <* FORMAT (10F8.0 1 
316 FORMAT C 13F6.0,  2X I  
332 FORMAT (  / / / ,  8X, <* 1H SOME ANOHALIES DETECTED IN REAOING BLOCK 

1 7^ RECORD ,  13, 1<,H OF FILE DUAL ,  I I  > 
331, FORMAT I  1H1, 81/)  I  
336 FORHAT (3X, SF10.6 )  
338 FORHAT C 13,  2F6.3,  9E12.3 )  
3<«0 FORMAT I  liOX, UOH TA3LE-2 -  DUAL LOADING CONDITION ,  / / /  )  
3<t2 FORMAT (  T109, 15H STRAINS ,  TO*, 15H DISPLACEMENT ,  

1 T<»2, 17H STRESSES I  
3<t3 FORHAT I  22X, 15A<i,  2X, 3A<«, " .X,  9A<« I  
3<)<) FORMAT (  I ,  1M ,  F6.2,  2F7.2,  IX,  1P5E12.3,  2X, E12.3,  

1 2X, 3E12.3 I  
3<»6 FORHAT (  7 X ,  2F7.2, IX,1P5E12.3,  2X, E12.1.2X, 3E12.3 I  GJ 
3<i8 FORHAT I  T125, 6H SULK ,  T110, r t  vo 



155 

160 

T85» 10H VERTICAL 
7H RAOIAL ,  T36, 
,  T17, l»H RDL •  

1 12H TANGENTIAL .  T10C. SH RADIAL t  
2 T73* 6H BULK ,  T60, 7H SHEAR ,  T50 
3 11H TANGENTIAL .  T2<.,  9H VERTICAL 
I t  Tl»t  10H Z RSG f  /  I  

350 FORMAT I  3H t  
352 FORMAT (  / / / ,  tX,  39H SOME PARAMETERS USEO FOR COMPUTATION 
356 FORMAT (  6X, 21H CENTERS OISTANCt •  < F7.3 I  
353 FORMAT I20X, 37H DUAL LOAOING CONDITION WITH DISTANCE t  

1 3J.H BETWEEN CENTER LINES OF WHEELS •  • F7.3,  I I  I  

I t  

165 

360 CALL EXIT 
ENO 

SUBROUTINE LAGINP 73/73 0PT=1 FTN *.0»P357 10/23/7J l<t .<»5.<»2. PAGE 1 

SUBROUTINE LAGINP <YXJ,XI,L, IZT,KR t  
C 
C 

COMMON/MATS/RR(261,ZZ(26>.El  101,V<101,HH(25I,H(25> 
5 C0MM0N/PARAM/IR,IZ,NGT,C£N0IS,SC«1«»»»FHI2,2»,SVZI12»,KTZ 

COMMON/INTP/TREC191 
OIMENSION YXJI b»l f l ,9 I ,  YI9I  
EQUIVALENCE ITREC,Y) 

C 
10 00 12 M *  1,9 

12 riHt * 0. 
C 

IRM1 = IR -  1 
IF ( IL.GT.2t .AN0.IL.LT.IRNl))  GO TO 16 

15 IF (L.GT.2I  16,1% 
I t  NFOR = 1 

NOAC = <* 
GO TO 20 

16 NFOR s IR -  H 
20 NSAC = IR 

GO TO 20 
18 NFOR = L -  2 

NBAC = L •  1 
20 00 20 I  = NFOR,NBAC 

25 NUN = 1 
OEN = 1  
00 2<. J  *  NFOR,NBAC 

IF I I .EQ.J) 2k,22 
22 MUM *  NUHMXI -  RR(JI)  O 



30 

35 

JEN = DENMRRIII  -  RRCJII  
2l» CONTINUE 

RAT = NJM/OEN 
DO 26 M » 1,9 

YIHI « YIHI •  RAT*VXJ(XZT,I ,H> 
26 CONTINUE 
28 CONTINUE 

return 
eno 

**a 

SUBROUTINE HHEEL 73/73 opt = l FTN 4,0 »P357 

SUOROUTINE WHEEL(OLIF,IOL, JOLtKOL) 

ii 

15 

20 

C0MM0N/HATS/RR<26» ,ZZ« 
COHHON/PARAi/ IRt lZtHGT 
COMNON/SYST/AZ (18<t) ,AJ 
COMMON/11SC/TITLE(201 ,  
COMHON/RMCOY/X (15 I  

261,e(10>»\M10I»hh(25I»H(25I 
tCENDIStSC1141,FM(2,2I ,SVZ(12),  
<1841,BZ(4»>,RJ1(184»,RJO<1841 
TEST(U>,ASTER,pero tNOTAn 
•PH(14,4,4>, R, 7.  AR. NS, 

KTZ 

5 N, L,  IT N, RSZ, RSR, 
6 *OM, *MU, SF, CSZ, CST, 
r CSR, CTR, COM, CMU, PSI,  
8 NLINE, NOUTP, NTEST, I ,  ITN4 
9 K, LC, JT, TZZ, PR, 
A PA, P,  EP, TIP, Tin,  
9 Tl ,  T2, T3, T4, T5, 
C T6, T2F, T2M, HA, BJ1, 
0 BJO, ZF, SZ1, SZ2, SGI,  
e SG2, PH, PH2, VK2, VKP2 
F VK4, V K P k ,  VKK», ROT, RDS 

DIMENSION DLIF(6>10,9) 

25 

NLINE -  17+NS 
NPAGE x 1  
00 40 IJ  

00 40 
1,6 

IK > 1,  

40 

10 
00 40 IL -  1,9 

OLIF ( IJ, IK, IL)  0. 

10/23/73 14.52.54. PAGE 1  

lo 
ro 



30 

35 

<»0 

59 

55 

60  

65 

70 

WRITE!6,J50I (ASTER.1 = 1.51,(TITLE*I I .1 = 1,81 ,(ASTER,1=1,51,npage 
350 FORMATdHl/ / lH0,5A<», lX t8A10, lX,5Ai. ,6H PAGE,131 

WRITE(6, 351) WGT.PSI,AR,(X,E(I I ,V(I) ,HH(I) , I=1,N) 
351 FORMAT (1H0, I .0X, 26HTHE P'ODLEM PARAMETERS ARE/ 

1 1H0, 20X, 12HT0TAL LOAD.. ,  8X, FID.2,  5H LBS/ 
2 1H0, 20X, 15HTIRE PRESSURE.. .  5X, F10.2,  5H PSI/  
3 1H0, 20X, 1JH10A0 RADIUS., ,  7X, F10.2,  5H IN./  1H /  
I ,  (H ,  20X, 5HLAYER, 13,  mH HAS M30ULUS ,F10.0,  
6 1SH POISSONS 9A1I0 ,  F5.3,  17H AND THICKNFSS ,  F6.2,  
7 <H IN. I I  

WRITE(6, 35i . i  NS ,  E(NSI ,  V (NS I  
35<< FORMAT (1H ,  20X, 5HLAYER, 13,  1<4H HAS MOOULUS ,F10.0,  

1 HH POISSONS RATIO ,  F5.3,  2<,H ANO IS SEMI-INFINITE. I  
IF (N0Tn9.GT.0l  GO TO 20 
HRITEI6,  J52» IPERO,J=l ,27) 

352 FQRMATdHO.31|X,15HS T R E S S E S,26X, 12HOISPLACEMENT, 15X, 
1 13HS TRAIN S/13X,15A<»,3X,3A<»,3X,9A1 , /  
£ Hh R, 5X,1HZ,6X,BHVERTICAL,3X,10htansentIAL,3X,6HRAniAl,6x, 
35HSHEAR,i  X,  I .HBULK,11x, 8hvertical,7x,6hra0ial,5x,10htangential,3x, 
I t  <|HBULK/IH I  

C "  ADJUST LAYER OEPTHS • •  
20 hi1| :HH(1i 

IF (N.LT.2I  GO TO 28 
00 25 1=2,N 

25 H<n*H<l-ll»HH(II 
C 

28 00 31 I  * l . IZ 
00 31 J  *  1 ,N 

TZ = ABSCHIJI  - ZZIIH 
IF (TZ •  .00011 32,32,31 

32 ZZ(I I  *  -H(JI  
31 CONTINUE 

C 
C 
c COMPUTATION OF DLIF THE ARRAY OF RESULTS 

C 
100 00 360 IRT = 1, IR 

R = RRdRTI 
MTZ *  0 

HRITEI6,  3551 
NLINE = NLINEH 

355 FORMAT(1H » 
C 
C »» CALCULATE THE PARTITION • •  
C 

CALL PART 
C 
C •» CA'.C , . " .«TE THE COFfFTCTFMTS • •  
C 

90 DO 125 I  = l . ITNl.  
P=AZ(I I  
CALL C0E5(I I  

109 IF (Rl  115,115,110 
110 PR « p*R ro 



85 

90 

95 

100 

1*5 

110 

115 

120 

125 

130 

135 

CALL BESSEL (O.PR.YI 
RJO(I) * Y 

CALL BESSEL (l.PR.Y) 
rj 1(11 ' v 

115 PA*P*AR 
CALL BESSEL (l.PA.YI 
AJ(H*Y 

125 CONTINUE 
C 
c 
C SPREADING ON THE OEPTHS *1* 
C 

MZT s o 
C 

DO 200 IZT s 1,IZ 
20<t Z = ADS(ZZ(IZT)I 

.IZT = HZT • 1 
IF ( NLINE - 5<» > 207>206,206 

206 NPAGE = NPAGE • 1 
NLINE = S 
WRITM6, 3501 (ASTER, 1=1,5) .(TITLE(II,I«l,201 •(ASTER,I«l,51.NPAGE 
WRITE(6, 3521 (PERD.J*l,271 

207 CONTINUE 
C •• FIND THE LAYER CONTAINING Z •• 

TZZ = 0.0 
00 210 J1*1,N 
J=NS-J1 
IF(Z-H(Ji) 210.215.215 

210 CONTINUE 
L * 1 

GO TO 31. 
215 L*J»t 

IF (ZZdZTII 33.3H.3H 
33 I < J 

TZZ = 1.0 
3<> CONTINUE 

C 
CALL CAL3IN (OLIF .NZT.IRT) 

C 
IF (IRT.GE.2I GO TO 212 
KTZ = KTZ • 1 
SVZIKTZI * Z 

212 IF IHTZ.EQ.9) ZZdZTI • -ZZdZTI 
MTZ = 0 

C 
IF (TZZ) 200.200.35 

35 ZZdZTI a -ZZdZTI 
NTZ * 9 
GO TO 20* 

200 CONTINUE 
360 CONTINUE 

C 
366 RETURN 

ENO 

w ro u) 



subroutine BESSEL 73 /73  OPT* l  FTN « .9»P357 

SU3R0UTINE OESSELINI ,X I ,Y>  
c 
c 
c ROUTINE BESSEL -  N-LAYER ELASTIC SYSTE1 
c 

DIMENSION PZC6I  ,QZIb> ,CPl<6»  ,Q1<6» ,0«2  0 l  
OATA(PZCI>  , I  =  l ,6> /1 .0 , -1 .125E-<» ,2 .87 i0938E-7 , -2 .3< i< t965aE-9 ,  

*3 .98068!»E- l l , -1 .1536133E-12 / , IQZ<I I , I  =  l ,6» / -S .0E-3 ,<» .6875E-6 ,  
B-2 .  3255859E-8 ,2 .830  7087E-10 , -6 .3912096E-12 ,2 .312 l»70<.E-12 / .  

10  C(CPl ( I> , I  =  l ,6 l /1 .0 ,1 .87S£-« , -3 .691<,063E-7 ,2 .7713232E-9 ,  
3 - ( , .511< ,<»21E- l l ,1 .2750<t63E-12 / ,<Ql ( I>  , I= l ,6 ) /1 .5E-2 ,  
E-6 .5625E-6 .2 .e"»23e28E-6 , -3 .2662B2" .E-H.7 .m31166E-12 ,  
F -2 .532  7056E-13 / ,  P I /3 .  l l»15927 /  

c 
15 C 

9  N x  N I  
X «  X I  
IF  IX-7 .01  10 ,10 .168  

c 
20 10 X2=X/2.0 

FAC=-X2 # X2 
IF  (NI  11 ,11 .1% 

11  C=1.0  
Y=C 

25  DO 13  I> l ,3< i  
r=i 
C=FAC*C/«T»T» 
TEST=AOS <CS -  10  . 0"  t  -81  
IF  (TESH 17 ,17 ,12  

30  12  V=YfC 
13  CONTINUE 
l< t  C=X2 

Y =  C 
DO 16  1  =  1 ,  3<« 

35  T  =  I  
C=FAC»C/ iTMT*1 .0 l»  
TEST=AQ5 «C» -  10.8*»l-»» 
IF  (TEST!  17 ,17 ,15  

15  V=Y»C 
1 ,0  16  CONTINUE 

17  RETURN 
160  IF  IN)  lb l  < 161 .16<t  

c 
c 

%5 161  00  162  1*1 ,6  
D i l l  3  PZ I I I  
011*101  »  1Z I I I  

162  CONTINUE 
GO TO 163  

50 c 
16<t  00  165  1*1 ,6  

10/23/73 1%.53.01. page 1 

to  
ro  



O(I)-CPHI) 
0(14-10) * qui) 

16$ CONTINUE 
163  CONTINUE 

T1  =  25 .0 /X  
T2=T1»T1 

p » 016) >t2»oisi 
00 170 1 = 1,1. 
J a  5 -1  
P  a  P»TZ+0CJ)  

170  CONTINUE 
Q a  0 ( l i ) *T2t0 (15)  
do 171 1 = 1,<. 
j » 5-1 
Q a Q*T2»0U»10I 

171 CONTINUE 
Q *  Q 'T l  

T<t  *  SQRTfX 'P I l  
T6  «  S IN IX )  
T7  *  COS (X I  

IF  IK)  l«0 ,195,ie= 
160 T5 » (|P-Q»»T6 • »P»Q»*T7)/T«| 

GO TO 99 
185 T5 * ((P+QI*T6 - (P-Q»»T7I/T«» 

99 Y * T5 
RETURN 
END 

w ro cn 



SUBROUTINE PART 73 /73  OPT«l  FTN * .0»P357 

10 

IS  

20 

25 

30  

35  

to 

*5 

58 

SUBROUTINE PART 

• • • • • •SUBROUTINE PART -  M-LAYER ELASTIC SYSTEM 

COMHON/ iA TS/RR(26f ,ZZ I  261 ,£ (101  •V(101  ,  H*«25» .H(25 l  
COHMON/SYST/AZ I18<» l  ,AJ I18< i l  ,0Z I« i8»  ,RJ l l l8<t>  ,RJ0(18<»» 
COHMON/XISC/T ITLE<20>,TEST<11>,ASTER,PE*D 
COMHON/* I1COY/XC1S,<»,<»I tPHC 1<»,<» , l iJ  .  R.  Z ,  AR.  NS,  

5  N ,  L ,  IT  N,  RSZ,  

6  ROM,  RMU,  SF,  CSZ,  
7  CSR,  CTR,  COM,  CMU,  
8  NLINE,  NOUTP,  NTEST,  I ,  

9  K,  LC,  JT ,  TZZ,  
A PA,  P ,  EP,  T IP ,  
S  T l ,  TZ ,  T3 ,  T i . ,  

C  T6 ,  T2P,  T2M,  HA,  
D 8J0 ,  ZF ,  SZ l ,  SZ2,  
E  SG2,  PH,  PH2,  VK2,  
F  VK«t ,  VKP" . ,  VKK8,  ROT,  

RS9,  
CST,  
PSI ,  
I  TNI»  
PR.  
T IM,  
T5»  
B J i t  
SGI .  
VKP2 
ROS 

15  

OATA G1,G2/0 .86113631,0 .JJ9981««/  
ZF =  AR 
NTEST =  2  
IF  (RL 8 .8 ,9  
CONTINUE 
NTlST =  AR/R »  .0001  
IF  (NTEST)  6 ,6 ,5  
CONTINUE 
NTEST =  R/A? •  .0001  
ZF =  R  
CONTINUE 
NT£ST =  NTEST •  1  
IF  (NTEST- IOI  0 ,8 ,7  
CONTINUE 
NTEST =  10  
CONTINUE 

*»  COMPJTE POINTS FOR LEGENDRE-GAUSS INTEGRATION • •  
K =» 1 

ZF =  2 .0»ZF 
SZ2 =  0 .0  

DO 28  1=1• ITN 
SZ1 =  SZ2 
SZ2 =  UZ«I»1» /ZF 

SF =  SZ2 -  SZ1 
PP =  SZ2 •  SZl  

SG1 = SF*G1 
SG2=SF»G2 
AZCK»=PP-SGl  
AZCK*1>*PP-SG2 
AZ(K*2»*PP*SG2 
AZIK+3>*PP»SG1 

10 /23 /73  1< i .S3 .07 .  PAGE 1  

CO 
ro 
Ol 



327 

O m-a 

IA 
* 

V 

M 

K US 
«£ »«4w4q.ca a-HiATuy o 

x tt\ m * 

« • A A •  
* » w ^ O 

» «* w* « » • • •> « • • • 
z if\ «•» rsi r*g 3 K'Q. •- » <M (S) t- in 

X f\j KJ «•» • KT> i/\ X  • N H ^ « N ^ O  «4 
L UJ *>«>>eoi/)Q;u OH>.t-i-x w>a! If* 

iC I M ">< Z gr 
• » «4 

>» Ifk «» — • O £ CM 
C/1 • UWv .*•> 2T 4fN 

•4N + •* •< • «o 
O ^ « •  
•H » • • CO • • •« 
»- • I I - U N Z • Zlil » » »Z <4N^ 
(/) — • u. -* a »- l. 0^^a.«^M*4X*< 

tf> -» » "5 - »-i i/> OZ -JUJHK WQ. > 
_l • O — 0£ Of 0* in 
u LA «4  ̂ » Ui jr 

« «4 <» *• •• «4 
Of «M 
UJ — •» O * 

K- > O •> (/) •» » • a. » 
ttT «r » o • f»J — Jt • » *» » .r •  
»-* • • 3 t* 3 • »H » *Q. e 
» i 10 w M •> ,4 J- -X. »- O u » C\J CNJ U- X >£ • 

W T •  U J O * " « 4 J Q r O Z j a h > H - N Q . >  «» UN 
M IT » z •* »- ~ C 0 t-4 I o « u c ^ r  * ̂  
« *4u)o<Hua a in 

u. z w fSI » - H » •4 « 
CD «» •- ^ * -» • « 

_l o UJ 
o _J « .  N  Z  »S »  •  • » » «- w 

«4 «* sO •  •  — f \ j  ^  T" KM •  »  •a  N j  Ik • 
M z (J  »  Nl  ^  •  •  O l/J -J M O 4m 
W M irNvX>*-4«uir\za^ 0 2 X ! Q . H - H f f l W >  J V 
a. o IU O fVJ « •-« _J «4 a <» mm «4 
o z W — Of — »- ~ Ul 

*4 •» Q£ *-*1*4 M-X A > tft X • 
u ^«40 0m 

\ \ r \ v >  * •  t t  •  am 
w o 0(/l<^00 * l-» O «• V) 

UJ a  »- b- (* l/» l/l o « V -i Ui 
V z m « 4 <>-»-( z 7? — N» «• •> > H» rn *- r o. </» x fr O M« tV i Z 
N> M> (/•> N W W S  *-* — CL » e o o  a  e» o  e o 

3 » z z z z z z W I  < o •  •  •  •  •  •  •  «  u  
O  » o o o o o o Z — •  *4 «H O o e a  a e 

» r z r x z s  y 4  «  <\j — I t  l<  « it it tf ft *4 
CD • r z z z z z  r  H M I I  I I  *Si Of Q£ r i3 co 
3 » o o o o o o t-» «I «s -1 -J -1  W V) *~ o r •-

z LO » uuuuuu o o o > UJ > o o u u u u z 
fr* uNi0Kcer<4eooujiL 
u rw 
.J 
« 
u 

o o o u  c c 

M 
Q. • a 

o 

o 



328 

Z CM 

i  CD 
3 
V) 

UJ »-» z z 
{/) *— cl h , » « Ui 
a.  xin 

I  V  U)  I t  M  i « 3 h j s > z «x • 
: m «-> *» -y ^ ii a -z  ̂tt O O 2 kaona 

«*  u \  ©  

• a I UJ 
X 

a. fsj 

">  \  
O — 
•  r  
*  «M Z W fu 4. 
»- a. k * f< i q. k « Z 

Z *4 A •» » 
r\j •- a. » 
»-  »  rg  -5  i hk-x jffi ol .j • fnj > * 

Of 
O 

CD ' 
3 -i -» — * 

_j fu _j *- «•» o 

~ co 
» o » «•* o * u. 

un t o 1 u a3 » uj 
cf » co » • .j z 

> a .  a .  »  - j  »  j a>  »-*  

ft H II «« w It II  ̂» 

« o t-< a o o i ii ii ii ii « a  

-5  w4 
© ") 

:  M  

• o "5 
I po w 

z  
M 

•  ̂  a • cm m b- • 
o z * of *fia, UJ z »• +4 N M »  ̂

»- «4 » N I J -a. >ut Of » • K O O 
Q£ •  •  *  
o  

• (m <\> -* o • » q- uj 0. uj •» «•» > »- »— 
'  *  I  Of 

«4 cm «j 
J w »  2fc » •» <w CL «* 
» • » q. j & 
0. lil ft. 
»  »  »  
«r «r «r 
* * * 

<0 
N  

Ii. • C\J 
i/» • n 

U) N CO Of CO 
. u. u. ic • or — 

»-  Of  ^  
(/)(/>»-
t t  a t  a£  

Z 3 Z o r o or l£ o o o 

-5  Q.  « X psi UJ « ii 
n a  
a  ui  

e- sj x: i 3 *4 (\j *< «h *4 n > » w»ttl/10kl - - — - - - of of •  a  o.  '  
II H • 
& £ 
eg rv; « ^ t - X M o a a  

•  •  •  4-  C> *  *  •  HI  M -J N Z •- H 3 4 cl (fl o w w 2 
o »-« » a or of iv m 

ii n m ii ii h n *• o a. ii n <• ii *-snjft'dtfi- w ii \ r * 2 
io» - r i / iMoa. ( i ,woi / i i / )C3  :<£«<£<£&: Of)Q.Ktttta:o 

y »s* 
— to  nj fv 

u.  ̂  l/> co 
o 

i -  Q;  
10  m V of  • *  *  

» * •  Qf  
> to  
> u  o  11 ii •» ft' CO to 

O o  

-• • » _ of z ̂  fu t/» co i- o z 0 »-of or ar ii < z * • 4 • « r 5 M ii co H» O Z CO »-o o o or s »-» n ii ii •"» Of Z I> 10 ^ o Z uj u. u u u •- t-4 

UN «0 



95 

100 

105 

110 

115 

121 

125 

130 

135 

ltO 

31 CONTINUE 
TESTI ITSI  =  TESTH 
ITS =  ITSU 
GO TO <<0 

32  CONTINUE 
TESKNTS1I  =  TESTH 
DO 33  J  =  l .NTEST 
IF  (TESTH-TESTUI I  35 ,36 .36  

35  CONTINUE 
TESTH =  TESTCJI  

36  CONTINUE 
TESTtJ I  =  TESTIJ  *11  

33  CONTINUE 
IF  ITESTHI  50 ,50 ,1 .0  

<•0  CONTINUE 
JT  =  1  

50  CSZ=CSZ'ARP 
CST=CST*ARP 
CTR=CTR*ARP 
CSR=CSR*ARP 
COM-JOM'ARP 
CMU=CMU*ARP 

BSTS =  CSZ*CST»SSR 
OST =  BSTS *  ll .0 -2 .0*V(UI /EU> 
IF  ITZZI  72 ,72 ,71  

71  Z =  -Z  
72  CONTINUE 

ROS=(CSR -V (L I • (CSZ»CST> I /ECU 
SST=2.U ' (1 .0 tVCLI I *CTR/EUI  
ROT 3 (CST -  V (L I  *  (CSZ •  CSRII /ECLI  

C 
OLIF( IZT , IRT,1 I  *  CSZ 
OLIF( IZT , IRT,21  =  CST 
DLIF I  IZT , IP .T ,3 )  =  CSR 
OLIF  ( IZT  ,  IRT ,  <*)  *  CTR 
OLIF I IZT , IRT,51  =  BSTS 
OLIF( IZT , IRT,61  »  COM 
OLIF( IZT , IRT,71  *  ROS 
OLIF( IZT , IRT,S I  «  ROT 
0L IF( IZT , IRT,9 I  »  BST 

C 
IF  (NOTA3.GT .OI  GO TO 99  
WRITE (6,3151 R ,  Z ,  I OLIFIIZT,IRT,JHI, JH»1,9 I 

C 
NLINE =  NLINE •  I  
IF  (JT I  99 ,99 ,60  

60  WRITE I  6 ,3161  
C 

315  FORMAT (1H ,F5 . I ,F6 .1 , IX ,1P5E12.J ,3N •  ,E12 .3 ,3H •  ,3E12.3 I  
316  FORMAT ClHt ,127X ,< tHSL0MI  
31# FORMAT < 13 ,  2F6 .3 ,  9E12.3  I  
336 FORMAT 1213 ,  <»F15.S  I  

C Co 
99 RETURN IN) 

END *0 



SUBROUTINE C0E5 73/13 OPT'l FTN fc.0»P357 10/23/73 1«,.55.<»3. PAGE 1 

SUBROUTINE I0E5  (K INI  
C 
c 
c USED F(H 5  OR FEWER LAYERS 

5 c 
COMMON/MA TO/ACl#5 ,61  ,  B < 185 ,  6 )  ,C  1165 ,  61  ,3  (185  ,  61 
C0MM0N/MATS/RRC26) ,  ZZ1261  ,  E (101 ,  V (101 ,  m (25>,  H(25 l  
COMMON/PARA* / IR , IZ ,WGT,CENfHS,SCI  H») ,FMI2 ,2>  
COMMON/SYST/AZ 1181 .1 ,  A J  (18<>l  .  BZ< <«8» ,RJ1  (1S*>> ,RJO (1  »<•»  

10  COMMON/MISC/T ITLE(ZOI ,TEST(11» .ASTER,PERO 
COMMON/*HCOr /XU5,<» .< i l  ,PHI l< . ,< . , *» •  R ,  2 ,  AR,  NS,  

5  N ,  L .  ITN,  RSZ ,  RS° ,  
6  R01 ,  RMU,  SF,  CSZ,  CST,  
7 CSR,  CTR,  COM,  CHU,  PSI ,  

15  8  NLINE,  NOUTP,  NTFST,  I ,  ITN<»,  
9  K ,  LC,  JT ,  TZZ,  PR,  
A PA,  P ,  EP,  T IP ,  T IM,  
3  T l ,  T2 ,  TJ ,  TU,  T5 ,  
C T6 ,  T2P,  T2M,  HA,  •3J1 ,  

20  0  BJO,  ZF ,  SZ1,  SZ2,  •5G1,  
E  SG2,  PH,  PH2,  VK2,  VKP2.  
F  VK<f ,  VKKS,  ROT,  RQS 

DIMENSION StS lU,21 ,CVl (2 , l ) ,  SV2 << . ,< . ) ,  CV2 < 2 ,  2»  ,SV3(<t ,8 l  ,CV3(2 ,  <• )  ,  

25  lSVtCt ,  151  ,CV<) (2 ,8 l , r (8> ,Nr ( l<>»  
LC =  K IN cneE03an 

cs  -HX SET UP MATRIX X xOI»MI*KI *K»M»0 COEF0190 
c COMPUTE THE MATRICES X«KI  COSEOUOO 

00 10  K=1,N COEE0I .1O 

30 Tl  =  E lK IM t .O»VIK»l l> / (E<K»l ) * l l .O*V(KMI  COEE01.20  
T1M=T1-1 .0  COEE0I .10  
PH=P*H(<1  COEElH. i .0  
PH2=PH*2 .0  COE r 0<.50  
VK2-2 .U*V(K> COEEOUbO 

35 VKP2 =  2 .0* IMK* l>  CTEE01.70  
VK<»=2.  S ' t fK2  COEEOi .10  
VKP"»=2.0*V<P2 COEE0I .90  
VKK8*8 .0*V IK» *V«KH1 COEE 05  0  0  

c COFF0510 
*0 XIK.1 ,1 ) -V< l» -3 .0 -T l  COEF0520 

XtK,2 ,11=0 .0  COEF0530 
XCK,3 , l l  =T11*«PH2-VK"»»1.0>  COFE 05UQ 
X IK, I» ,11=-2 .0*T1M*P COEFOSSO 

c COEE0560 
*5  TJ=PH2* IVK2-1 .0 I  COEEOBm 

T<.=VKK8H.0-3 ,0»VKP2 COEE 05  B 0  
T5=PH2MVKP2-1 .D» COEE0590 
T6=VKK8»1.0 -3 .0*VK2 COEE 0600  

c COEEO6IO 
SO X«K,1 ,2»MT3»TI . -T1* IT5»T&») /P  COFE0620 

X IK .2 ,21  »U'<VKP". -J .01-1 .0  COEE0610 



XCKt4t21=T1M•Ct.O•PH2•VKP~J COEE0~40 

c COEfOfl'iO 
XCK,J,4J=CTJ•T4•T1•CT5-T6JJ/P COEEO&oO 

55 c COEE0fl70 
TJ=PH2•~H-VKK8+1.0 COEEOo80 
T4=PH2•1VK2•VKPZJ COEE06(}0 

c COEE0700 
XCK,1,41=CT3+T4+VKPZ•Tt•CT3+T~+VKZJJ/P COEE0710 

&0 XCK,J,Zt= l•TJ+T4•VKPZ+T1•CTa•T4+VKZII/P CO!:E0720 
c Gf!EE0730 

XCK,1,1t=TtM•C1.0·PHZ•VK41 COEE0740 
XCK,2,31=2.D•T1H•P COEE0750 
XlK,J,JI=VK4·J.O•T1 COEE07r)0 

&5 )((1(,4,31=0.0 COtE0770 
c CfJEE0780 

XCK,2,41=T1M•CPH2·VKP4+1.0t CO~S::U790 
XCK,4,41=T1•CVK~4-J.OJ•1.0 GO~EO~OO 

10 CONTINUE CfJ EE083 0 
70 c CO~PUT£ THE PRODUCT HATRICES PH COEc:-fl~40 

SGIN1=4.0•CVCNJ-1.0J CO':E0'\50 
IF (N-21 tJ ·,u,u CO':fOF\SO 

11 00 12 l(l=Z,N COEEOF\70 
H=NS-Kl COEt:08~0 

75 SC(~I=SCCM+1J•~t.O•CVCHJ•1.0J COEE08go 
12 CONTINUE COEEOqfJO 
13 CONTINUE COE£Qg1o 

c coE:.ogzo 
K = N COEEO'-l10 

80 00 15 M=1,4 COE ':0~4 0 
DO 1lt J: 1 ,z COEEQ g'jQ 

14 S'll(t1,JI XCK,H,J+2) COEEOq&o 
15 CO~TINIJ~ C'JC:EQq7o 

CV1C1,1J ·Z.O•P•HCKJ co:.t:n9A.o 
85 CI/UZ,U o.o CnEE 0'3'J 0 

I( = K·l C0EE1000 
IFCKI 50,50,20 COEEUllO 

c r.'1EE1020 
20 COtHI~UE COEE1030 

90 oo 22 J=t,z CClE£1040 
Jl = J tJ COEE101jO 
Tilt SVUL,JJ COE:E1060 
T I 21 = SV1C2,JI CO£E1070 
TCJI = SVtCl,JI CO~E10130 

95 TC 41 = SVU4,J) COF.E1090 
00 21 H=l,lt COEEHIJO 
SII2Hi,J1-1l '- XCK,H,1J•Tf11+XCKtHt21•TI2) S')HlllO 

21 Sl/2lM,JU XCK~H~J)•TflJ+XCK,H,~I•TfltJ COE E1120 
2Z CuiHIIHJC:: ecc e a 10 

100 l(l) = CI/Ul,ll COEE1140 
Tl2) = -z.n•P•HCKt COEE1150 
CV2C1, 1J TCU COEE11!;0 
CV2C1,2J : t121 COF.El1 7 0 
CV2 12, 1J TCU•TIZI COEEll"O w 

105 CV2C2,2) =· 0. 0 COF.E11qO · w 
........ 
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1&0 51 NT C Kt = NTCK-lttNTIK•lt COEE1740 
00 80 K= 1, N COE!:1750 
Kl = ~IS-K COEE 17110 
DO 52 H=l,lt COEE177 0 
PHCKl,H,U s o.o COE£1780 

165 PMCI(1,M,2t = o.o COEE1790 
52 CONTINUE COEElROO 

11 = NTCIO COEE1~10 
DO 60 11=1,11 COE£1620 
I2 = H+Il COEE1830 

170 GO TO C&1,&2,63,61tt,K COEE181t0 
61 CONTINUE COEE1650 

TC 31 = CV111tl1t CO E E1~60 

TC4t = CV1C2,11t C'l££:::11\70 
GO TO o5 COEE1680 

175 62 CONTINUE COE£1890 
TC 31 = CV2Cl,Ht COE E1900 
TC4t : CV2C2,Ht COEE1910 
GO TO 65 COEEl'PO 

63 CONTI NUt: C0'.':£1910 
180 TC 31 = CV3Cl,Ht COEEL'l40 

Tl4t ~ CV3C2,Ht COEE1q50 
GO TO 65 C~':£1960 

64 CONTINUE COEE1970 
Tl.JI = CV4Cl,Ht GOE£19 30 

1~5 TC41 = CV4C2,Ht COEE1~10 
65 CONTINUE COE£2000 

T C 1 t = o.o cnt:F.?oto 
T( 21 = o.o CO~E~020 
IF lTC3H66.0t 67,6&,&& f:OfE2030 

190 &6 T(1) = EXPCTCJU C0'=:£2040 
67 IF CTC4t+68.0J &9,68,68 COEF:?.O?O 
b8 J(2) = EXPlTl4JJ COEE?.OfJO 
69 CONTINUE . COEE?.U 70 

0') 60 J= 1' 2 GOE£20~0 
195 . GO TO 171,72,7J,74t,l( COEE?Ogn 

71 CONTINUE COEE2100 
TCJJ = SVlCJ,Ht C0E E?110 
TC 4) = SVUJ,I2) CQF:E2120 
l( 51 = SV1CJ+2,11J COE~21JO 

zoo J(6t = SVllH2,I2t COEE2140 
GO TO T; CrJEE2150 

72 TCJt = SV2CJ,Mt COEE2tr,o 
T I 4) = SV2CJ,I2t r.OEF2l70 
TC 5t = SVZCJ+Z,Ht COC:f2l~O 

zqs T C 6) = SV2CJ+2,1Zt COEE?190 
GO TO 75 .C11EE ?2 0 0 

73 TCJI = SVJCJ,Ht COEE2210 
Tl4J = -SVJCJ,IZt COH2220 
TC5J = S'/HJ+Z ti'U COEE2230 

210 T(!)) :: SV31JtZ,I2t COEE2240 
GO TO 75 COEE2250 

74 TC JJ = SV4CJ,HJ · COEE2:?60 w 
TC4J = SV4CJ,IZI GOEEU70 w 

w 



T I  5 1  =  S V K ( J t Z , M >  

215 T (61  =  SV<t (J*Z , I2 l  
75 CONTINUE 

C 
PMIKl .J t l l  =  PHIKl ,J , l )»Tf l l«T(3 l  
PHIKI .J .2 I  =  PMCKl ,J ,2 ) *TCl»»TCm 

228  PHIK1,J»2 ,1>  »  PMIKl ,J»2 , l>»TI2>*r iS)  
P I<<1«J*2»2)  *  PM(K1,J»Z,Z>»TI2 I *T I6 I  

80  CONTINUE 
C SOLVE FDR CtNSI  AND O(NS)  

V2=2.0*V(1 I  
225 V21=V2 -1 .0  

DO 90  J» l ,2  
F tm,J I  =  P*PH( l , l , ,mvZ»PMCl ,2 f  Jl  tP 'PHI1 .3 .  J I -V2*PM<1,« . ,  J )  

90  FH(2 ,J I -P*PH( l , l ,J )»V21*PN( l ,2 ,J I -P»PH(1 .3«Jk»V21*PH( l , l i l J)  

0FAC*SC( i» /nFM( l t l l *F I1 (Z ,2»-FH(2t l l *FHU«2l l»P»P» 
230  ANS =  0 .0  

BNS >0 .0  

235  

C 
2%8 C BACKSOLVE FOR THE OTHER A ,B,C,0  

C 
DO 91  K l  =  l»N 

AH >(PH(Ki i l t l ) *CNS •  PtHKl t l .2 l *0NSI  /  SC«K1» 
BH 3  IPM(K1,Z ,1 I  *CNS •  PM(K1,2 ,2»*0NS)  /SCIKl l  

21,5  CM <  <PM(K1,3,1> 'CNS •  PM IK1 .3 .2 I •OMSI  /  SCIKl l  
DM *  v (PHIKl , l> , l l«CNS »  PHIK1«<»»2)*3NS)  /  SCIKl l  

C  
AdC.Kl l  =  AM 
B ILCiKl I  *  BM 

258  C(LCtKl )  «  CM 
OILCtKl t  *  DM 

91  CONTINUE 

CNS «  -FM(1  ,21 *OFAC 
DNS *  FH(1 ,  l l 'DFAC 

A(LC,NS1 =  ANS 
BtLC.NSI  =  BNS 
C ILC.NSI  => CNS 
01  LC,NS1 =  DNS 

BACKSOLVE FOR THE OTHER 

255 
96 FORMAT I  213 ,  *F15 .8  I  

RETURN 
END 

V 

C O C E 2 2 H O  
cnzrz?<>0 
C 3 E E 2 J 0 0  
nOTF21lO 
C T E F :  
COEEZ^fl 
coee2h»0 
C0t£2350 
C5EE2160 
coee2ho 
COEE2390 
coeE2".oo 
COEE2<t lO 
COEcZ<«20 
COEE2H30 
COEEZt tO 

COEE2500 

COEEZ51Q 

COEEZ570 
COEE25SO 



Part II. Output Example 

•  MODIFIED CHEVRON PROGRAM -  A TMO-LAYERS EXAMPLE 

THE PROBLEM PARAMETERS ARE 

TOTAL LOAD. .  *500 .00  LOS 

T IRE PRESSURE. .  BO.00  PSI  

LOAO R40IUS. .  <» .2J  IN .  

LAYER 
LAYER 

HAS MODULUS 
HAS MODULI 'S  

150000 .  
15000 .  

POISSONS RATIO .350  
POISSONS RATIO .500  

AND THICKNESS 10 .00  IN .  
AND IS  SEMI - INFINITE.  

PACE 1 

DUAL L3£3 I . ° iG  CCNDIT Iu . i  WITH UlSfANCE BETWEEN CENTER L INES OF WHEELS -  12 .691 .  

S T R E S S E S  

RSG ROL VERTICAL TANGENTIAL RAJIAL SHEAR BULK 

DISPLACEMENT 
•  • • • • • • • • « • •  

VERTICAL 

S T R A I N S  
RAOTAL TANGENTIAL BULK 

0 .00  0 . 0 0  
6.35  

12 .69  

1? .  69  
6 .35  
0 . 0 0  

-7 .959E*01  
-" . .5<»9E-0 l  
-7 .959E*  01  

-9 .716E»01 
- l» .189E»01 
-9 .73ot»01  

-B .970E*01  
-1 .6 l f lE»01  
-8 .970E»01 

-1 .212E-1J  
0. 
1.212E-13  

-2 .666E+02 
-5 .852E*B1 
~2 .666E*02  

1 .5<»5F-02  
1 .W21E-32  
l .5<»5fc -02  

-1 .15 lE-0<»  
-9 .0A1E-06  
-1 .85 lE-0 i»  

-2 .5<t0E-0<»  
-2 .<»0<«E-0< .  
-2 .5« .0?-0 i .  

-5 .333E-0*  
-1 .170E-0 I»  
-5  •  T33E-0 i f  

-10 .00 0.00  12 .69  
6 .35  6 .35  

12 .69  0 .00  

-8 .  78<«E*00  
-B .916c»00  
-8 .78<»E»00 

<» .<»55E»01 
< t8BE*01  

<« .<»55E»01 

3 .532E+01 
3 .07UE+01 
3 .532E+01 

9 .68<tE-01  
0. 

-9 .68 i .E-01  

7 .109c  *01  
6 .670E»01 
7 .109E»01 

1 .309E-02  
1 .370£-02  
1 .T09E-02  

1.52nE-0l» 
1.21IJF- 0<i 
i.52aE-m» 

2.351E-0 i»  
2.4B3E- 0<t 
2.351E-0U 

l .« i22F-0% 
1 .Z34E-0*  
l . *>22E-0% 

I t .DO 0 .00  12 .69  -4 .78< .E*00  -2 .561E+00 -3 .392E»00 9 .68 I»E-01  - l . " .7<»t *01  ,  1 .309E-02  
6 .35  6 .35  -9 .916E+00 -2 .7ME»O0 -<» .013E»00 0 .  -1 .567E +  01  1 .370E-02  

12 .69  0.00 -8 .78<«£»00 -2 .561E»00 -3 .392E»00 -9 .68%E-01  - l .%7i ,E»01  1 .309E-02  

1 .520E-0! .  2 .351E-0*  0 .  
1 .21HE-01 .  2 , *83E-0U 0 .  
1 .520E-0<t  2 .351E-0 I .  I .  

OJ 
to tn 
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