Technical Report Documentation Page

1. REPORT No. 2. GOVERNMENT ACCESSION No. 3. RECIPIENT'S CATALOG No.
TE 68-8

4. TITLE AND SUBTITLE 5. REPORT DATE

Asphalt Mixture Behavior In Repeated Flexure December 1968

6. PERFORMING ORGANIZATION

7. AUTHOR(S)

C.L. Monismith, J.A. Epps, and D.A. Kasianchuk 8. PERFORMING ORGANIZATION REPORT No.
TE 68-8
9. PERFORMING ORGANIZATION NAME AND ADDRESS T .

Office of Research Services

University of California, Berkeley, California
11. CONTRACT OR GRANT No.

13. TYPE OF REPORT & PERIOD COVERED
12. SPONSORING AGENCY NAME AND ADDRESS

14. SPONSORING AGENCY CODE

15. SUPPLEMENTARY NOTES

16. ABSTRACT
Introduction:

This report is part of a continuing study of the fatigue response of asphalt paving mixtures which includes not only investigation
of the factors affecting the behavior of asphalt mixtures in repeated flexure, but also consideration of the fatigue factor in the design
of asphalt concrete pavements. During the 1967-68 period, the investigation was concerned with (1) a reexamination of the data
and analyses for an in-service pavement near Morro Bay, California (V-SLO-56-C, D) which had been reported in TE 67-4 (1); (2)
development of a pavement design subsystem to include the fatigue factor; and (3) influence of a number of mixture variables on
fatigue response for a range in paving mixtures corresponding to those which would be used in California. References (2) and (3)
contain more detailed discussions of the material summarized in this report.

17. KEYWORDS

18. No. OF PAGES: 19. DRI WEBSITE LINK

126 http://www.dot.ca.gov/hg/research/researchreports/1968/te68-8.pdf
20. FILE NAME
TE68-8.pdf

This page was created to provide searchable keywords and abstract text for older scanned research reports.
November 2005, Division of Research and Innovation




SOIL MECHANICS AND BITUMINOUS MATERIALS
RESEARCH LABORATORY

s

ASPHALT MIXTURE BEHAVIOR IN
REPEATED FLEXURE

by

C. L. MONISMITH
J. A. EPPS

and
D. A. KASIANCHUK

REPORT NO. TE 468-8
to
THF “VATERIALS AND RESEARCH DEPARTMENT
~ Tt B HIGHWAYS

THE

I é g NG
INSTTTUTE C IC ENGINEERING
N k____‘__*_i“\ I’[
T ]

—
—

ﬁ‘,_____.--‘r

University of California - Berkeley



http://www.fastio.com/

Soil Mechanics and Bituminous Materials
Research Laboratory

ASPHALT MIXTURE BEHAVIOR IN REPEATED FLEXURE

A report on an investigation
by
C. L. Monismith
Professor of Civil Engineering and
Research Engineer

J. A, Epps
Agsistant Professor of Civil Engineering
Texas A & M University, College Station, Texas
formerly Research Assigstant

and

D. A. Kasianchuk
Asgsociate Professor of Engineering
Carleton University, Canada
formerly Research Assistant

to

The Materials and Research Department
Division of Highways
State of California
under
State of California Standard Agreement M and R 633153
Research Technical Agreement 13945-13002

Prepared in cooperation with
The United States Department of Transportation
Federal Highway Administration
Bureau of Public Roads

Report No, TE 68-8, Office of Research Services
Dniversity of California, Berkeley, California
December 1968

ClibPD www fastio.com


http://www.fastio.com/

INTR ODUCTION

This report i part of a continuing study of the fatigue response of asphalt paving
mixtures which includes not only investigation of the factors affecting the behavior of
asphalt mixtures in repeated flexure, but also consideration of the fatigue factor in the
design of asphalt concrete pavements, During the 1967-68 period, the investigation
was concerned with (1) a reexamination of the data and analyses for an in-service pave-
ment near Morro Bay, California (V-SLO-~56-C,D) which had been reported in TE 67-4 (1);
(2) development of a pavement design subsystem to include the fatigue factor; and (3) in-
fluence of a number of mixture variables on fatigue response for a range in paving mix-
tures corresponding to those which would be used in California, References (2) and (3)

contain more detailed discussions of the material summarized in this report.

FATIGUE SUBSYSTEM

Proper design of asphalt concrete pavements requires consideration of a number
of complex and interrelated factors. Attempts have been made in the past few years
to formulate pavement design systems which attempt to bring these factors together as
the first step in the development of improved methods of pavement design, methods
which can accommodate changing requirements both with respect to load and to mate-
rials (4,5). The complexity of such an approach is illustrated in Fig. 1 (4).

A method which has the potential to assist in achieving improved design procedures
ig to develop a series of subsystems, the goal of each of which is to minimize a par-
ticular form of distress. H such a series of subsystems can be developed, they can
then be combined utilizing the weighting functions (Fig. 1) which can assume particular
values for a specific pavement structure and environment, In effect, the weighting func-
tions may be related to limiting design criteria for a particular condition.

One form that the subsystem for considering the fatigue mode of distress can take is

shown in Fig, 2 (2). This particular subsystem can be seen to parallel the conventional
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structural engineering approach, in which a structure is selected (designed)*, its be-
havior under anticipated service conditions analyzed, and its adequacy with respect to
a specific distress criterion determined,

At this point it should be noted that this fatigue subsystem constitutes only a small
part of the entire system (Fig. 1). Other causes of distress can be analyzed using a
similar line of reasoning, examples of which are shown in Fig. 3 for digtortion and in

Fig. 4 for cracking (other than fatizue). In comparing the diagrams of Figs. 3and 4

with that of Fig. 2, it will be noted that a number of the elements are similar (e.g. en-
vironment) and, in effect, can be considered subsystems themselves.

For specific situations, when such a series of subsysiems have been developed, it
is possible that the weighting functions of Fig. 1 (i.e, W fr? Wcs’ W) can be assigned
values representative of their respective contributions to reduction pavement service-
ability.

Alternatively, as is done in structural design, the pavement structure may be select~
ed to minimize a particular mode of distress and checked to insure that others do noi
occur or are themselves minimal. If the potential for other forms of distress exist
(to an intolerable degree) then the design can be modified to preclude or reduce their
effects, Initially this may well be the approach adopted until more information can be
developed regarding the weighting factors.

In this report only the fatigue subsystem is considered. Moreover, it should also
be noted that only the upper portion of the system shown in Fig. 1 is being freated at
this time. No attempt is made to consider the influence of the decision criteria shown

in the lower portion although some effort has been made in this direction by other in-

vestigators (e.g. Ref. (B)).

*The State of California pavement design procedure (6) or those develqped b;? the Corps
of Engineers (7) and the Asphalt Institute (8) might serve as the starting point for such

an analysis.
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The design subsystera shown in Fig. 2 can be divided into three general sections:
1. Preliminary data acquisition,
2. Materials characterization,
3. Analysis and evaluation.

Fach of these in turn embody a series of steps as noted in the subsequent paragraphs.

Preliminary Data Acquisition

Traffic Characteristics. An estimate of the traffic and wheel load distribution to he

served by the proposed facility taking into account the nature of the area as well as its
expected growth is required. From such estimates the following traffic information
should be obtained:

1. The number of vehicles in each load and axle classification.

2. Wheel and axle configurations (dual or single tires and single or tandem axles).

3. The distribution of vehicles throughout the day and during the year.

4, Tire inflation pressures of the various classes of vehicles.

5. Vehicular velocities.

In addition, data on the lane distribution of truck traffic for multilane facilities and dis-

tribution of traffic across the wheel paths are also desirable.

Environmental Conditions, Since the response of asphalt concrete to load is de-

pendent on temperature, distributions of temperature within the asphalt bound layer
must be obtained. Such distributions can be determined using a form of the heat con-
duction equation where the temperature jnput is agsumed independent of the x and ¥

coordinates, i e.

2
M=92&c-o-cc--oo'-.ono-.oun.-.oo"‘(1)
2 k

oz 8t
where:
¢ = temperature field
¢ = specific heat of the material
k = thermasl conductivity
p = density of the material
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Available data (9) indicate that ¢ is of the order of 0.2 BTU per lb per OF and k is of
the order of 0.7 BTU per ft2 per hr per °F per ft. It is possible to include not only
daily temperature variations (assumed to vary sinusoidally about the daily mean) but
also the effects of solar insolation, sky (or cloud) cover, and wind velocity (10). The
generalized equation is for a semi-:infinite mass in contact with air at a temperature

TM + TV sin 0,2625; the 24 hr periodic temperature of the mass is (_1_0_)

_ He-XC ) - C
T = TL'I.}.T L sm(0.262t--'XC-aI‘Otan-H—_r-é').......- (2)

v 'J(H+ c)2 + 2

T = temperature of mass.roF
'I‘M = mean effective air temperature, Op
T

. et 0
= maximum variation in temperature from mean, F

\'
t = time from hegimning of cycle, hours
x = depth below surface, ft
H = h/k
h = surface coefficient, BTU per sq ft per hr, Op
k = conductivity, BTU per sq ft per hr, op per ft
C =A0.18Tperc
¢ = diffusivity, sq ft per br = k/sw
g = specific heat, BTU per 1b, OF
w = density, lbs per cu ft.

To include the other effects noted above:
1, The effects of forced convection due to wind and average reradiation from the
surface are accounted for by stating the surface coefficient as:

n=13+0 62v> 0

where:
v = wind velocity, miles per hour

ClibPD
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2. The affect of solar radiation can be included by defining the effective air tem-

perature to include solar radiation as:

T = T, + -‘-’—é-
where:
TE = effective air temperature, °F
T a - air temperature, °rF
b = absorptivity of surface to solar radiation

I = sgolar radiation, BTU per sq ft hr

Solar radiation on a horizontal surface is reported in Langleys per day. *

There is an average net loss by long-wave reradiation of about 1/3, so that the aver-

age contribution to TE(R) is:

_ 3.69L
R = 0.67b ETE

where: L = golar radiation, Langleys per day

The deviation of R from the average may be roughly approximated by a sine wave with

a half amplitude of 3R. The maximum temperature obtained is then

TM =T At R
where:
T A T average air temperature, °F
TV = 0.5 TR + 3R
TB = daily range in air temperature, Op

Tn addition to the effects of temperature, other environmental influences must also

+

be taken into account, Among the most important of the environmental effects is that
of water, particularly its influence on the response of paving materials to stress. At
the present time the influence of water can be considered to the extent that properties
of untreated materials should be measured at water contents corresponding to those ob-

tained from in situ measurements at the time of sampling.

Recently a method has been proposed for fine-grained soils whereby the influence

*One Langley per day = one calory per sq cm day or 3,69 BTU per sq fi day.
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of environment (particularly as it influences water content) might be accounted for
utilizing considerations of soil moisture suction (11, 12).

Data obtained by Dehlen (13) for specimens obtained from the San Diego Test Road are
presented in Figs, 5 and 6, On both of the figures it will be noted there is a distinct re-.
lationship between suction and resilient modutus.

Also shown in Fig, 6 are data obtained by Sauer (12) for a glacial till from Saskatch--
ewan (data obtained from Fig. 7). It is interesting to conjecture, at this time, that if
one could estimate the ultimate suction profile to be expected under the pavement (e. g,
Fig, 5 contains suction profiles, though not necessarily ultimate ones) then one might
be in a position to estimate the variation of modulus with depth for analysis purposes
(Fig. 5 also illustrates the resilient modulus variation with depth).

It skould also be noted that the concept of suction also permits an assessment of
distortion of the pavement structure due to volume change in the subgrade. Richards (14)
has presented a technique whereby heave or settlement can be estimated provided the
suction profile at the time of construction, the equilibrium suction profile, and the
moisture content (void ratio) vs matrix suction* relation for the subgrade are known,

In effect Richard's procedure can be considered another portion of the distortion sub-
system (T'ig. 3).

Materials Identification and Selection, Included in this phase are the following con~

siderations: ]
1. Survey of subgrade soils traversed by the proposed route and the per-
formance of identification and classification tests.
2, Selection of the most economic materials to be used in the construction of

the highway.

3. Design of the asphalt concrete mixture to he used,

*Total suction is equal to the sum of matrix (or soil water) suction and osmotic suction,
In the absence of dissoived salts, the osmotic suction is zero; for uniform sal{ concen-
trations the osmotic suction can be neglected. Under these circumstances, therefore,
the total suction can be considered equal to the ratrix suction,
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As has been emphasized in earlier reports {e.g. 15), the design of the mixture is re-
lated to the type of pavement in which the mixfure is utitized. Hence, it must be em-~

phatically noted that mixture and structural pavement design must be treated together.

Materials Characterization

Determination of "Elastic' Properties* of Paving Materials, The characterization

technique presently ﬁtilized a;s a part of the fatigue subsystem may be classed as a
process whereby significant properties are measured to permit prediction of response
under special {and/or limited) loading conditions, rather than the process whereby funda:
mental properties are measured to predict response under any system of applied loads.
This latter characterization technique has not been aceomplished as yet for conventional
paving materials. The difficulty of such a process will be illustrated briefly, later in
this section, by showing the type of data merely required to begin to develop a non-:
linear elastic characterization of subgrade soils (13).
While a number of methods have been developed to describe the "elastic' response
of paving materials, the results of a test procedure developed by Séed and i"‘ead (20)
for subgrade soils and untreated base and subbase materials is utilized for the charac-
terization process, From the test a resilient modulus is determined. At this point,
it should be emphasized that other techniques for measuring such response could also
be utilized (e.g. procedures, such as those described by Kallas (21) and by Coffman 22).
For the clay subgrade soils which have been tested thus far, the resilient modulus
is stress-dependent, particularly in the range of stresses to which the subgrade soils

of well-designed pavements are subjected (i. e. less than 3 to 5 psi).

*Considerable evidence lLas been presented in recent years that elastic theory produces,
at least to an engineering approximation, 4 reasongble indication of pavement response

to moving wheel loads (15, 16, 17, 18, and 19),
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Similarly, the modulus of untreated granular materials has been shown to be depen-
dent on stress and can be expressed either interms of the confining pressure or the

sum of the principal stresses according to the following relationships;

Mp = K- G‘}.,:or K'(B)ht................. (3)
where:
6= 0 +o +og

Because of such stress dependency, changes in the characteristics and thickness of
the asphalt concrete will result in variations in the elastic response of these materials
and thereby influence the pavement selection process. Moreover, the presence of water
will modify the elastic response of granular materials, e, g. Fig. 8 (23). This appears
to be particularly true when the aggregate is completely saturated and has the potential
for pore water pressure development, which may increase resilient deformations under
load (1), This factor undoubtedly must be considered in analysis of pavements in Cali~
fornia containing untreated bases because of the seasonal variations in rainfall leading,

in turn, to seasonal variations in water content (1).

For asphalt-bound materials utilizing asphalt cements, stiffness as defined by the

velation:
SET) =2 erernaniiinaaraeniees @
where:
S(t, T) = mixture stiffness at a particular time of loading
and temperature
¢, € = axial stress and strain respectively

can be used at this stage in time and either measured directly or estimated from the
properties of the asphalt contained in the mix (penetration and ring and ball softening
point) together with the volume councentration of the aggregate and the percent air voids

in the compacted mixture (24, 25, 26, and 27),
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For asphalt treated materials using liquid asphalts or asphalt emulsions, additional
testing may be required if the materials will be subjected to traffic prior to curing,
Characterization utilizing the procedures developed for untreated aggregates may be
necessary since these materials in the partislly cured state are dependent on stress
conditions (28).

To consider non-linear materials response characteristics additional testing will be
required. Dehlen (13) has developed a procedure for such characterization and has
examined the response of the subgrade soil and asphalt concrete from the San Diego Test
Road within this framework,

In this process the stress state is important and in order to minimize testing it is
necessary to cover only the range which occurs in a pavement under the anticipated
traffic,

Fig. 9a illustrates types of stress paths which might be selected for laboratory test-
ing and Fig. 9b illustrates typical data obtained from a pattern of stressing correspond-
ing to (c) of Fig, 9a.

Results from a complete pattern of stressing are shown in Fig. 10 for an asphalt
concrete mixture. This figure illustrates the variation of axial strain corresponding to
various stress states in friaxial compression. A similar figure would be required to

define the variation of radial strain with stress state,

Faticue Response of Asphalt Concrete Mixtures, In the design subsystem of Fig., 2,

some measure of the fatigue response of asphalt mixtures is required. Tor thick sec~-
tions of asphalt concrete this response should be measured by means of the controlled-
stress mode of loading (29). For comparatively thin asphalt bound layers (~2 in,) the
controlled-strain mode of loading is more appropriate. Available evidence suggests

that the fatigue behavior of asphalt concrete can be represented by an equation of the

form:
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i0

n
N, = K (61 ) e, (B

mix
where;
Nf = stress applications to failure
€ mix tensile strain repeated applied to the mix
K,n = constants depending on mixture characteristics

The coefficient n in the above equation appears to be dependent on mixture stiffness.
For the range of stiffnesses encountered in practice, n appears to vary in the range .

2 to 6. Data illustrating this point will be presented subsequently, Since stiffness of
the asphalt bound layer will vary in the road due to temperature variations, one fatigue
curve with a particular slope probably will not suffice to estimate damage development,
From a design standpoint this should present no difficuity since only a small increase
in input to the subsystem of Fig. 2 is required.

Since pavements are subjected to a range of loadings in practice, a cumulative dam-
age hypothesis is required since fatigue data (defined by equation (5)) are usually deter-
mined from the results of simple loading tests. One of the simplest of such hypothesis
is the linear summation of cycle ratios. This cumulative damage hypothesis states that

fatigue failure occurs when

;: I-li- = 1 vessnenssssrasasasese (6
=1 N
where:
n, = number of applications at strain level i
N. = number of applications to cause failure in simple loading

! at strain level i
Equation (6) indicates that fatigue life prediction under compound loading becomes a
determination of the time at which this sum reaches unity.

Some measure in the scatter of fatigue test data can also be considered at this time.

Pell and Taylor (30) and Kasianchuk (2) have indicated that the distribution function
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for fatigue lives at a particular stress level can be represented as logarithmic

normal ;
1 4 32, 1%
f(y) =Ui\l_2_; iexp[—(y-m) z(O‘)Jj weoesrsensse (T

where:

f(y) = the normal density of Y1 *

Yi = log of the service or fracture life, Ni

mi = mean of Y:l

ai = variance of Y1

Results of a reanalysis of data developed by Deacon using this approach are shown in
Fig. 11, Comparison between the experimentally determined relationship and that
estimated on the basis of a logarithmic normal distribution function indicate the reason-
ableness of this approach.

Data developed by Pell and Taylor (30) and shown in Figs. 12 and 13 ailso substantiate
guch an assumption,

wse of this distribution function permits prediction of not only mean fracture or

service life but also the life corresponding to any desired confidence level,

Analysis and Evaluation

To estimate the stresses and deformations resulting from moving wheel loads so
that the potential for development of fatigue distress can be obtained, a realistic repre-
sentation of the pavement structure is required.

At this time, the most readily usable method which would appear to represent the be-
havior of an asphalt pavement under moving wheel loads (at least in the judgment of the
authors) is the solution for siresses and displacements in a multilayer elastic systern

subjected to circular loads (and uniform contact pressures) at its surface (31, 32).

*The superscript, i, refersioa particular strain level.
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It should be noted, however, that even though layered system theory has been util-
ized to estimate stresses and strains for the fatigue subsystem, one must recognize
the possibility of improved solution techniques becoming available in the near future.
Moreover, as these techniques become available they should, without hesitation, be
incorporated in the analysis procedure. It is anticipated, for example, that numerical
techniques such as that presented by Dehlen (13) (i. e. the finite element procedure)
will find greater utility in the very near future.

For the subsystem shown in Fig, 2, analysis and evaluation consists of the follow-
ing;

1. Definition of the seasonal variation in the stiffness of the asphalt concrete
together with variations in water content (and/or suction) of the underlying
unfreated materials.

2. Determination of the expected response of the asphalt concrete layer in the
trial design section to the action of the range of wheel loads and climatic
environment,

3. Prediction of the fatigue life of the trial design under the action of the expected
fraffic volumes,

4, Evaluation of the trial design with respect to the adequacy of the section in

providing the requisite life for fatigue.

If the trial section which has been selected is inadequate or conservative, another trial

section is selected and the procedure repeated.

These stops have been programmed for use with a digital computer and the programs
are included as an appendix to the report.

From an examination of Fig. 2 it will also be noted that the subsystem provides a
guide for the analysis of existing pavements as well as a procedure for design, In the

next section the Morro Ray pavement will be analyzed following essertially the format

of Fig., 2.
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PREDICTION OF SERVICE LIFE — MORRO BAY PAVEMENT

In Report No, TE 67-4 (1) an analysis was presented for the Morro Bay pavement,
Since the original analysis was completed, some of the techniques utilized have been
modified or improved (2). Accordingly, it was deemed appropriate to reanalyze the
Morro Bay project within this modified framework. Results of this reanalysis are pre-

sented in this section. For completeness, basic data which had been included in TE 67-4

and which are necessaryto the analysis have also been incorporated where appropriate.

Field Testing and Sampling

Traveling Deflectometer deflection data were obtained by the California Division of
Highways on March 10, 1964 on sections of State Sign Route 1 near Morro Bay, Cali-:
fornia (Designation V-SLO-56-C,D). Measurements were made using a 15,000 1b axle
load and 90 psi inflation pressure in the fest truck tires and the resulfs are summarized
in Table 1.

Samples of the materials in the pavement section were taken on December 14 to 16,
1965 and in-place densities and water contents were determined at this time, Table 2
indicates the deflections that were measured at the locations from which these samples
were taken.

Table 3 shows the mean values of the in situ physical properties of the materials in

the pavement. Algo included in this table are the thicknesses of the various layers, as

supplied by the Division of Highways.

Laboratory Test Results

Subgrade Soil. Results of repeated load tests on undisturbed samples of the subgrade

soil are contaired in Fig. 14, The curve shown in this figure represents the mean line
drawn through the data points. This material exhibits a modulus which is dependent on

the applied stress, with the siress dependence being most marked in the low stress

range,
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Untreated Aggregate Subbase, Resilient modulus determinations of the subbase

material were made using laboratory prepared specimens, Mean density, water content,
and degree of saturation are shown in the accompanying tabulations for the specimens

tested.

Standard Coefficient of
Mean Deviation Variation-percent

Dry density, b per cu ft 117.0 4.6 3.9
Water content, percent 9.7 0. 55 5,7
Degree of saturation, percent 60,0 9.5 15. 6

Trom a comparison of this data with that presented in Table 3 for the in situ mea-
surements, it will be noted that the dry densities are about the same, but that the
degree of saturation of the laboratory prepared specimens is less than that for the field
samples,

The resilient modulus — sum of principal stresses relationship,
M, = 2000 )47 Lt i (8)
shown in Fig. 15 has a corrleation coefficient of 0. 884.

Intreated Agsregate Base. Repeated load tests were performed on laboratory pre~

pared specimens of the aggregate base course material, Density, water content, and
degree of saturation data for these specimens were as follows:

Standard Coefficient of
Mean  Deviation Variation-percent

Dry density, lb per cu. f#t 113.2 1. 45 1,2
Moisture content, percent 8.55 0.59 6.8
Degree of saturation, percent 52. 8 3.6 6.8

1t will be noted that the average dry densily for the laboratory prepared specimens
is somewhat less than the average reported for the in-place density measurements

(Table 3); in addition the average water content for these specimens was gsomewhat less

than that measured in-place.
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Fig. 16 shows the relationship obtained between the resilient modulus and the sum
of the principal stresses. The equation;
M, = 3830 ()% L (9

has a correlation coefficient of 0, 907,

Asphalt Concrete Surface, Stiffness data for asphalt concrete specimens obtained

from pavement samples are presented in Table 4, These values were determined from
deflection measurements made at the start of the fatigue testing (after 200 stress repe-

titions) and determined from the relationship;

¢, T) = K- -13?-3- B T ¢ 1)
where:
S¢t,T) = flexural stiffness at a particular time of loading
and temperature
K = constant depending on loading geometry
= applied load
I = moment of inertial of beam cross section
A = measured center deflection of beam (at 200 stress repetitions)

Both controlled-stress and controlled-_strain fatigue tests were performed on
specimens obtained from pavement samples and on laboratory prepared specimens
composed of esgentially the same materials as used in the original construction. To
define the potential for distress, however, the controlled-'strain test results were
selected as discussed in earlier reports (1, 15).

From controlled:-strain tests on laboratory prepared specimens of the paving mixture,
service lives corresponding to a 50 percent reduction in stiffness were selected as being

representative of the behavior of the pavement section. The equation for the curve of

strain vs. applications corresponding to this reduction in stiffness is:
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Ly 1 338
N, =278+ 107 () e (10)

with a correlation coefficient of 0. 87 and a standard error of the estimate of 0, 248,

Traffic Data

To obtain traffic information for the Morro Bay Project, it was necessary to com—-
bine data from a series of sources.

The following data were abstracted from the annual traffic census of the State of Cali-
fornia Division of Highways for a station located near the end of the freeway at Cayucos;

Year  Annual ADT

1963 4700
1964 5900
1965 6100

The ADT used in the following calculations is 5600 which is the mean for the years
1963-65, Additional fraffic data were provided by the Materials and Research Depart-

ment as shown below:

1983 Vehicle Census

Average Daily Traffic — Morro Bay

All Vehicles 3400
Trucks and Buses 282
Percent Trucks and Buses 8,3
Buses 0

2--Axle 120
3-Axle 32
4-Axle* or More 282

*77 percent are 5~axle

For the pruposes of the calculations, the number of trucks in each class has been in~

creased proportionally so as to conform to the average ADT of 5600 actually measured.

In order to obtain the appropriate number of applications of each axle load, the follow-

ing assumptions have been made:
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1. 50 percent of the ADT moves in each direction,

2. 100 percent of the commercial vehicles travel in the right lane of the
divided highway. This assumption would appear reasonable since Taragin (33)
has shown that about 90 percent of commercial traffic travels in the right
lane at low traffic volumes,

3. Each vehicle stresses the same point in the fraffic lane, i.e., every vehicle

tracks the same wheel path, This assumption is somewhat conservative (2).

The axle load distribution was cbtained from the statewide W-4 loadometer surveys
(All Main U & R) for the years 196 1-_66. On the basis of this data and the assumptions
made above, the monthly axle load applications shown in Table 5 were determined and
used in the fatigue calculations.

The daily variation was assumed to conform to a typical pattern exhibited in Cali-

fornia Interstate general purpose routes and shown in Fig. 18.

Prediction of Service Life

Using the format shown in Fig, 2 together with the data presented in this section it
is possible to make an estimate of the service life for the Morro Bay pavement consider~

ing the fatigue mode of distress.

As indicated in Report No. TE 67-4 (1), the reasonableness of the procedure has

already been checked against deflections as measured by the Traveling Deflectometer.

Material Properties. In addition to the material properties, summaries of which

have been presented earlier, i.e.

1, Subgrade s0lls v v s e s v s e e n vt Fig. 14
2. Untreated aggregate subbase .. ..eeco e v e Fig. 15
3. Untreated aggregate base. . . .. voesor v oo Fig., 16
4, Asphall concrete (stiffness) ..o v v i v v v a v Table 4%

*The time of loading employed in the tests, the results of which are shown in Table 4,~was
0.1 sec. To obtain stiffnesses corresponding o moving traffic, (0.015 sec. ~ repre~
sentative of truck speeds of about 30 mph), the procedure developed by Heukelom and
Klomp {26) was utilized, However, the estimations wrre influenced by the measured data

shown in Table 4.
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Poisson's ratio for each of the components was assumed to be:

1, Asphalt concrete, at 68°F 0.40

at 40°F 0.35
2, Aggregate (base and subbase) 0.40
3., Subgrade soil 0. 50

The service life vs, initial strain relationship as defined by equation (11) was used

to represent the fatigue behavior of the asphalt concrete.

Determination of Tensile Strains in the Asphalt Concrete, The tensile strains on the

underside of the asphalt concrete layer were determined for several axle loads and for
several stiffness values using the five layer computer solution for the elastic layered
system. The strains were found to be a maximum in a direction parallel to the direction
of travel in the highway under the center of one of the wheels of the dual wheel load.

Fig. 19 indicates the tensile strains as functions of both axle load and stiffness as
obtained in these calculations. Tensile strains were interpolated from these curves to

obtain values corresponding to the axle load groups for the available traffic data.

Traffic Weigkted Mean Stiffness, Using the technique developed by Kasianchuk (2}

the traffic weighted mean stiffness was then calculated by weighting the mean stiffness
for each hour by the proportion of the average daily traffic experienced during the hour
considered. The hourly traffic distribution through the day was a typical curve for a
California General Purpose Interstate Route, This hourly variation has already heen
shown in Fig. 18,

The weather data used and the stiffnesses obtained are shown in Tables 6 and 7.

Stiffness profiles for several months are ghown in Fig. 20, These profiles provided
the basis for the assumption that this pavement could be adequately represented by a
single layer,

The average air temperatures were obtained from readings taken al the Morro Bay

Fire Station, with slight corrections to conform to 1831-1960 normals. The daily
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temperature range, the average wind velocity, and solar insolation were obtained from

the records at Santa Maria, The mean sky cover wag taken from the records of the San

Francisco International Airport.

Fatigue Life Prediction, Using the linear summation of cycle ratios (Miner's

hypothesis) the fatigue life can be estimated. A computer program to do this is included

in Appendix B as a part of the design subsystem. The step~by-step procedure used in

this program and applied to the Morro Bay pavement is:

1.

The tensile strain against stiffness curves for each axle load group (Fig. 19)
were stored,

The tensile strain under each wheel load magnitude was obtained from the
appropriate relationship by a numerical interpolation procedure at the stiff:
ness value representing the month under consideration.

The fatigue life that would be expected under simple loading at that strain level
was determined from the fatigue curve developed for the material. At the same
time, the fatigue life corresponding to a 90 percent confidence level was ob-
tained making use of the assumption of a log nomral distribution of fatigue life
at any strain level,

The cycle ratio for each of the strain levels (axle 1oad groups) was formed
using the number of applications per month of each axle load group (ni) shown
in Table 5 and the fatigue life at each strain level determined above (Ni).

The sum of the cycle ratios per month was taken and the process repeated for
consecutive months until first, the sum at the 90 percent confidence level
reached unity, and then, the sum at the mean level reached unity.

The fatigue life predictions at the two levels of confidence were taken as the

times at which these values were chtained.
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Using the data presented herein, the shortest probable fatigue life, at a 90 percent
level, was calculated to be 0. 8 years. The mean fatigue life of the Morro Bay pave-

ment was predicted to be 1, 8 years,

Discussion

Assuming that this pavement was opened to traffic on the completion date of the pav-
ing contract in October, 1963, some distress should have been evident at the time of the
first sampling in December, 1965. This was not the case, A second sampling of the
pavement in August, 1967 did, however, show some effects of the onset of fatigue. Fig. 21
shows the crack pattern observed on the underside of the asphalt concrete slab specimens
recovered at one of the sample locations at this time.

The condition of these samples conforms to that which would be anticipated after some
fatigue damage has occurred. The cracks, as suggested by the location of the maximum
strain values, have initiated at the bottom of the asphalt concrete and have progressed
upward in the layer, but have not yet reached the surface of the pavement. This con-
dition is approximately the same as that which was observed in the laboratory fatigue
tests in the controlled—.strain mode of loading, when they had attained their service lives,
as defined by a 50 percent reduction in stiffness, I both the laboratory and field sitna~
tions, then, the effects of this level of fatigue damage is visible only near the location
of the maximum repeated strain, It should also be noted that the visible manifestation
of this level of damage in the actual pavement will be effectively masked by the texture
of the thin, open-graded surface course overlying the asphalt concrete in the Morro Bay
pavement,

Some confidence in the use of the fatigue subsystem is provided by the condition of
these samples. Although the predicted life is shorter than that which has actually been
experienced in the pavement studied, the type of disiress shown does conform to that
which is anticipated., The conservative nature of the prediction is to be expected on the

basis of the discussion of the method, but several features of this particular analysis
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deserve comment as special contributors to the discrepancy shown between the analytical
and the actual results.

One probable cause of the difference between the actual and predicted conditions of
the pavement lies in the use of a wheel load distribution based on the results of state;
wide loadometer surveys for the fatigue life simultation, While the use of such data is
suggested for the design situation in which no other information is available, a survey
of the traffic actually using the facility is preferred when analyzing an in--service pave-:
ment such as Morro Bay. Considering the nature of this highway and the area which it
serves, it is probable that the statewide data overestimate the proportion of heavy wheel
loads to which the actual pavement is subjected, resulting, in turn, in an overestimate
of the calculated rate of damage accumulation, (Note; a similar comment could also be
made with respect to the design analysis, emphasizing the necessity of accurate traffic
predictions. )

A second reason for the difference between predicted and actual behavior is the use
of an average condition for the degree of saturation of both the base and subbase mate-
rials, Although it is probable that conditions more severe than those assumed for this
estimate have occurred during the life of the pavement, it is equally probable that less
severe conditions could be assumed for longer time periods within the year. Insufficient
field data, however, were available to account for this probability. This point also em-
phasizes the importance of properly defining the conditions of the paving materials in
order to make a reasonable assessment of the response of the pavement to load. Since
the computer is being utilized it would involve only a small amount of additional input to
consider the influence of moisture on the resilient response of granular materials and,
in effeot, would merely require the stipulation of a family of curves (e.g. Fig. 8) rather
than a single curve (e.g. Fig. 16).

Finally, the difference between estimaied and observed performance may also be at-

tributed to the use of one laboratory determined fatigue curve. For example, it i3
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possible that the laboratory fatigue test imposes a more severe load condition on the
asphalf concrete than is experienced in the actual pavement resulting in a laboratory
fatigue curve which is conservative, (Bazin and Saunier (34) have suggested that the use
of laboratory data may result in estimates of fatigue lines which are 1/4 to 1/2 of those
in actual pavements.} In this regard, the use of the one laboratory determined curve
does not permif consideration of crack propagation which undoubtedly will vary with
temperature, Generally, the laboratory determined curve for the conventional type of
fatigue equipment will have comparatively few load repetitions associated with crack
propagation since from the time in which the crack is initiated until the time at which
failure occurs is comparatively short, This may not be the case in the actual pavement,
A schematic diagram is presented in Fig. 22 to illustrate this point. In effect, in thin
pavements, the fatigue life is probably underestimated during the summer months when
there is considerable number of load repetitions agsociated witha skow rate of crack
propagation (i.e. curve furthest to right in Fig, 22).

In spite of these points, however, the application of the procedures embodied in the
fatigue subsystem shown in Fig, 2 has provided a reasonable analysis of the observed
conditions in the Morro Bay pavement considering a number of factors known to lead to
a reductiop in pavement serviceability with time. Accordingly, ope can, with some con-~

fidence, propose the use of this analytical procedure to assist in the design of asphalt

pavements,
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INFLUENCE OF MIXTURE VARIABLES ON THE FLEXURAL
FATIGUE PROPERTIES OF ASPHALT CONCRETE

Table 8 contains a summary of a number of variables influencing fatigue response.
Of those variables listed only the effects’ of mixture stiffness, void content, and asphalt
content will be discussed in this report. Moreover, the testing was conducted at only

one temperature, 68°F, and only a controlled-stress procedure was utilized.

Materials

A list of mixture variables which have been studied is shown in Table 9.

Asphalts used for the laboratory study were supplied by Chevron Asphalt Company
and as~received properties of the asphalts are shown in Table 10, Properties of the
asphalts recovered from the various mixtures were also determined; these results are
shown in Table 11.

Four different aggregate gradings were utilized as seen in Table 9. Three of the
gradings correspond to State of California specifications for 1/2-:in. maximum gize
agpregate and represent the extreme fine grading, the extreme coarse grading, and the
middle of the medium grading, A grading corresponding to that specified in the British
Standard 594 specification was also utilized. These four gradations are shown in Fig, 23
while other characteristics of the aggregates are summarized in Table 12.

Specimens for the laboratory fatigue testing were prepared by kneading compaction:.
Details of the preparation procedure have been reported elsewhere (3). Table 13 con~
tains a summary of the asphalt contents used in the mixtures and also contains a sum-~
mary of asphalt contents which would be gelected for these mixtures based on State of
California requirements for a Type B aggregate (35).

Table 14 presents a summary of the air void content data for each of the test series

o}
and Table 15 contains a summary of controlled-stress fatigue tests performed at 68" F.

Influence of Air Void Confent

The influence of void content on fatigue response has been emphasized by Saal and
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Pell (36) and in earlier reports related to this project (e. g. (15).

Fig. 24 illustrates the influence of air void content on fatigue life at 68°F at a stress
level of 150 psi for mixes with the granite aggregate and gradings conforming to the
B.S. 594, California fine, and California coarse requirements. As with earlier test
data, these results emphasize the importance of proper compaction in order to obtain
good performance characteristics.

Results of linear regression analyses (fatigue life as the dependent variable) are
superimposed on the data in Fig. 24. The regression lines, which have been plotted to-:
gether in Fig, 24, indicate that a smaller change in void content is required to change
the fatigue life by a specific amount for the California graded mixes (4 to 6 percent in-
crease in air voids to reduce the fatigue life by one order of magnitude) than is required
for the British Standard mix (10 percent increase to reduce fatigue life by one order of
magnitude),

These data suggest that the structure of the voids (i.e., size, shape, degree of inter-:
connection) as well ag their absolute volume is of importance. For example, for mixes
with the same absolute volume of voids, the size of the void may be important in that the
presence of a very large void will produce a greater reduction in the load carrying solid
cross section than several smaller voids which are likely to be scattered throughout the
specimen, In addition, from a consideration of stress concentrations due to voids (37),
the more elongated the void, the greater the stress concentration at the edge of the void.

The difference in fatigue life noted between the British and California graded mixes
may thus in part be due to the size and shape of the voids in the two types of mixes since

visual examination indicated that the Pritish mix contained smaller size voids than the

State of California fine and coarse mixes.

Influence of Mixture Stiffness

Stiffness as used herein is the relationship between stress and strain measured during

the conduct of the flexural fatigue test and is dependent both on time of loading and
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temperature, In addition, stiffness is dependent upon air void content, aggregate grading,
aggregate type, asphalt type and amount, and the stress level at which it is measured.

As has been indicated earlier, stiffness affects the fatigue response of mixtures in
the controlled-stress mode of loading; accordingly it is desirable to assess the effects
of stiffness on fatigue life.

Data presented by Deacon (38) and Bazin and Saunier (34) indicate that stiffness is re:
duced with an increase in air void content, Fig. 26 illustrates such frends for the mixes
whose fatigue life vs. void content data were presented in Fig. 24. Regression lines
through the data show an increase in stiffness with reduction in air void content. Con-:

sidering the change in void content required to change the fatigue life by one order of

magnitude results in changes in stiffness as follows for the three mixes:

Change in Void Content to Change
Change Fatigue Life in
Mix By One Order of Magnitude Stiffness
British Standard 10% 375,000 psi
California Fine ~ 4% 130, 000
California Coarse 6% 130,000

Thus part of the increase in fatigue life in the controlled-stress mode of loading due to

decrease in air void content is due to the increase in stiffness resulting from this re-

duction,

To investigate the influence of stiffness on fatigue life, data from five mixes contain-
ing granite aggregate and with the same asphalt content (6 percent) were analyzed. Air
void contents ranged from 4 to 6 percent (Table 14) with an average value of about 5.5
percent, The data for all mixes were grouped together at each of the stress levels
utilized in the test program and linear regression lines were obtained for stiffness vs.

fatigue life (fatigue life as the dependent variable). Fig. 27 fllustrates the resulting

relationships each of which had the following statistics:
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Stress Level, Correlation Standard Error
psi Coefficient of Egtimate
150 . 952 . 167
100 .916 . 227
75 . 746 290

By interpolation from Fig. 27, stress ve. fatigue life relationships were obtained
for a range in stiffness of 150,000 psi to 700,000 psi and are ghown in Fig. 28. I this
figure it will be noted that as the stiffness increases, the fatigue life at a particular
stress level increases, and that slope of the line also changes (in this case from 2. 2 to
3. 8* for the range of stiffness examined),

Strain vs, fatigue life relationships can also be obtained from the data presented in

Fig. 27 utilizing the transformation;

€m]-x =Umix/smixoon--oon--olo-oloqno(lz)
where:
€mix mixture strain — in, per in,
Ornix apptied stress — psi
Smix = mixture stiffness — psi

Results of such an analysis are presented in Fig, 29 for stiffnesses ranging from
200, 000 to 500,000 psi. For this range in stiffness the data appear to be represented
by a single relationship.

If a wider range in stiffness is considered, a single line will probably no longer rep-
resent the relation between strain and load applications. Such a point has been already
illustrated in Fig. 22 and discussed in the previous section.

The mixes whose data have been presented in Figs. 27 and 29 also permit such an
analysis to be at least partially developed; such resulis are presented in Fig. 30, While

the shape of the curves shown in Fig. 30 ave not precisely the same as those shown

*The slope is represented by the coefficient n of equation (5).
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schematically in Fig, 22, the slope of the strain vs. cycles to failure relationship does
change with change in stiffness as hypothesized in the figure. It is interesting to note
on this plot (Fig. 30) that the differences in fatigue lives due to stiffness differences are
not as large as indicated on the stress vs. fatigue life plot of Fig. 28.

Fig, 27 can also be used to ascertain the variation in fatigue life due to changes in
mixture stiffness independent of large variations in air void content.

As shown previously the fatigue life of the California fine graded mix is increased an
order of magnitude at a stress level of 150 psi by decreasing the air voids by approxi-‘
mately 4 percent, (Fig., 24). Assuming that the air void content is reduced from 8 per-:
cent to 4 percent, one would expect an increase in stiffness from 180,000 psi to 310,000
psi for the tests performed at 150 psi, (Fig. 26). This change in stiffness increases
the fatigue life from 840 to 5,300 applications which is less than one order of magnitude.
Correspondingly, the fatigue life of the State of California coarse graded mix will in-:
crease less than an order of magnitude for variation in air void content from 8.5 to
3,0 percent, Thus the change in fatigue life due to variations in air void content cannot
wholly be explained by the change in stiffuess produced by the same air void variation,

Increased air void content tends to reduce the load carrying cross section of the speci-

men and to create additional locations for the formation of stress concentrations as noted

earlier, thus contributing to a reduction in stiffness and fatigue life. These data rein-

force those presented in TE 66-6 emphasizing the importance of proper field compaction !

nfluence of Asphalt Content

To investigate the effect of asphalt content on fatigue behavior, a basalt aggregate
from two different manufacturers but the same geological formation was graded t_o
meet the California 1/2-in, maximum medium specification and mixed with a 60-70 pene~
tration asphalt cement, Asphalt contents varied from 5.3 to 8.7 percent by dry weight

of aggregate. Tests were performed at a stress level of 150 psi. Average values
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of stiffness, strain, air voids, and fatigue life for the various asphalt contents are
shown in Table 16,

Results of these tests suggest that a maximum fatigue life at a stress level of 150 psi
will occur at an asphalt content of 6.7 percent (Fig. 31%, Fig. 32 indicates that maxi-
mum fatigue life occurs at the asphalt content resulting in the highest stiffness. Thus,
as previously suggested by Pell (39) and Jimenez (40), a peak asphalt content exists for
optimum fatigue life; and as shown in Fig. 32, this peak asphalt content also produces
the mixture with the highest stiffness, It is interesting to note that the location in terms
of asphalt content cannot be predicted from use of the nomograph developed by Heukelom
and Klorap (26), since the nomograph will give values of decreasing stiffness with in-:
creasing asphalt content (Fig. 33).

As shown above, the optimum asphalt content based on fatigue behavior would be
selected at 6,7 percent; however, as seen in Table 13, this is about 0. 8 percent above
the asphalt content that would be selected on the basis of stability requirements.

As noted in Table 15, fatigue tests at two different asphalt contents have been per-
formed on the medium graded granite aggregate. Tests at an asphalt content of 5.2 per-:
cent (representative of an asphalt content based on stability requirements) result in an
average fatigue life of 19,925 repetitions at a stress level of 75 psi; while the results
in the mix with 6. 0 percent asphalt show an average fatigue life of 73,310 at the same
stress level., These two sets of results emphasize that the optimum asphalt content
pased on stability requirements for this rough textured aggregate is lower than that re:
quired for best fatigue results.

Tnereased use of thick sections of asphalt concrete in pavements will allow for the

selection of the asphalt content to be based on two criteria. The upper portion of the

*7t should be noted that only the mean values of the data presented in Table 15 have been
plotted in Fig, 31.
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asphalt section may be based on stability requirements whereas the remaining portion
of the section may be designed for asphalt contents which result in optimum fatigue
behavior (2). Thus it will become important to perform fatigue tests which identify the
peak asphalt content necessary for optimum fatigue response for a certain mix. I will
then be necessary to describe a mixture strain vs. fatigue life relationship for a mix of
the chosen asphalt content so that damage due to fatigue may be precluded.

The above test series used to study the effect of asphalt content on fatigue life also
fllustrates the steps required to select an asphalt content to optimize fatigue response,
These test results together with relationships developed by Pell (39) may be used to
develop the necegsary mixture strain vs. fatigue life relationship which is a necessary
part of this design procedure.

Pell has suggested that the influence of a variation in asphalt content may be taken

into account by using the foliowing expressions;
n,
Nf - K3(1/€bit) 4 s B s A & s & B 5 E e s 8 b a0 (13)

where:

K3, 1y

hit

constants
tensile strain in the bitumen, in, per in,

i

The strain in the bitumen may be obtained by using the following equation:

€_ .
mix
= ...l.l..l..'l..‘!l 14
oit ~ @B, """ (14)
v
where:
o = factor depending on amount of filler or voids present
in the mix, or both
B, = 1-C; volume concentration of bitumen
v volume concentration of aggregate

Thus assuming @ = 1 and using appropriate values of Bv for the various asphalt

contents, the bitumen sirain may be calculated from the measured mixture strain.
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Computed values of bitumen strain have been plotted vs, fatigue life and the results are
shown on Fig, 34 together with the mean regression line (determined with the fatigue
life as the dependent variable). The resulting regression equation

N o= L6x107%1/e,0% Lo 09

is of the same form as equation (13) and may be converted into a mixture strain vs.
fatigue life eguation
1
NfzKl(l/emix) " 8 B 4 * & % % 5 8 5 & 4 & 8 B+ (16)
by the following technique for any selected asphalt content,

Substituting equation (14) into equation(13) results in the following relationship':

aBV 1
Nf=K3(_§—":_-) on---ooc---o.oc--o(]-?)
mix .

Rearranging equation (17) gives

ny

N. = "1 18
f"K3(an) € . Qoua--aoc-o-.;oo()k
mix
and thus
1 1
Nf=K1<-é—-.—) .....,'......,....(16)
mix
with
|
K1=K3(QBV) .oo----o-.-ooo-an-(lg)

As an example, an asphalt content of 6. 2 percent has been selected for the mix con-
taining the basalt aggregate; this asphalt content results in a value of B, equal to 0, 147,

Using the above techniques with o again equal to one, the following equation results
— _7 3. 08 2 0
Nf - 60 32 X 10 (1/€mix) PO B R I I ( )

Development of the above relationship has been dependent upon the assumption that
bitumen strain may be calculated from equation (14) with o equal to one, together with

the assumption that fatigue behavior may be represented as a straight line on a log-log
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plot both in terms of mixture strain and bitumen strain vs, fatigue life., If seems reason-
able to assume that both the fatigue life vs. bitumen and fatigue life vs. mixture strain
relationships are linear on a log-log plot; therefore, to check the validity of the assump-
tions necessary to calculate bitumen strain from mixture strain, an additioral series
made with the same aggregate, aggregate grading, and asphalt type with a 6, 2 percent
asphalt content was tested. As seen in Fig. 35 the resulting relationship from tests
periormed on samples with 6. 2 percent asphalt

Nf - 1.34X 10 (1/Emi}§.) a P 8 a8 8 e 4 b (21)

agrees well with equation (20) above which in turn was based on tests performed with
asphalt contents ranging from 5.3 to 8.7 percent.

Thus the above procedure appears to allow the designer to perform tests over a
range of asphalt contents so that an optimum asphalt content may be gelected to mini-
mize fatigue distress. As shown, the longest fatigue life occurs at an asphalt content
where maximum stiffness occurs. * Furthermore, these same tests may in turn be used
to predict the mixture strain vs. fatigue life relationship for any selected asphalt con-
tent. It should also be noted that the maximum stifiness while producing optimum

fatigue behavior also reduces somewhat the strain in the pavement due to wheel load (2).

Comparison of California and B, S. 594 Mix

A mix conforming to the British specifications was prepared and tested. The mix-
ture gradation and asphalt content conformed insofar as possible to that used by Pell (39)
for a test series for which extensive data were available, In this investigation a
crushed granite aggregate and a 33 pem asphalt were used for the mixes whereas Pell's
data were obtained for a mixture containing a crushed gravel and limestone filler with

a 43 pen. asphalt,

*It must be emphasized that this response is obtained in the controlled-stress mode of
loading.
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A comparison of the data is shown in Fig. 36. Individual data points appear to be
scattered among each other; however, regression lines (with fatigue life as the depen-;
dent variable) result in two distinct lines with slopes of 6. 05 and 3. 38 for the crushed
gravel (Pell) and crushed granite (Univ, of Calif,) mixes respectively.

In general, results of tests performed by Pell have shown slopes of the order of 5 or
6, while tests conducted for this study have resulted in slopes of approximately 3. 0.
Several possible reasons for this discrepancy exist and will be discussed at this time.

Pell's tests were performed utilizing a rotating cantilever loading system while tests
at the University of California made use of a four-point bending machine, Thus Pell's
specimens were subjected to reversal of extreme fiber stress and strain while speci-
mens tested with the flexural apparatus did not undergo this reversal.

Pell determined the slopes of the fatigue diagrams from the average of two linear
regressions, one regression considering fatigue life as the dependent variable while the
second regression considering fatigue life as the independent variable. Regression
lines for this study have been determined only by assuming fatigue life to be the depen-~
dent variable, Linear regression lines with fatigue life equal to the independent vari-
able resulted in flatter slopes than lines with fatigue life equal to the dependent var iable
for the rosults of all mixes included in this report. Accordingly, Pell's averaging
technique would result in a slightly flatter slope.

Pell's strain vs. fatigue life results were obtained by using the nomograph stiffness
(26) which, as he has noted, may be in error by factor of two, Thus, the slope of the
stress vs, fatigue life and strain vs. fatigue life plot will be identical for the results of
a particular mix at a single temperature. Data developed by Epps (3) show in general
that regression lines obtained from stress vs. fatigue life data result in flatter slopes;
hence, if the nomograph stiffnesses were used for these mixes to obtain the strain vs.

fatigue life relationships, the slopes for these lines would also be flatter,
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The nomograph stiffness makes no provision for stiffness to be stress dependent; how-‘
ever, measured stiffness used in the test series reported herein incorporates the depen-:
dence of mixture stiffness on stress. Pell (39) has suggested that if stiffness is consider--
ed to be a function of the applied stress intensity, the resulting strain vs. fatigue life line
will be slightly steeper for controlled-;stress tests than if the assumption was made that
stiffness has no dependency upon applied stress magnitude, Furthermore, Deacon (38)
has shown that the stress vs. fatigue life plot and the strain vs. fatigue life plot cannot
be simultaneously linear if the stiffness is dependent upon the applied stress magnitude.
However, it has been assumed that both stress vs. fatigue life and strain vs. fatigue life
plots are linear on the log-:log representation.

The role of stiffness and slope is not clear. Pell suggests that a mix tested at differ~
ent temperatures will result in a single line on the strain vs. fatigue life plot; however,
he suggests that a steeper slope may result for mixes made with soft asphalts with low
stiffness values and thus longer crack propagation times. Tests performed at different
temperatures result in specimens of varying stiffnesses being tested, As suggested
previously, tests at higher temperatures because of lower mixture stiffness may result
in fatigue lines with steeper slopes. Since the majority of Pell's tests were performed
at 10%¢ (50°F) and since the tests performed in this investigation were at a higher tem-
perature it does not seem unreasonable that a steeper slope of the fatigue diagram would
be obtained for the granite aggregate mix,

it is interesting to note that the results of Bazin and Saunier (34), which were ap-
parently regressed with fatigue life as the dependent variable, also exhibit slopes near
3. 0 for dense graded mixes made with the softer asphalt.

Using a statistical test (Table 17), the null hypothesis that the slope of the regression
lines for the studies reported herein are equal to 5 must be rejected at the significance
level of 95. Thus the slopes of the lines resulting from tests performed in this study are

not of the order of 5.0 to 6,0 as has been suggested by Pell, These differences moreover

do not appear unreasonable in the light of the discussion presented herein.
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Figs. 37 and 38 show comparisons of the fatigue relationships for the California
medium-graded granite mix made with a 40:50 penetration asphalt and the granite mix
graded according to the British requirements and tested in this laboratory. The British
mix has a mean stiffness of 570,000 psi and an average air void content of 5. 4 percent
while the Californias mix has a stiffness of 656,000 psi and an air void content of 4.7 per-
cent. However, the British mix, even with its lower stiffness and higher air void content,
provides a longer fatigue life at strain levels expected in pavements. Part of the observed
difference may be due to the lower asphalt content for the California mix. As suggested
before, however, the structure of the air voids may also be an important factor leading
to part of the difference in fatigue life observed between these two mixes.

It would appear that the British designed mix utilizing a harder asphalt and a larger
asphalt content tends to give better fatigue response than a comparable American mix,
While the effect of grading is not clearly defined; the British grading appears to produce
an air void structure which does not influence the fatigue behavior of these mixes to the
game degree as for the American dense graded mixes. These data would appear to be
substantiated by the results of field trials in South Africa (41), accordingly, it would
appear worthwhile to consider such a mix in an experimental paving project. * Because
of the high asphalt content and the fine texture which results from rolling of this type of

mixture, it should initially be considered for use as an asphalt bound base rather than

as a surface course.

*Some care may be required in placing a mix of this type in the field since it appears
to hehave differently in the compaction process than mixes of the type normally used

in California.
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SUMMARY

In this report, a subsystem of the pavement design system has been presented to con-
agider the fatigue mode of distress. The proposed procedure permits the incorporation
of realistic material properties (in the engineering sense) within the framework of multi:
layer elastic theory (at the present time) to define the potential for cracking of the pave-:
ment structure under repetitive loading. As indicated in the report, the procedure can
be used either for design purposes or for checking the adequacy of existing pavements.

Tn using the procedure for checking the Morro Bay pavement, distress which had
actually occurred was predicted, However, the time period in which cracking was esti-
mated to develop was somewhat shorter than that which actually occurred in service,
(approximately 2 years vs. some unknown time period in the range 3 to 3-‘1/2 years*),

The difference could be in part due to:

1. lack of precise truck traffic information for the pavement section;

2, the use of average conditions for the degree of saturation of the untreated
base and subbase materials rather than considering potential seasonal
variations in these characteristics;

3. the assumption that one fatigue curve is applicable for a range in temperatures
rather than considering fatigue response to be dependent on stiffness (there-

by permitting more realistic consideration of damage development associated

with crack propagation).

In spite of these limitations, the system has been shown to be responsive to actual
conditions since, as noted above, distress which was subsequently observed was pre-
dicted in advance, The strength of such a system would appear to lie in its usefulness

as a design tool since it has the potential to consider a number of factors not utilized

*This is merely an estimate since no cracking was evident at the time of the first‘ samples
in December 1965 (about 2 years from the opening of the pavement). However, it could
have cccurred at any time thereafter.
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in present day design procedures. It should also be emphasized that this type of ap-
proach has not been designed to replace existing techniques but rather to be used in
conjunction with existing procedures.

Relative to the data on mix variables, in tests of the conirolled-stress type, stiffness,
as has already been emphasized, is an important mix variable. In the light of the Morro
Bay project and from the data presented in the immediately preceding section it appears
necessary to develop fatigue data at higher termperatures (ower stiffnesses) than those
which have been utilized thus far in the project. This would appear particularly neces-
sary in order to analyze the performance of comparatively thin pavements.

The data also indicate that a worthwhile field experiment would be to congtruct an

asphalt-bound base course utilizing a mix similar to that suggested by the B. 8. 594

specifications.
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TABLE 1 — DEFLECTION SURVEY RESULTS*

Mean - Eightieth Near Sample
Location Deflection  Std, -Dev.  Percentile Loc;tion §0
in, Deflection :
STA 620-630, NBTL-IWT . 0229 . 0042
NBTL-OWT , 0268 , 0052 . 0312 Loc. 1
NBPL-LWT . 0197 . 0023 .0216 Loe. 2
NBPL-RWT . 0223 . 0032
STA 102-92, SBTL-IWT . 0156 . 0024
SBTL-OWT . 0163 . 0020
SBPL-LWT . 0160 . 0013
SBPL-RWT , 0165 . 0020 . 0181 Loc. 3
STA 715-725, NBTL-IWT . 0159 . 0009
NBTL-OWT . 0197 .0013 . 0208 Loe. 4
For all data . 0192 . 00452 . 023

*March 1964
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TABLE 2 — TRAVELING DEFLECTOMETER DEFLECTIONS
AT SAMPLE LOCATIONS**

Sample Traveling Deflectometer
Location Location Deflection,
Number in,

1 Sta. 625+00, NBTL-RWT* 0,035
2 Sta, 626+00, NBPL~-RWT 0, 030
3 Sta, 100+00, SBPL-RWT 0, 013
4 Sta. 718+00, NBTL-RW.T 0,017

Mean deflection at sample locations 0. 024

* In direction of travel.

¥*March 1964

TABLE 3 — IN SITU PHYSICAL PROPERTIES AND

STRUCTURAL SECTION*

Layer

Thickness Unit Weight
{(lb. per cu. ft)

ft

Water
Content
perceént

Dry Density
{tb, per cu. ft)

Degree of
Saturation
percent

Open-
Graded
Asphalt
Concrete

Type B
Asphalt
Concrete

Class 2
Aggregate
Base
Class 2

Aggregate
Subbase

Subgrade
Soil

0. 06

0.21

0. 67

1, 00

139.7

129.5

132.6

Not included in structural section,

10, 4 117,2

11,7 118.6

See Table 29, Report TE 66-6

78.

a3.

*December

1965
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TABLE 4 — SUMMARY OF TEST RESULTS FOR ASPHALT CONCRETE
SAMPLED NEAR MORRO BAY, CALIFORNIA IN DECEMBER, 1965

1
Location Namberol i SO Varistion
psi) percent
Tests at 68°F
1 9 345, 000 138, 000 39, 8
2 11 333,000 108, 000 32,4
3 10 341,000 105, 000 30.7
4 14 335,000 115,000 34,3
Grand Mean 44 338,000 112,000 33,1
Tests at 40°F
1 4 1,130,000 715,000 63, 2
2 14 943,000 396, 000 42.0
3 16 965,000 400, 000 41.4
4 9 1,235,000 506, 000 40.9
Grand Mean 43 1,030,000 453,000 43.9

TABLE 5 - MONTHLY AXLE LOAD DISTRIBUTION,

MORRO BAY PAVEMENT

Axle Load Group Axle Load Number per
kins kips Month

Under 3 3 245
3-7 5 4409
78 7.5 1236

8 - 12 10 258922
12 - 16 14 1344
16 - 138 17 1565
18 -~ 20 19 282
20 - 22 21 15. 0
22 - 24 23 5.4
24 = 26 25 3.6
26 - 30 28 3.8
30 - 35 32.5 0.1
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TABLE 6 — WEATHER RECORD DATA FOR MORRO BAY, CALIFORNIA

Avg. Air Daily Air Avg. Wind Solar

Month Temp. Temp. Range Velocify Ingol, * Sky Cover
Jan, 51,0 24, 6.7 269 6.1
Feb, 52.0 23. 7.2 350 5.8
Mar. 54,0 23. 8.3 482 5.6
Apr. 56. 0 22. 8,0 569 5.1
May 57,0 21, 8.3 631 4,8
June 58.0 20, 7.9 692 3.7
July 60,0 19, 6.5 681 3.0
Auvg, 60.0 19, 6.2 612 3.4
Sept. 60,0 23. 5.9 520 3.1
Qet. 59.0 26. 6.2 413 4,1
Nov. 55.0 28.5 6.6 309 5.2
Dec. 50.0 25, 6.4 251 6.1

*Langleys per day.

TABLE 7 — TRAFFIC WEIGHTED MEAN STIFFNESSES FOR
2.5 INCH ASPHALT CONCRETE LAYER AT MORRO BAY

Month Stiffness, psi
Jan. 1,053,000
Feb. 947,000
Mar. 799,000
Apr. 655,000
May 580,000
June 457,000
July 362,000
Aug. 406,000
Sept. 437,000
Oct. 577,000
Nov. 822,000
Dec. 1,094,000
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TABLE 8 — LABORATORY TEST VARIABLES AFFECTING FATIGUE BEHAVIOR*

Load Variables Speiq:;‘:iu:‘%:rn?ables En;gfalslzlgal
1, Pattern of stressing 1. Asphalt 1, Temperature
2, Stress level a, Type 2. Moisture
3, Testing Method b. Hardness 3. Alteration of material
a. Load history 2, Aggregate ﬁggg ?:;ile;edt(x:.igg
(1) Simple loading a. Type aging)
(2) Compound loading b. Gradation
b. Mode of Loading 3. Specimen
(1) Controlled-stress a, Stiffness
(2) Controlled-strain b. Air void contact
(3) Intermediate c. Asphalt content

*Adapted from Reference (38).

TABLE 9 — MIXTURE VARIABLES

Asphalt Content {by dry wt, of aggregate)
1

State of Calil., 1/2-in. Max. Gradi British Standard

Aggregate Asphalt
i Coarse Medium Tine 594
Crushed - - 310 8,7 - -
Basalt 60-70 5

- - 6. 0 - 7 . 9
Crushed ég:gg _ 6.0 - -
Granite 85100 6.0 5.2 and 6, 0 6.0 -
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TABLE 10 — PROPERTIES OF CRIGINAL ASPHALTS

Asphalt Cement Classification

Property ’ —
40=50 £0=70 85100

Penetration, dmm

100 gr. 5 sec, 77°F 83 67 92
Viscosity, cp 5 5

140°F 4,08 x 10 2.22x 10 -
Viscosity, ¢s

27507 * 375 369 238
Flash Point, PMCT, °F - - 460

TABLE 11 — RECOVERED PROPERTIES FOR ASPHALTS USED

IN LABORATORY STUDY

Agoregate Type | Gradation! Cement | 100 gr., 5 sec, 77°F| Softening Point, °F
Granite Coarse 85-100 b6 125
Granite Medium 85-100 37 127
Granite Fine 85-100 30 129
Granite Medium 60-70 35 129
Basalt Medium 60-70 32 136. 5
Granite Medium 40-50 26 132
Granite Briish  40-50 21 140
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TABLE 12 — AGGREGATE CHARACTERISTICS

Crushed | Crushed

Test Property Granite | Basalt

LA Abrasion IL.oss ~ percent o

After 100 rev, 6 -
After 500 rev. _ 24 18
Cleanness Value - percent 89 —-—
Sand Equivalent - percent -— 41
Oil Equivalent - percent _ 3.7 -

Centrifuge Kerosene Equiv-
alent - percent

(at surface area of approx.

34 s8q ft per 1b,) 4.0 o

TABLE 13 — COMPARISON OF ASPHALT CONTENTS USED IN TEST
SPECIMENS WITH THOSE ESTIMATED ACCORDING TO STATE OF
CALIFCORNIA METHOD OF MIX DESIGN

Mix Asphalt Conient — Percent (By Dry Wi, Agzregate)
; . 85-100 60-70 40-50
Designation : - q
"“Actual  Estimated Actual Estimated Actual Estimated

Granite i N __ : 6.3
British 594 - 7.9 -
Granite ‘ - _: _:
Coarse 6,0 5.5
Granite 6.0 5.9 - - - -
TFine
Granite 6.0 5,8 6.0 6.1 6.0 6.6
Medium 5.2

' - : 5.7
Basalt - - to 5.9 - -

8.7
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TABLE 14 — AIR VOID CONTENTS FOR LABORATCRY PREPARED SPECIMENS

. Asphalt Percent Air Voids
pesiguarion_Comont__ Covent [Tygoqy  Stamaerd ™ G
gﬁi‘t’ig}‘f 504 40-50 7.9 5. 38 .69 12,8
Granite, Coarse 85~100 6.0 5,71 . 59 10.3
Granite, Fine 85-100 6.0 5.71 .46 8.1
Granite, Medium 85=300 6,0 4,49 .Bb 12,2
Granite, Medium 60-70 6.0 4, 80 .43 9.1
Granite, Medium 40-50 6.0 4,73 .50 10. 6
Basgalt 60-T70 5.7 7.65 .46 6.0
Basalt 60-T70 6,2 6.72 . 62 9.3
Basalt 60-70 6.7 5,20 .34 6.6
Basalt 60-70 7.7 4,05 .26 6.5
Basalt 60-70 8.7 1. 60 .14 8.8
Granite 85-100 5.2 7.16 .73 10,4
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TABLE 17 - t TEST — TEST FOR HYPOTHESIS THAT SLOPE OF
POPULATION REGRESSION LINE HAS A VALUE OF FIVE — CALIFCORNIA
GRADED GRANITE MIXES

Accept or
Griwg | Tememation P b m t f° Rejeet Reserve
Fine 85-100 . 1357 2,952 53 15,1 2,01 X
Coarse 85-100 . 1899 2,486 23 13,2 2.08 X
Medium 85-100 .3351 2,833 19 6.48 2,11 X
Medium 60-70 2105 3. 256 27 8.28 2,06 X
Medium 40-50 .2480 4.011 23 3.9 2,08 X
a. ta/z’ n-2
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Fig. 6 — Relation between resilient modulus and suction,
San Diego road test subgrade soil.
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Fig. 7 — Relationship between modulus of resilient de-
formation and soil suction for laboratory compacted
specimens of till from Qu'Appelle Moraine, Saskatchewan,

Canada.
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Fig. 10 — Three-dimensional surface - axial strains
for various stress states in the triaxial apparatus
(asphalt concrete core H2, 70°F).

ClibPD www fastio.com


http://www.fastio.com/

/0

\
10’ N \\

o N ?
4 N N “/C‘alcu/ated Relation

1o’ \\ A

A\ N

l \
£ xpenmenraI/A\ \

Relation \‘:\ \

Stondard Deviation of Fracture Life

10*
\0\\

/0 —t—
!
|

Ll

785 985 (285 203.5 3035 507.2

885 /35 /535 )
Flaxural Stress - [bper sqin

Fig. 11 — Standard deviation of fracture life
against stress level,

ClibPD www fastio.com


http://www.fastio.com/

"$)Msad 159} andyey o071 Jo weaSoisH — gT ‘Sid

(SN'Boy) ainje; o $319K> “Boy

%S 0Zs 00§ 08y 0sY 079 0c-%

_ _ _ |

‘3AMND jRwou  pajopaad

anbo payjoows woly

4]}
a
71
9l

el

uoneAJssqo jo Aduanbalg

www fastio.com

ClibPD


http://www.fastio.com/

v Expected
165 Ibf/in?

resuits

PLOT Actual
1000 rev/min

+10°Cg

NORMAL PROBABILITY
G type specimens

*

in

relative freguency

Cumutative

999

ez as observed

x = theoretical
predicled

normal law

resuits

99 8

99-0

98

95

90

80

70

30

10

4

v

0'1I/

oo

&15 435

Fig. 13

455 475

Log cycles
— Normal probability plot of fatigue results.

ClibPD

www fastio.com



http://www.fastio.com/

30,000

20000

15,000

Modulus - p$:

10,000

Res:hient

5000

-4 4 [ & 10
Davigior Sress — ps)

Fig. 14 — Resilient modulus vs. deviator
stress — subgrade, Morro Bay.
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Fig. 15 — Resilient modulus vs. sum of principal stresses —
suhbase, Morro Bay.
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Fig. 16 — Resilient modulus vs, sum of principal stresses —

base, Morro Bay.
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Fig. 17 — Controlled-strain fatigue tests on laboratory prepared specimens — 68°F.
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Fig. 18 — Hourly traffic variation, California General
Purpose Interstate Route.
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Fig. 19 — Results of structural analysis of Morro Bay pavement showing maximum
tensile strain at the hottom of the asphalt concrete layer.
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Fig. 20 — Traffic weighted mean stiffness profiles in several months,
Morro Bay pavement,

Depth 125"

Test Hole ete. —=———
24 "l Crock depth measured from bottom /

2"

Y

Ll A

Test hole No /
Station 624 8/
NBTL RWT

e
Direction of trove/

Test hole No 2
Stotwon 824 83
NBTL RWT

e
Direction of trovel

Test hole No 3
Sration 625412
NEBTL RWT

Y -
Direction of trovel!

Test hote No 4
Staron 625414
NBTL RWT

/4 -
f Direcrion of fravel
rs

¥
7
\f Crack depth

maaosurad
from bottorn/

Fig. 21 — Crack patterns on hottom of slabs obtained in vicinity of Sta. 625+00.

ClibPD

www fastio.com


http://www.fastio.com/

(120°F) pCurve with some crack propagation, Ng~ (i)3
16° ~ re
o Curve with crack propagation at temperatures
= (70 °F) greater than those which can be conve -
S > niently tested with conventional equip-
Z 4 ment. N, ~ (£)27 1.5
_3|(=40°F) flE
< 10 ~ L />\ ™.
S ;44# | |
= /7l Repetitions associated with
i Crack initiation crack propagation
_S_) Ne ~ (_f__ )5 oré
;é » f le
kS 10 \ |
Normal range
102 10° i0* 10°  10% 107 10%  10°

100

Lo

&0

70

60

50

<40

Toto/ Percent Passing

30

hy
Q

3

Number of stress applications (log}

i

|

1 |
British Standord

594 Grading == + ‘ / —
] /] ,
/ ! / Stare of Coliforma
i

T I T v Tt lIlIIHH

‘_Gl’admgS'
Coarse
— Medrum
Fine

N

T TOTTTIT T ||l||||"

/ /:/ | 71 ;,J___
pd i

0 n
200 100 50 30 6

T T T W

Sieve Sizes
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laboratory study.

Fig. 22 — Influence of temperature (or mixture stiffness) on the strain
vs. stress applications relationship for asphalt concrete.
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Fig. 24 - The effect of voids content on fatigue life.
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Fig.29 - Initial bending strain vs. application tofailure, for mixes of different
stiffness — California graded mixes, granite aggregate, 85-100, 60-70, and
40-50 penetration asphalts, 6.0 percent asphalt.
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Fig. 30- Initial bending strain vs. application tofailure, for mixes of different
stiffness — California graded mixes, granite aggregate, 85-100, 60-70, and
40-50 penetration asphalts, 6.0 percent asphalt. N
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Fig. 36 — Comparison of individual test results of Peli's mix A andthe British
Standard 594 graded mix tested in the University of California Laboratory.
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APPENDIX A

PROGRAM INSTRUCTIONS FOR MULTILAYERED ELASTIC SYSTEM USING
THE CHEVRON FIVE-LAYER PROGRAM WITH ITERATION
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Description

The Multilayered Elastic System computer program (CHEVSL with iteration) will
determine the various component stresses and sirains in a three dimensional ideal
elastic layered system with two vertical uniform circular loads at the surface of the
system. (The computer printout, however, lists the stresses and deformations result-
ing from one of the loads,) The bottom layer of the system is semi-;infinite with all
other layers of uniform thickness, All layers extend infinitely in the horizontal direction.
The top surface of the system is free of shear and all interfaces between layers have full
continuity of siresses and displacements.

With a vertical uniform circular load, the system is axi~symmetric with the Z axis
perpendicular to the layers and extending through the center of the load. Using cylindri-
cal coordinates, any point in the system may be described by an R and Z, R is the hori-
zontal digtance out from the center of the load and Z is the depth of the point measured
vertically from the surface of the system.

The load is described by the total vertical load in pounds and the tire pressure inpsi.
The load radius is computed by the program. Each layer of the system is described by
modulus of elasticity or stress-modulus relationship (MR = K18K2), Poisson's ratio,
and thickness in inches. Each layer is numbered with the top layer as 1 and numbering

each layer consecutively downward.

Program Operating Notes

The program operates with the various given R and Z values as follows:

Trial #1, For every R value a complete set of characterizing functions is developed
for all layers, then the stresses and strains are computed at those points represented by
that R and each of the given Z values. The program then steps to the next R value and
computes the stresses and sirains at those points represented by each of the given Z

values and continues until all combinations of R and Z values are used,

ClibPD

www fastio.com


http://www.fastio.com/

A-2

Trial #2. The stresses calculated at each of these R and Z values are then used in
determining the modulus for the respective points for trial 2, The stresses and strains
for each R and Z are calculated as before. The stresses calculated from trial 2 are then
used to determine the modulus for trial 3. This process is continued until the modulus
assumed in trial n-:l is within a specified limit of that calculated in trial n. At this point,
the stress and strains for each R and Z are then printed out.

When a given Z value is directly on an interface between two layers, the program will
first compute the stresses and strains at this point using the functions for the upper of the
two layers then will recompute the stresses and strains at this same point using the funcm—
tions from the lower of the two layers. In the output of the program a negative Z value
indicates that the stresses and strains have been computed at an interface and that the

characteristics of the upper layer have been used.

Limitations
The following are limitations of the program and/or method.
1. Number of layers in the system; must be five.
2. Number of points in the system where stresses and strains are to be deter-
mined; refer to Fig. Al for exact locations for which computations are required.
3. All data are positive, no negative values.

4, Poisson's ratio must not have a value of one,

5. Number of problems (pavement structures) to be solved.

Input Cards

The notation CC refers to card columns, with the range of columns being inclusive,
All "Real” values (REAL) are punched with a decimal point as a part of the value and
all "Integf:ar” values (INTEGER) are to be punched without a decimal point and right
justified in the data field.

1, CC1-5 number of problems to be solved FORMAT (15)
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2. CC1-12

3. CCl-12

CC13-24

4. CC 1-:2
CC 3-: 10
CC1i1-16
cC 17-:24
0025:30

any combination of alphameric characters may be used to

identify the problem to be solved. FORMAT (12 A8)
total load in pounds (REAL)
tire pressure in psi (REAL)

FORMAT (2F12. 0)

number of layers in the system - must be five (INTEGER)
initially assumed modulus of elasticiry for layer 1 (REAL)
Poisson's ratio for layer 1 (REAL)

initially assumed modulus of elasticity for layer 2 (REAL)
Poisson's ratio for layer 2 (REAL)

ete. , FORMAT (12, 5(F8. 0, F6. 0))

5. The data on this card is applicable for the top layer only. The data for

the semi-infinite layer is loaded in card 6.

CCl1-10

CCl11-20

CC21-30

CC31-40

6. CC1-10

CC11-20

coefficient K, in the relationship M = K,0"2 for layer 1. I
layer 1 is linearly elastic then K, equals the modulus.

. . . _ Ko
coefficient K, in the relationship MR = Kle for layer 1. If
layer is linearly elastic, K2 = 0,
coefficient K, in the relationship MR =K, BKZ for layer 2. I
layer 2 is linearly elastic then K, equals the modulus,
coefficient K, in the relationship My = K, o¥2 for layer 2. I
layer 2 is linearly elastic then K, = 0.

etc., FORMAT (8 F10, 0)

unit weight of material in layer 1
unit weight of material in layer 2

etc., FORMAT (4F 10, 0)
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7. This card reads in the curve of resilient modulus vs. repeated vertical streas.

CC1-2 number of points in this data. (INTEGER)

CC3-8 deviator stress for the first point (REAL)

CC9-16 resilient modulus corresponding to the first point deviator stress
(REAL)

CC17-24  deviator stress for the second point

0025;32 resilient modulus corresponding to the second point deviator siress
etc. , FORMAT (i2, F6.0, 9F8, 0/(10F8. 0))

maximum of 20 points can be used.

8. CC1i-6 thickness of layer in 1 in inches (REAL)
CC7-12 thickness of layer 2 in inches (REAL)

etc. , FORMAT (4F6.0)

9. The radial distances read in on this card must correspond to those
shown on Fig., Al, (0, 1, 1-1/2, 2, 3, and 4 radii),
CC1-6 number of R values on card (INTEGER)
CCT7-12 first R value (REAL) in inches
CC13-18  19-24, 25-30 second, third, etc., R value

FORMAT (16, 11F6, 0)

10, The vertical distances read in on this card must correspond to those
shown in Fig. AL,
CCl-:G number of Z values on card (INTEGER)
CCT-;12 first Z value (REAL) in inches
CC13~-18, 19-:24, 25-:30, second, third, etc., Z value

FORMAT (16, 11F6, 0)

CARDS 2 THROUGH 10 MAY BE REPEATED FOR EACH DIFFERENT SYSTEM TO

BE SOLVED AS INDICATED ON CARD 1
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Example of input cards for one five-layer system,

1 1

2 ##%GAN DIEGO TEST ROAD--SECTION 1-~-CLASS 2 AGGREGATE BASENR¥%HEEEXKKHE%K

3 4500. 70. 0 2

4 5 140000. .40 20000. .20 20000. .20 50000. .32 20000. .40

5 140000, 0.0 3800. 0.5 3800. 0.5 50000. 0.0
6 145. 138. 138. 120.

7 3 0. ' 20000. 5.0 20000. 10.  20000.

8 3.12. 7.28 7.28 39.20

9 6 0.0 k.5 6.7 9.0 13.5 18.0

10 7 0.0 3.12 6.76 10.40 14.0k 17.68 56.88

Sample Problems

Fig. A2 shows a typical problem to be solved with the CHEVSL (with iteration) pro--
gram, As indicated, only layers two and three have relationship between stress level
to resilient modulus. For many conditions, however, it may be that the bottom four
layers will have relationships between stress level and resilient modulus.

The input data (cards 1 through 10) for a typical pavement section is shown in Table Al

and output for this problem is shown in Table A2,
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APPENDIX B

The appendix consists of three parts, each of which is the Fortran IV listing of a
computer program used to perform calculations to which reference has been made in
the body of the dissertation. These programs have been heavily annotated making use
of comment (C) statements in order to define the variable names employed and to in-
dicate the nature of the computation being carried out. The three parts of the appendix
are:

Part 1, Determination of the Traffic W eighted Mean Stifiness.
Part 2. Stress-Modulus Iteration in the Chevron Five-Layer Program.

Part 3. Fatigue Life Prediction,
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PARY 1. DETERMINATION OF TRAFFIC WEIGHTED MEAN STIFFNESS
LR e R R T R RS LR RS SRR R R LR B R

THI< PROGRAM DETERMINES THF TRAFFIC WEIGHTED MEAN STIFFNESS AT
ARBITRARILY SELFCTED DEPTHS wlTHIN AN A<PHALT CONCRETE LAYER ON A
LAY wITH GIVEN WEATHER AND TRAFFIC VARIATIONS. THE PROGRAM CONSISTS
OF THt MAIN PROGRAM AND ONL SUBROUTINC. THE FUNCTION OF THE SUBROUTINE
[S sOLtiY TO PRINT A TITLE PAGE FOQR EACH SERIES OF CALCULATIONS.

PROGRAM LIST
L R

THE FOLLOWING DATA IS READ AND STORED

MB1G - THE NUMBER OF PAVEMENTS TO BE CONSIDERED. FEACH DIFFERENT
TRAFFIC VARIATION, ASPHALT TYPE, OR SET OF MIXTURE PROPERTIES
DEFINES A SEPARATE PAVEMENT.

NRUN  — THE NUMBER OF DAYS ON WHICH THE CALCULATIONS ARE TO BE PER-
TORMEDe  SUBROUTINE FIRST 1S CALLFD ONCE FOR EACH DAY AND A NEW
TITLE PAGE PRODUCED.

TITLE - THE IDENTIFICATION OF THE PRCBLEM

LOCCAT - THE IDENTIFICATION OF THE TYPE OF TRAFFIC VARIATION BEING CON-
STCERED .

TRAVE ~ THE HOURLY VALUES OF THE DAILY TRAFFIC vARIATION AS
PER CENT OF DAILY TRAFFIC

PEN STANDARD PENETRATION TEST RESULT ON RECOVERED ASPHALT
RANDEB - RING AND BALL SOFTENING POINT COF THE RECOVERED ASPHALT

t

aNaNaNaFeaNaNaNataNaNaNaNaRANANANANANaNaNaYaNANaNaANANaANaN AN N Nalala Nale el ale!

MATN PROGRAM KASTANCHUK
NIMERSION 7L10YsTEMPI20) o TRAFFI24) s T(25) 450251 +SMIX{I25)TITLE( B1)
1 MONTH(4)Y s LOCATLE 8)
COMMON TASTRaWINDaELLsBsSSsWaCONDsCVSATRPENSRANDBSTEMPSTITLE,
1 MONTHs LOOCATSSXY
READ 208, MBIG
nO 207 MBI = 1s+MBIG
READ 278 NRUN
208 FORMAT (153
READ 7S+ (TITLECLIY » 1T = 1, 8)
READ 73 {LOCAT(E)s I = 1s8)
79 FORMATI(RALT)
READ 17 TRAFF
17 FORMAT(12F6.0/12F6.0)
READ A%,PFNsRANDRB
89 FORMATI(ZF10.0)

»
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FOR THESE VALUES OF THE ASPHALT PROPERTIESs A TEMPERATURE-
STIFFNESS RELATION CAN BE OBTAINED FROM THE HEUKELOM NOMOGRAPH AT SOME
PARTICULAR TIME-OF-_0OADINGs THE TEMPERATURE RANGE OVER WHICH THIS
DEFINITION IS DETERMINED SHOULD BE AS GREAT AS THE EXPECTED RANGE 1IN
DAILY PAVEMENT TEMPERATURES. THESE VALUES WILL BE USED LATER IN A
NUMERICAL INTERPOLATION TO OBTAIN A STIFFNESS OF THE ASPHALT AT ANY
ARBITRARY TEMPERATURE.

NVAL - THE NUMBER OF POINTS OBTAINED IN THE TEMPERATURE - STIFFNESS
RELATIONSHIP

T(I) = THE I-TH VALUE OF TEMPERATURE-DEGsF.a

S{l1) —~ THE 3ORRESPONDING I-TH VALUE OF STIFFNESS ~ KG/SQCM

BEANARANANANONANATARANANG]

READ 21sNVAL»(T{TI}s5(I)s I = 1sNVAL)}
21 FORMAT(15+5(F440sF1040) 7/ (5Xs5(F440+F10.01))

THE STIFFNESS OF THE ASPHALT CONCRETE AND THE TEMPERATURE DIST-
RIBUTION INVOLVE CALCULATIONS WHICH REQUIRE THE FOLLOWING MIXTURE
PROPERTIES.

B - ABSORPTIVITY OF THE SURFACE TO SOLAR INSOLATION
58 - SPECIFIC HEAT OF THE MIXTURE -~ BTU/DEG«FesLB

W - UNIT WEIGHT OF MIXTURE ~ LB/CUs FTes

COND THERMAL CONDUCTIVITY - BTU-FT/5Q FT+DEG FsHR

cv - VOLUME CONCENTRATION QF AGGREGATE -~ AS A DECIMAL
AIR AIR VOIDS CONTENT - AS A DECIMAL

¥

aNaNaNaaTARA RO RARANANA!

READ 321sBs5SsWsCONDSICVLAIR
321 FORMATI(AF10.01

THE DEPTHS AT WHICH THE CALCULATIONS ARE 70 BE CARRIED OUT ARE
THEN LOADED.

NZ ~ THE NUMBER OF SUCH DEPTHS
Z{KZ) - THE KZ-TH VALUE OF THE DEPTH-INCHES

2NN TARANA RS

READ 15sNZ»{Z(KZ)sKZ = 1aNZ)
15 FORMAT{15+10F6.0)
DO 207 MMM= 1,NRUN

SUBROUTINE FIRST 1S THEN CALLED TO PROVIDE A TITLE PAGE SHOWING
THIS INFORMATIONe. THIS SUBROUTINE ALSO READS THE DATA CARD CONTANING
THE WEATHER RECORDS FOR THE PARTICULAR DAY BEING CONSIDERED. ONE CARD
IS REQUIRED FOR EACH SUCH DAY,

THE DATE BEING CALCULATED

THE AVERAGE AIR TEMPERATURE - DEGaFa

THE DAILY RANGE IN AIR TEMPERATURE -~ DEGe Fe

WIND THE AVERAGE WIND VELOCITY ON THIS DAY ~ MPH

ELL THE SOLAR INSOLATION — LANGLEYS PER DAY

5KY -~ THE PROPORTION OF DAYLIGHT HOURS IN wHICH CLOUDS OBSCURETHE SUN

MONTH
TA
TR

| I

1

aNaNaNa el EaNaNANSNANA TS

CALL FIRST

|

DO 65 KZ = 1.NZ
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MY Mo aNaNala

AN ANARA!

[ANANSNANS!

97

96

98

100

49

48
47

22

26
24
25

NEPTH = Z{(KZ)/12.

THE OUTPUT PAGE AT EACH DEPTH IS APPROPRIATELY TITLED AND HEAD-
INGS PLACED,

PRINT 97 (TITLE{(I)sl = 148}
FORMAT {8A10}
PRINT 96 (MONTHI(IY}s1 = 144}

FORMAT{/ 30Xs 4A6s//)

PRINT 98y Z{KZ}

FORMAT({30XsF5414+11H INCH DEPTH //)

PRINT 100

FORMAT (15X s 4HTIME s 10X s 11HTEMPERATURE s 4X s IHSTIFFNESS /)

VALUES TO BE USED IN THE SIMULATION OF TEMPERATURES USING THE
BARBER METHOD ARE CALCULATED.

CA = CV/{1«0 + AIR - 0.03)

SMALH = 143 + Ge62 % WIND ¥%0,.75
RELL = FELL - { SKY * 0s10 % ELL}
R = 04103 * B # RELL/SMALH

eMALC = COND/(SS®K)

CAPC = (04131/SMALC)I*%0.5

AYCH = SMALH/COND

SURD = (((AYCH4+CAPC)®%#Z2 4 )+ {CAPCH%2, ) 1 ¥%(),5
FNUM = AYCH % EXP (-DEPTH*CAPC)

FOR EACH HCUR OF THE DAYs THE TEMPERATURE AT THE POINT IN QUES-
TION IS CALCULATED,

nO 50 J=l+25%

TT = J=9

OQUR=SIN {{Qe262%TT)=(DEPTH®CAPC ) =ATAN (CAPC/(CAPCH+AYCH) )
T™ = TA + R

T1FIOUR)Y 49+4B448

TV=TR*O.5

GO TC 47

TV = {(TR%#0.5})}+(3,0%R)

TEMP{J) = TM + Ty *(FNUM/SURD) # OUR

IF(TEMPIJ)eLTeT(1l) «ORs TEMP(LJ) «GTe TINVAL)Y GO TO 19

THE STIFFNESS OF THE ASPHALT AT THE CALCULATED TEMPERATURE IS
INTERPOLATED. A STRAIGHT LINE IS ASSUMED IN THE LOG STIFFNESS - TEMP-
ERATURE RELATION BETWEEN THE INPUT DATA POINTS.

DG 24 1=1sNVAL
ITF(TIII-TEMP(UJ))264+53,419
IF(T{I+1)=TEMP{J)124452,25

CONT TNUE

aLoWw = S

HIGH = S(1+1)

DIFF = T(I+1)-TH(ID

sDIFF = ALOGIO(SLOW) - ALGGIO(HIGH)
SADD = ((T(I+1)-TEMP(J))/DIFF)*SD1FF
STIFL = ALOGlO{HIGH) + SADD

ClibPD
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2NN

(AN NANA!

aNANARA]

53

52

75

104

105

106

11

STIFF = 10.0 ** STIFL
GO TO 75
STIFF
GO TO 75
STIFF

S{1})

S{I+1)
THE STIFFNESS OF THE ASPHALT CONCRETE IS COMPUTED.

ENN = 0483 % ALOG10(400000+/STIFF}
SMIX(J)=({STIFF ¥{1eO+(2e5/ENNI®R{CA/ [ 1e0-CAY) I ¥RENNI*14,22344

THE QUTPUT DATA (TIMESTEMPERATURESMIXTURE STIFFNESS) IS PRINTED.

GO TO(1924292+222+2929292429233080b 380888 0bslialsliatislis]l)s)
PRINT 104 +TEMP{J) ¢SMIX(I)
FORMAT(15XsTH12 AeMs F15,2:F15.1)
GO 10O 50

JT = J-1

PRINT 105+JTsTEMPIJYsSMIX (U}
FORMAT(156XI2:5XsF15%423F1541)

G0 TO 50

CRINT 106+ TEMP(JYsSMIX( L)
FORMAT(15XsTHIZ NOON 4 Fl5423F1541)
GO TO 50

JT = J=13

PRINT 105+ JT«TEMP{J}aSMIX(J)}

G0 TO 50

AN ERROR MESSAGE IS PRINTED AND THE CALCULATION ABANDONED IF THE
TEMPERATURE AT THE POINT IS5 OUTSIDE THE RANGE OF THE INPUT DATA.

PRINT 17
FORMAT (31H TEMPERATURE OUT OF RANGE GIVEN |}
G0 10 207
CONT INUE

THE ORDINARY AND THE TRAFFIC WEIGHTED MEANS OF BOTH TEMPERATURE
AND STIFFNESS AT THE POINT ARE CALCULATED AND PRINTED.

TRSUM = 0.0

WTSUM = 040

TSUM = 04,0

cTSUM = D&

STITT = 00

noO 11 J=1+24

HRTEM = (TEMP(J)+TEMP([J+11)/240
TRSUM = TRSUM + TRAFF(J)

TSUM = TSUM + HRTEM

WTTEM HRTEM*TRAFF ( J)

WTSUM WTSUM + WTTEM

HRSTIF = {SMIX(J)} + SMIX(J+1}1/2.0
cTSUM = 5TsUM + HRSTIF

WISTIF = HRSTIF ® TRAFF{J}

STITT = STITT + WTSTIF

CONT INUE

1 u
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30
31
32
33
66

65
207

77

78

80

82

24
85
86
a7

188

a8

G0
@1

TAVE = TSUM/24,

WTAVE = WTSUM/TRSUM

STAVE = STSUM/Z24.

WSTAVE = STITT/TRSUM

PRINT 30,TAVE

PRINT 31,WTAVE

PRINT 32.STAVE

PRINT 33,WSTAVFE

FORMATI(//7/7+15%X s 16HMEAN TEMPERATHRE +FBals6H DEGeF /7))
FORMAT{15Xs21HTRAFFIC WEIGHTED MEAN +FBal+6H DEGSF /771
FORMAT{15Xs 14HMEAN STIFFNESS sF15.0¢3HPSI 7/
FORMAT{15X+21HTRAFFIC WEIGHTED MEAN s F1540+3HPS] )
PRINT 66

FORMAT (1HI}

CONT INUE

CONTINUE

<YOP

FND

SUBROUTINE FIRST

DIMENSTON TEMP{25)sTITLE( 8)s MONTH(4)}+LOCAT(8)
COMMON TASTRsWINDSELL 9B9S5S+WsCONDsCVIAIR+PENSRANDBSTEMPSTITLE

1 MONTH, LOCATsS5KY

PRINT 77
FORMAT U ////7+15Xs50HTRAFFIC WEIGHTED MEAN TEMPERATURE AND STIFFNES
i= Fr7)

ORINT 78 «(TITLE(I)s I = 148}

FORMAT { 10X s P ZHPAVEMENT LOCATIONeswess 8ATO0s //)

DRINT 80s (LOCAT(I)y I = 1,8)

FORMAT( /510X s 1BHTRAFFIC DATA FOR  +8A10, //)

READ 205 (MONTH(TI)sI = 194)sTAsTRsWINDsELLs SKY

FORMAT (4A6+5F1040)

PRINT B2s (MONTH(I)s 1 = 1s4)

FORMAT{// 310X s22HWEATHER DATA FORessse 24A6s ///)

S5AIR = AIR %100,

PRINT 84, TA

PRINT 85, TR

PRINT 86sWIND

PRINT 87sELL

FORMAT (/515X »20HMEAN AIR TEMPERATURE 3F5.1,6H DEG.F )
FORMAT (15X 5 1 3HDTURNAL RANGE »7XsF5e1s6H DEGSF )
FORMAT (15X s 20HMEAN WIND VELOCITY  sFSelsaH MPH )
EORMAT(15Xs 18HSOLAR INSOLATION  +F7,1s21H LANGLEYS PER DAY )
PRINT 188, &KY

FORMAT(15X»s 15HMEAN SKY COVER  5XsF5e1)

PRINT 88

FORMAT(//+10Xs2 1HASPHALT CONCRETE DATA 17}
PRINT 90, PEN

PRINT 91sRANDB

FORMAT (15X s 30HRECOVERED ASPHALT PENETRATION F6e0 )
FORMAT (15X 30HRING AND BALL SOFTENING POINT F6s0s6H DEGeF )
PRINT 92+ W
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PRINT 93, SAIR
PRINT %94+ Cv
PRINT 954 COND
PRINT 964+ 58§
PRINT 97+ B
92 FORMAT(15Xs11HUNIT WEIGHT +19XsF7al912H LBS/CUFTs }
93 FORMAT(15Xs16HALIR VOID CONTENT +14XsF741
94 FORMAT(15X+25HVOLUME CONCs OF AGGREGATE +5XsFB8e2 )
35 FORMAT(15Xs20HTHERMAL CONDUCTIVITY +10XsFBe2 )
96 FORMAT{15Xs13HSPECIFIC HEAT +17XsFBa2 )
97 FORMAT(15X»19HSURFACE COEFFICIENT »11XsF8,2 )
PRINT397
397 FORMAT{1HI1)
RETURN
END
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PART 2+ STRESS-MODULUS ITERATION IN THE CHEVRON FIVE-LAYER PROGRAM
T T T T R T R T E e R R S Y

THE CHEVRON FIVE-LAYER PROGRAM WILL SOLVE FOR THE STATE Of STRESS
AT ANY POINT WITHIN THE STRUCTURAL SECTION UNDER THE ACTION OF A SINGLE
CIRCULAR LOADED AREA OF UNIFORM CONTACT PRESSURE. IN ORDER TO CARRY
OUT THE ITERATION REQUIRED TO OBTAIN COMPATIBILITY BETWEEN THE RESIL-
TENT MODULUS AND THE STRESS LEVELS CALCULATED TO ACT IN THE GRANULAR
AND FINE~-GRAINED SOILS,s SUBROUTINE LYDIA WAS ADDED TO THE PROGRAM,.

AT THE SAME TIME THE SURFACE LOAD CONDITION WAS TAKEN TO BE A
SET OF DUAL TIRES WITH THE INDIVIDUAL TIRES SEPARATED BY ONE LOAD
RADIUSs THE POINTS AT WHICH THE STRESSES ( AND THE RESULTING MODULT )
WERE CALCULATED IS SHOWN IN FIGURE 1 OF APPENDIX Ae. SINCE THIS LOAD
SYSTEM IS SYMMETRICAL ABOUT THE CENTRE-LINE OF THE DUAL TIRES, THE
ITERATION IS CARRIED OUT OVER ONLY ONE-HALF Of THE SYSTEM.

®¥xXXX MAIN ROUTINE -~ N-LAYER ELASTIC SYSTEM *¥¥%*x

THE COMMON BLOCK EFFECTS COMMUNICATION BETWEEN ALL OF THE SUB-
ROUTINES OF THE PROGRAMa
PROGRAM PSAD(INPUTsOUTPUT)
DIMENSION RR{100)YZZ(100)sE(5)aV(5) sHH{4) sHI4}sAZ{400) sAT400s5)
1 Bl400s5YsCLAQCsS ) +sD1400+5) s AJI400)+RITI400) sRIO(400)
COMMON RR4ZZsEsVaHHsHsAZsAsB»CsDsAJsRILSRID
COMMON R+ZsARsNSsNsLsITNyPyRSZ3RSTsRSRIRTRyROMSRMU,4SF
DIMENSION TITLE{12)s BRZ1100)s X(Sshad)s SC{&1s PMUAsthiel)s FM{2:2),

1 TESTI1L)
COMMON TITLEs PSIs NLINE, NOUTPs NTESTs TEST,
1 ITNG, LCs JTs TZZs PRy PA, EPs T1Ps T1IMs T1ls T2s T3s Téy

2 T5s TEs T2Ps T2Ms WAy BJls BJUDs BZs ZFs SZ1s SZ2s PMs SG1ls 5G2»
3 PHs PH2s VK2s VKP2s VK&4s VKP&4s VKK8s Xs SCs FM

COMMON EBS(6912) s VERT(6)sCONST(15)sDEV(20)+RMOD(201sIRTSIZTs1Z
COMMON FRONT{4) sPOWER{A4}sUNIT(5)sNZT2DEPTH(20) sMARKs ITERsKARL

READ 403 ,NMARK
FORMAT{I5)

NMARK - THE NUMBER OF PAVEMENT PROBLEMS TO BE SOLVED.

NO 404 NMA= 1sNMARK
ITER = O
MARK = O
[TN = 46
ITN& = TTN*4
EACH PROBLEM 1S THEN DEFINED BY THE FOLLOWING DATA.

i

READ 310s (TITLE(I)s TI=1112)
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310

U
—
—

312

405

22

406

23

FORMAT (1245}
TITLE - IDENTIFICATION OF THE PAVEMENT,

READ 311sWGTsPSTsNOUTPsKARL
FORMAT (2F 1240 112414)

WGT - THE TOTAL LOAD OGN EACH TIRE - LBS.
PSI - THE TIRE OR CONTACT PRESSURE - Ps5l,
NOUTP - ABSCLUTE OR RELATIVE OUTPUT DATA SELECTOR.
KARL -~ THE NUMBER OF LAYERS ABOVE THE SUBGRADE IN WHICH ITERATION
IS TO BE CARRIED OUT.
READ 3125 NSs (E(I)sVII)s I=14NS)
FORMAT(I245(FB8u40sF6e0))
No= NS - 1
NS - THE NUMBER CF LAYERS IN THE PAVEMENT - (MAXIMUM - FIVE}
E{I) - THE INITIALLY ASSUMED MODULUS OF THE I-TH LAYER
vil) - THE POISSONS RATIO OF THE I-TH LAYER

THE GRANULAR LAYERS ARE CHARACTERIZED BY THE EQUATION DETERMINED
FROM LABORATORY TESTS ON EACH OF THE MATERIALS RELATING THE RESILIENT
MODULUS AND THE SUM OF THE PRINCIPAL STRESSES.

READ 4054{FRONT{1)sPOWER{T)s I=14sN}
FORMAT (BF 1C«0)

FRONT(I) — THE COEFFICIENT IN THE EQUATION RELATING THE RESILIENT MOD-
ULUS AND THE SUM OF PRINCIPAL STRESSES FOR THE I-TH LAYER.

POWER(I) - THE EXPOMENT ON THE SUM OF PRINCIPAL STRESSES IN THAT
FQUATIONG

READ 224 tUNTT{TI)sl = 1sN}
FORMAT{4F 10401

UNIT(I) ~ THE UNIT WEIGHT OF THE MATERTAL IN THE I-TH LAYER.

THE CURVE OF RESILIENT MODULUS AGAINST REPEATED VERTICAL STRESS
IS5 THEN LCADED.

READ 406sJMDs {DEV{J) sRMODI(J) s J = 14JdMD)
FORMAT(12+F6s0+9F8.0/ (10F840)}

JMD - THE NUMBER OF POINTS IN THIS DATA.
DEVIJ) -~ THE J-TH VALUE OF DEVIATOR STRESS.
RMOD(J) - THE RESILIENT MODULUS CORRESPONDING TG THAT STRESS LEVEL.

JMD1 = UMD + 1

nO 22 0 = JMD1,20
DEV(J) = 0.0
RMOD(J) = 0.0
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READ 3134 (HH{I}s I=14N)
313 FORMAT (4F 6.0

HH{1} - THICKNESS OF THE I1-TH LAYER.
THE POINTS AT WHICH THE STRESSES ARE TC BE CALCULATED ARE THEN
DEFINED.
7 READ 301s IR (RR{I}sI=1s1R)
READ 301y [Z2s4ZZ201)s1=1s12)
301 FORMATI(I6411F6.0)
IR - THE NUMBER OF RADIAL DISTANCES.
RR(1) - THE I~TH VALUE OF RADIALDISTANCE IN INCHES MEASURED FORM
THE AX1S OF THE LOADED AREA.
|4 - THE NUMBER OF DEPTHS.
221 - THE 1TH VALUE OFDEPTH IN INCHES MEASURED DOWN FROM THE
SURFACE.

FOR THIS VERSION OF THE PROGRAM, THESE POINTS MUST CORRESPOND TO
THOSE SHOWN IN FIGURE 1 OF APPENDIX Ao

C********************* 963630 3 3 36 AR KK SE I I T I K NI A6 I I I 3 I I IR

c

PRINT OUT PROBLEM PARAMETERS

C****%**%************ SR R R MK KN R I W I I I 96 I B 96 36 I 36 I I A I A I

[aNANARAY S NARANANA]

AR = SQRT (0.31830987#WGT/PSI)
400 PRINT 401
401 FORMATI(1HL}

NLINE = 17+NS

NPAGE = 1
PRINT 350s {(TITLE(I)s I = 1412 )s NPAGE
350 FORMAT! J1HO s 1BHERERFHRH A ALK ARRNFE 31X 3 12A6 91X s 1 BHEHEHHERNHHKAH
2xx%%% 10Xy 7H PAGE 13 )
PRINT 351s WGTs PSIs ARs (T+E(IVsV{IVYsHH{I}sI=1sN)

351 FORMAT(1HOs 40Xs 26HTHE PROBLEM PARAMETERS ARE/
1HOs 20Xs 12HTOTAL LOADess 8Xs FlQeZs 5H LBS/
1HOs 20Xs 15HTIRE PRESSURE.es 5Xs Fl0s2s 5H PSI/
140, 20X, 13HLOAD RADIUSes+s TXs FlDe2y 5H  INs/ 1H /
{ 1M » 20X, SHLAYFRs I3, 14H HAS MODULUS s F1Du0s
18H POISSONS RATIO » F6e3s 17H AND THICKNESS s FSels
4H INe))
PRINT 354 NSs EINS)Ys VINS)
354 FORMAT {1H » 20Xs SHLAYER, I3, 14H HAS MODULUS sFl10.00
1 18H POISSONS RATIO s F6e3s 24H AND 15 SEMI-INFINITE. }

NN

0 g 36O 6 TN K IR I IR I B N I NI I ISR
SATISFY STRESS-MODULUS RELATIONSHIP FOR AGGREGATE BASE AND SUBGRADE

*******************************************************************************

THE STRESSES ARE THEN CALCULATED WITHOUT PRINTING AND THE suMm OF
PRINCIPAL STRESSES AT EACH POINT STORED IN THE COMMON BLOCK FOR USE IN
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SUBROUTINE LYDTA.

IFIMARK +GT«0) GO TO 54
PRINT S0+ {I+FRONT(I) »POWERII}sI = 14N}
50 FORMATI(/// 40X *MODULUS-STRESS RELATIONSHIPS® ///
1 (20X *MODULUS OF LAYER¥* I3, % = ¥,F10e0s*(THETA)Y® 4H *%¥ F5.,2/})
PRINT 514NS
51 FORMAT{20X *MODULUS OF LAYER * [3, # 1S5 INTERPOLATED FROM CURVE OF
1 LARORATORY RESULTS* /)
MIKE = 7 + 2%NS
NLINE = NLINE 4+ MIKE
54 CONTINUE
1F{MARK LT+ 2) GO 70 53
PRINT 352
352 FORMAT(1IHO34Xs15HS T R E 5 S E S5+28BXs 12HDISPLACEMENT 13X
113HS T R A I N S /13X962H.0......0......ID...l...Ull..............
Zennsonssssosnssdesane 3Xsl2MHavoesvassnes 33Xs34Hesssvsevsvsacsnnvns
3...............‘ /
48H Rs5Xs1HZ s 5X s SHVERT I CAL»3X s IOHTANGENTIAL s 4Xs6HRADIAL 46X
S56HSHEAR 3 BX s 4HBULK » 10X 3 BHVERTICAL » 7TX 3 6HRADTAL 34X » LOHTANGENTIAL s 64X,
6RHSHEAR /1H }
*¥¥ ADJUST LAYFR DFPTHS #x
53 H(1)=HH({1}
DO 25 I=2sN
25 H{IY=HtI-1}+HH(T)
IRT=0C
*% <TART ON A NEW R *¥
100 [RY=1IRT+1
NZT = O
IF (IRT-IR) 10541054402
105 R=RR(IRT)
NG 31 I =112
n0O 31 J=1sN

TZ = ABS (H{J)} = Z22(1)}
IF{TZ ~ +0001) 32s32s31
32 2241 = —H(J)
31 CONTINUE
PRINT 355

NLINE = NLINE+1
355 FORMAT(1H )
#% CALCULATE THE PARTITION **
CALL PARTY
#% ALCULATE THE COEFFICIENTS #%
NO 125 I=1s1TN&
P=AZ(])
107 CALL COEE (I)
109 IF (R) 11541155110
110 PR = P*R
CALL BESSEL (0sPRsY)

RJC(TY =¥
CALL BESSEL (1sPRsY)
RJI(T) = Y

11% PA=P¥AR
CALL BESSEL (15PAsY)
AJLI)=Y
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125 CONTINUE
195 1Z27=0
C %% START ON A NEW Z *¥
200 1ZT=17T+1
NZT = NZT + 1
TF{IZT-12Z} 205+205+100
205 Z=ABS (2Z(1271)
IF { NLINE -~ 54 ) 207+2064+206
206 NPAGE = NPAGE + 1
NLINE = B
PRINT 350 ({TITLE(I}a I = 1912 }s NPAGE
PRINT 352
207 ¢cONTINUE
C #% FIND THE LAYER CONTAINING 2 #*%
TZZ = 0.0
PO 210 Jl=1sN
J=N5-J}
TF{Z-H{J}) 210+215.215
210 CONTINUE

L= 1
GO TO 34
215 t=J+1
1§ (ZZUIZT) ) 33434434
33 0= J
TZ2Z = 1.0

34 CONTINUE
CALL CALCIN
IF {T22Z) 36+36+35
35 Z7Z2{I12T7T)y = =Z2(12T)
127 = 127-1
36 CONTINUE
GO TO 200
402 CALL LYDIA
IFIMARK oEQe 1 «ORs MARK «EQe 2) GO TO 400
404 CONTINUE
sYOP
FND
SUBROQUTINE CALCIN
CCALCIN #*#%#%¥%xSUBROUTINE CALCIN — N-LAYER ELASTIC SYSTEM ##xx¥xx
DIMENSTION RR{I001sZZ(100)sEL(S)eVI5)aHHIA) sHIH) 2AZ(400)+A(40045)
1 Bl400s5 ) sC{400+5)¢D{400s5)sAJI400)sRIIL400) sRIOL40OO)
COMMON RR+ZZsEsVsHHIHIAZsAsBsCsDsAJsRJILIRID
COMMON R3ZsARWNSsNsLsITNsPsRSZsRST9sRERaRTRROMsRMU 4 5F
DIMENSION TITLE{12)s BZ{100)}» X{S5sbhsh)s SC(4)y PMl4stst)y FM{Z2s2) s

1 TEST{1L)
COMMON TITLEs PSIs MLINEs NOUTPs NTESTs TEST,
1 ITNG o LCy JTs TZZs PRs PA, EPy T1Ps TIMy Tls T2+ T3s Ths

2 TS5, Tés T2Ps T2M, WA, BJ1ls BJOs BZs ZFs 5215 5224 PM, 5Gls SG2»
3 PHs PHZs VK2s VKP2s VK&4s VKP4, VKK8s Xs 5Cs FM

COMMON EBS{6512) » VERT(6) sCONST{15) s DEV{20) »RMOD{20) s IRTSIZTsI2Z
COMMON FRONT(4) sPOWER (4 sUNIT(5) yNZTsDEPTH(20) sMARKs ITER,KARL
DIMENSION Wi4)

1 W(l) = 0.34785485
W(2) = 0465214515
W{3) = Wi2)
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Wid) = W(l)
VE=20%V (L}
FL=(1las0+VIL}Y)/E(L)
v0i1=1.0-VL
(SZ=O-0
CST=040
CSR=0.0
CTREO.O
COM=0.0
CMU=0C40
NTS1 = NTEST + 1
175 = 1
JT = 0
ARP = AR
1F (NOUTPY 43445
ARP = ARP*PgSI
CONT ITNUE
PO 40 I=1-1TN
INITIALIZE THE SUR-INTEGRALS
RSZ—'—0.0
R5T=0.0
RSR=040
RTR=0,0
ROM=0 o0
RMU=CasC
COMPUTE THE SUB-INTEGRALS

K = 4%(1-1)
N0 30 J=l44

J1 = K + J

P=AZ({J1)
FP=EXP (P*2)
T1=R{J14L}*EP
T2=D(J1sL}Y/EP
TIP=T1+T72
TIM=T1-T2
TI=(A(JI 4L )+BI I ) *Z}HEP
T2={ClJ1+L)+D{JIsLIXZY/EP
T2P=P*{T14T2})
T2M=P*{T1-T2}
WA=AJCJT W)
TF (R) 20s20415
AJI=RJLILIT ) *P
RJO=RJI0(J1 ) *P
RSZ=RSZ+WAXP*BJO* (VL I*T1P-T2M)
ROM=ROM+WAXEL ¥BJO# (2, 0¥VL1I*¥T1IM-T2P)
RTR=RTR+WA*PHBILI* (VLX*T1IM+T2P}
RMU=RMU+WAXEL#BJ1#(T1P+T2M)
RSR=RSR+WAX (PHBJO* ( (1 .O+VLI®TIP+T2M)-BJLI*(T1P+T2M} /R}
RST=RST+WA* (VLA*P*BJO*¥T1P+BJI#{T1P+T2ZM} /R)
GO 70 30
SPECIAL ROUTINE FOR R = ZERO
PP=P#P
RSZ=REZ+WAXPP# (VL 1#T 1P-T2M}
ROM=ROM+WASEL®P* (2 0¥V 1¥TIM-T2P)
RST=RST+WAHPP*® [ (VL +045)*¥TIP+0.5%T2M)
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RSR=RST
30 CONTINUE

SF = (AZ[K+4) — AZ(K+111/1e47222726
CSZ=CSZ+RSZ*5SF
CS5T=CST+RST*SF
CS5R=CSR+RSR*SF
CTR=CTR+RTR*SF
COM=COM+ROM%SF
CMU=CMU+RMU*SF

RSZ = 2+0%#RSZ*AR®SF
TESTH = ABS (RSZ}-10,0%#%{-4)
IF {ITS=NTS1l ) 31:32,32
31 CONTINUE

TEST{ITS) = TESTH
1TS = [75+1
GO TO 40C

32 CONTINUE
TESTINTS1) = TESTH

PO 33 J = 1+¢NTEST
1F {TESTH-TEST(J)} 35436436
36 ~ONTINUE
TESTH = TEST(W)
36 CONTINUF
TEST(JY = TEST(J+1)
33 CONTINUE
iF (TESTH) 5045040
40 CONTINUE
JTr =1
50 ¢52=CS87*ARP
C5T=CST*ARP
CTR=CTR¥ARP
CSR=CSR#ARP
FOM=COM*ARP
cMU=CMU*ARP

R5TS = (SZ+CST+CSR
RSTN = (CSR - VILY®¥{CST+CSZY)/ELL)
TSTN = {CST - VIL)¥{CSR+CSZ))/E(LY
1F (TZ2Z) 72+72,71
71 72 = ~Z
72 CONTINUE
DEPTHINZT) = Z
FBSITIRTsNZT) = -BSTS
TF{IZT «EQe [2Z) VERT(IRT) = -CSZ

1F { MARK +LTe 2} GO TO 99
PRINT 3159R2ZsCSZsCSTsCSReCTRIBSTSsCOMaRSTN TSTN s CMU
315 FORMAT{1H 3F5elsF6belsiXsIPSE1243s3H * 2sE120393H * 43E12.3)
NLINE = NLINE + 1
16 TF (JTY) 99+994,60

&0 PRINT 316
316 FORMAT (1H+s126X+4HSLOW)
99 RETURN

FND

SUBROUTINE PART
CPART  *%*%%%%SUBROUTINE PART ~ 5-LAYER ELASTIC SYSTEM *¥xxx
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NIMENSTION RRIT100)»ZZ{100)1+E(5)sVISIsHH{&Y sHIG ) sAZT400) sAL40035) s
1 BlaN0+8 Y2 C{an0s5sD(400s5)12AJ(400)sRIIL400)+RINIL0ODY
COMMON RReZZsE sV sHHsHIAZ+sAsBsCaDsAJsRILIRID
COMMON ReZsARsMSeNel. s ITNaP+sRSZIRSTaRSRIRTRsROMWRMU 4 SF
DIMENSION TITLE{(12Ys BZI100)s X(Sebati)s SC{4Ys PMlAyfian)y FM(242)
1 TEST{(1I1)
COMMON TITLEs PSIs NLINEs NOUTP, NTESTs TEST,
1 ITN& LCy JTs TZ2Zs PRs PA, EPy T1Ps TIMy Tls T2s T3s Tao
2 TH5s THs T2Ps T2Z2Ms WA BJls BJOs BZs ZFs S7Z1s 57229 PMs 5Gle 5G2s
3 PHs PH2s VK2s VKP2s VK4s VKP4s VKKBs X SCs FM
COMMON FRS({6s12) o VERTI(E)sCONSTI1B)yDEVI20)1+RMON(20)+sIRTsIZTs12
COMMON FRONT {4 ) +POWER(4) s UUNIT(5)sNZTHDEPTH(20) sMARKs ITFRsKARL,
#% COMPUTE ZEROS OF J1(X) AND JO{X)e SET UP GAULISS COMSTANTS #+%

RZ{1) = 040
RZ{2) = 1.0
RZ{3) = 2.4048
RZ14) = 3.,8317
RZ({5) = 545201
RZI&) = Ta0156
K = [TN+1
DO 2 I=T7TsKs2
T =1/2
TD = 4,.,0%¥T — 1,0
BZ{I) = 341415927%(T - Ce«25 + 0.050661/7TD
1 ~0.0563041/7TD%*%3 4+ 0.262051/TD*%5)
DO 3 I=84,1TNs2
T = {1I-2V/2
TD = 4.0%T + 1.0
BZ(T} = 341415927%(T + 0«25 - 0.151982/7D

1 + 0.015399/TO*%¥3 = (0.2452T0/TD%%5)
Gl=0861136731

672=0433998104

7F = AR

NTEST = 2

IF {R} 8,8:92

CONT INUF

NTEST = AR/R + 0001

IF (NTEST) 64695

CONT TNUE

NTEST = R/ZAR + 40001

7F = R

CONT TNUE

NTEST = NTEST + 1

IF (NTEST-10) 8438,.7

CONTINUE

NTEST = 10

cONT I NUE

#¥ COMPUTE POINTS FOR LEGENDRE-GAUSS INTEGRATION ##

Z(i+1)/2F
= 522 -~ §11
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28
40

CCOtE

C5-MX

[4nY

PM = 5722 + 571

<Gl=5F#G1
5G2=5F*G2
AZ{KI1=PM=50G1
AZ(K+1)=PM-5G2
AZ{K+2)=PM+5G?2
AZIK+3)=PM+5G1

K = K + 4
CONTINUE
RETURN
FND
SUBROUTINE COEE (KIN)

*EX¥XXSUBROUTINE COEE = 5-LAYER ELASTIC SYSTEM *%*%#x
DIMENSTION RR{1I00)sZZ(1C0) sE(5YeVIS)sHHIA4) sH{4 ) s AZI400)sA(H40Cs5 )
B{40C+5)sC(400e5)sD{400:5)1AJ(400)1+RIT(400)sRIO (400
COMMON RR$ZZaEsValHHsH AZ s AsS T D AJIRILSRIO
COMMON RaZsARSNSsNsLsITN+sP2sRSZsRSTIRSRIRTRSROMGRMU,45F
PIMENSION TITLE(12)s RZE10CYs X{(S5sheh) s SCLaAYs PMlG4sbdsl)s FMI242) s

1 TEST(1L)

COMMON TITLZs PSIy NLINEs NOUTPs NTESTs TESTS
ITNG s LCs JTs TZZs PR PAs EPs TIPs T1Ms Tls T2 T3s Téhys

2 TSy Tbs T2Ps T2Ms WAs BJl.s
3 PHe PHZs VK2s VKP2s VK&4s VKP&4s VKKBs X» SCe FM

BJOs BZs ZFe S21s S5Z2s PMs S5Gls 5G2s

COMMON EBS(5s12) s VERT(6)sCONST(1514DEVIZ201 +RMOD(20)+IRTSIZTHI12Z

COMMON FRONT (4) 3 POWER{4)sUNITIS5)+NZTHDEPTHI 201 +MARKS ITERSKARL

NDIMENSION  SVI1(442)eCVI{2911aSV2(494)sCV21202135V3(4+8)sCV3(244)
SVG4{416) sCV4L4LI2+81T{8)sNTI4)

COMMON S5V1sCV19SV2s0V2eSV3aCW358VA4,CV4sTNT

LC = KIN

SET UL MATRIX X =DI*MI¥KI%K#M#*D

COMPUTZ THE MATRICES X(tK)
DO 10 K=1sN

TI=E(K)*{1a0+VIK+1)}/{E(K+1)#*({1a0+VIK}))

TiM=T1~-1s0

PH=P®H(K)

PH2=PH*2,0
VK2=2+0%V (K]
VKPZ2=2.0%VIK+1
VK4=2 4 0¥VK2
VKP4=24.0%VKP2
VEKB=B4ORVIK)*VI(K+1)

X{Kslal}=VK4-3,0~-T1
X{Ke2511=0C40
K{Ks3s1}=TIM*({PH2-VK4+1.0)
X(K14!1}:_2-0*T1M*P

T3=PH2#(VK2~1,0)
T4=VKKB+140-3,0%VKP2
TS=PH2*¥{VKP2-1.0)
T5=VKK8+1.0—3.0*VK2

¥{Ks1a21=(T3+T4=TIH(T5+T6))/P

X({Ks232)=T1*{VKPL=340)~1e0
X{Ky4e2)=TIM*{140-PH2Z-VKP4)
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[

11

12
13

14
1%

20

21
22

X{Ks3s4)=(T3-T4-TI*({T5~1T6))/P

T3=PHZ*¥PH-VKKB8+140
T4=PHZ* (VKZ2-VKP?2)

X{Kelsd)={T3+T4+VEP2=-T1I#(T3+T4+VK2)) /P
X(Ks3s21)= {=T3+T4~-VKP2+TLI#{T3-T4+yYK2V}/P

X{Ksle3)=TIM%{1,0~PHZ=VK4&)
X(Ko2s3¥Y=2,0%TIM*P
X(Ke343)=VK4—-3,0-T1
X{Ke%493)1=040

X(Ke204)=TIMRK(PHZ2Z=VEP4+140)
X{KsA 4 =T1*¥(VKP4~3e0)~100

K = K

CONTINUE

COMPUTE THE PRODUCY MATRICES PM
SCIN)=4aG# (VIN)—-140)

TF (N=2) 13,1111

NO 12 Kl=2sN

M=NS—-K1
SCIMI=5CIM+1 1 ¥4, OF(V(MI-140)
CONT INUE

CONT INUE

K = N

DO 15 I=1+4

PO 14 J=1s7

SVI{Tlsedt = X(KslsJ+2)
CONTINUE
CVICisll}
CVY1(2s1}
K = K1

IFIKY 50450420

~2« OXPRAH(K)Y
0.0

"o

CONT I NUE

DO 22 J=1s2

J1l = J+J

T(I) SVi(1s)

T2} SV1t2. )

T03) S5V1i3s0)

Ti4) SVil4sdd

HO 21 1=1+4

SVI{Tadl=1} = X{KsTp11¥TI1}+X{Kola21%T(2)

Y I B 1|

svz2llsdtl) = X{KaTa3 1 #T(3)4+X (KT oS )¥T(4)
CONT [NUE

TiL1Y = CV1(1.1)

T{2) = =2« 0%P¥H(K)

cv2ils1) = T{1}

CV2(1+2) = T{2)

CV20241) = TL{1}=T(2)

CV20242) = (aD

K = K-1
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30

31
32

35

40

41
042

51

1F (KY 504550430

CONTINUE

DO 34 J=144

Jl = J

TF {J1-2) 32432431
J1 = J1+2

CONT ENUE

T{1) S5V201.0)
T(2) SV2(2sJ)
T2 SV2(3+..0)
Ti4) SV2(4.0)

NO 33 I=1+%
SYB(TaJlY = XU{KsT 11 ¥TILI+X K129 ¥T12)

H o6 0ok

SVILTsdl+21 = XIKsI a3 ¥TI3)+X(Kala&)RT(4)
CONT INUE
TL1) = ~2.0#P#H{K]}

N0 395 Jz142

CY3(1sJ)y = VW21 d)
CV3(2+d) = CV2U1e}=TI(1)
CVALL1eJ+2) = CV2(2.J34+TLL)
CV3(2sJ42) = CV2(2+0)
CONTINUE

K = X-1

1F {(K) 5050440

CONTINUE

NO 42 J=1ls4

Ti{1) = SV3{l1ls+J)
Tl2) = SV3(2sJ)
T{3) = SV3{3.J)
T{4) = SV3(4,))
Ti5) = SV3llsJ+4}
TI&Y = SV3(24J+4)
T(T7Y = SV3(3s0+4)
TL8)Y = SV3(4sJ+4)

NO 41 T=1s4

e (Tad) = XIKeTal ) RTILI4+X(Kala21%T(2)
eyl ledtad NX(KsTa31%#TI31+X(Kelsa)#T{4)
aVal{l+J+8) (Ko Tall *¥T(5)+X(KsTs2)1¥T(86)
VLI Lo +12) = X{KaTIs3)RT(T7I+X{Ks1241%*T{8)
CONT INYIE

Ti1ly = =2.0%P*H{K)

N0 43 J=1l»%

cualle gy = CV3L1.)

CVAL29)) = CVR(1adY-T(1D

cvallsedri) CV3 (20471

CVa{2sJ+8) CVal(2s )

CONT INUE

HoH

H

~ONT [NUE

NT{1) = 1

nNO 51 K=2sN

NTIK) = NT{EK-1)+NT(K~1}
N0 B0 K=1asN
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Kl = NS-X

DO 52 I=144

PM{KlsTsl}

PMIKLlels2)
52 CONTINUE

LI ]

T = NT(K)
nO B0 I=1,11
12 = 1+11

GO TO (61+62+563964) K
&1 CCNTINUE

T(3) = CV1(lsI

T4y = CV1(2s1)

G0 TC 65
62 CONTINUE

Ti3) = CV2(1s1)

Tl4a) = CV2(241)

RO TC 65
63 CONTINUE

T(3) = CV3(1s1

Tl4)y = CV3(2+1)

GO TO 65
64 CONTINUE

T(3Y = CV&4&(1s1)

Ti4) = CW4l2s1)
65 CONTINUE

T{1) = 0.0

T(2) = 00

TEF {(T(314+6B.0) 67366466
66 T(1) = EXP (T{(3))
67 TF (T{4)1+6Be0) £93684968
68 TI(2) = EXP (T(4))
69 CONTINUE

NG BO J=1e2

GO TO (71372+735T4)sK
71 CONTINUE

T(3) = SViliJdeI
Ti{4) = SVI{Js12)
TI5) = SV1(J+2,1)
T(6) = SVY1(J+2,12)
G0 TO 75

T2 T(3y = SV2L1.Js1)
T4y = Sv2(Jds12)
TI8) = SV2(J+2.1)
TEG6) = SV2{U+2.12)
60 TO 75

T3 Ti3) = SV3iJsl)
T{&4) = SV3(ds12)
TI5) = SV3{J+Z.1}
TIE) = SV3LU+2+121)
A0 TO 75

T4 T(3Y = SVa{Jsl)
Tla) = SValds12)
T(5) = SVA4LJ+24T7)
TL&Y = SVA{J+2512)

75 CONTINUE

ClibPD www fastio.com


http://www.fastio.com/

80

90

91

PMIKLledsl) = PMIKLeJs2)+T{1)1*T(3)
PMIK1sJe2) = PMIKY1aJ»2)Y+T{1)¥T(4)
PMIK1sJ+221) = PM{KI s J42211+T(21%T(3)
PM{K1sJ+292) = PMIKL1 s J+Z2¢2)1+T(21%T(5)
CONTINUE

<OLVE FOR C(NS) AND DINS)

VZ2z20%V (1}

VZ21=V2-1.0

NO 90 J=1,2

FM{1sJ)=P*¥PM{ 1413 J)+V2¥PM{1425 ) +P%¥PM{ 1435 )1-V2%PM{1+44+J)
FM{29J)=PX¥PM{ 141 ) +V2I%PM{]1423 1) =P¥PM[1435J)+V21%PM(1444J)
DFAC=SCILI/{(FMUL1s1)¥FM{2+2)-FM{2+1)%FM{142)#P%P)

A{LCsNS) = 040
BILCsNS) = 040
CULCsNSY = ~FM(1+2)%DFAC
DILCaNSY = FM(1s2)%DFAC

RACKSOLVE FOR THE OTHER A3B4CsD

NO 91 Kl=1N
A(LCoKII=(PMIKI w1911 ¥CILCaNSI+PMIKL 9122V %#D(LCoNS)Y/SCIKL)
R{LCIK1II={PMIKI 3291 1 #CILIoNSI+PMIKLy242)%¥D(LCoyNSYI/SCULKDY
CILCsK1IsIPMIKL 391 #CILCeNSI+PMIKL1 392 ¥DILCINSII/SCIKLY
PDILCsK1II={PM{KI 2432 Y #C{LCsNSI+PMIKLsas2)%D{LCHNSII/ZSC{KL)
RETURN

ENMND

SURBRROUTINE BESSELINIs XIs Y

CBESSEL ##*#*¥##SUSRCUTINE BESSHEL —~ 5-1 AYER ELASTIC SYSTEM ##kéxs

DIMENSICN PZ(A)sQZ16)sPLIBYIsRI(6)YSD(20)

672{11=10

DZ(2) = ~14125FE~4
PZ(3) = 2.8710938E~7
PZl4) = ~7.43449658E-9
PZ{5) = 3.,9806841FE-11
PZ(4&) = —1e1536133E£-12
QZ(1) = -5.CE~-3

QZ2{2) = 4.68T75E-6
02(3) = ~2.325585%F-8
QZt4) = 248307087E~10
QNZ13) = —-6e3912096E-17
QZ(6) = 2.3124704F=-13
P1(1) = 1.0

PLI2Y = 1.B75E-4
P1{3) = —3.,6914063E-7
PLI4) = 247713232E-9
P1(5) = ~445114421E8-11
P1(6) = 1e2750463E-127
QIt1) = 1le5E-2

Q112} = —6.562%E—-6
0113} = 2.8423828E-8

BESSLOO6
BESSLOO4
BESSLOO7
BESSL.008
BESSL00O9
BESSLO11
BESSLO12
BESSLO13
BESSLO14
BESSLO15
BESSLOLS
BESSLO17
BESSLOLS
BESSLO19
BESSLO0OZ20
BESSLO21
BESSLOZ2
BESSLO23
BESSLOZ4
BESSLO25
BESSLO2Z6
BESSLO27
BESSLO28
BESSLO29
BESSLO30
BESSLG31
BESSLO32
BESSL.033
BESSLO34
BESSL0O35
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10

11

12
13
14

15
16
17
169

181

162

164

165
163

Q104
nles5)
n1(6)

1]

=3.2662024E~10
Te1431166E-12
~2e53270%6E~13

uon

PI = 3.1415927
P12 = 2.0%PI

N Ni
X X1
TF (X~T7«0) 104104160

o

X2=X/2.0
FAC==X2%X2

IF (N} 11s11.14
C=1-O

¥=C

DC 13 I=1+34
T=1
C=FAC*C/(TH*T)

TEST=ABS {{) —~ 10.0%#(-8)

IF (TESTY 17s17s12
¥y=Y+{

CONTINUF

r=X2

V=

N0 16 1=1,34

T=1
C=FAC®RC/{T*{T+1401)1}

TEST=ABS {C) ~ 1Q.0%# (-8}

IF (TEST) 17417415

yY=Y+C

CONT I NUE

RETURN

1F (N} 161+161+164
NO 162 1=146
Ditly = P21
DIT+10Y = QZ(1)
CONT I NUE

GO TO 163

PO 165 I=1+6
DilIy = P1(1}
NL{T+10) = Q101
CONT I NUE
CONT I NUFE

Tl = 25.0/K
T2=T1#T1

P o= D{BIXT2+DI{H)
DO 170 I=1ls4
4= 5=

p o= P*T24D(J)

BESSLO36
BESSLO37
BESSL(G38
BESSL(39
BESSLO4O
BESSLO41
BESSLO42
BESSL0O43
BES5L044
BESSLO45
BESSLO46
BESSLO4T
BESSLO48
BESSLO49
BESSLOSO
BESSLOS1
BESSL052
BESSLO53
BESSLOS4
BESSLO55
BESSLO56

BESSLO058
BESSLOS9
BESSLO6D
BESSLO61
BESSLO0O62
BESSL0O63
BESS5L0O64
BESSLO6S

BESSL067
BESSL0O6&B
BESSLO69
BESSLOT0
BESSL071
RESSLO72
BESSLOT73
BESSLO74
BESSLO75
BESSLO76
BESSLOT77Y
BESSL.0O78
BESSLQ79
BESSLO8O
BESSLOB1
BESSLO82
BESSL083
BESSLOBS
BESSLOBS
BESSLO86
BESSLO87
BESSL0OBS8
BESSL0OB9
BESSLO90
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170

171

180

189
99

61

CONTINUE BESSL091
Q = D16y *T2+D1(15) BESSL0O92
PO 171 T=1+4 BESSL093
J = 5-1 BESSL0O94
QO = Q¥TZ+D(J+10) BESSLD95
CONTINUE BESSLOGE
N = Q*T1 BESSLOS7

BESSL098
T4 = SQRT (X¥*P]) BES5L099
TS5 = S5IN (X} BESSL100
T7 = COS (X) BESSLO1

BESSL102
TF (N} 1804+180+185 BESSL1O03

BESSL104
TS = [((P-QI¥TE + (P+Q)*®TT7}/T4 BESSL10%
GO 1O 99 BESSL106
TS = {((P+Q)%TE — (P-Q)*¥T7)/T4 BEssSL107
Y = 715 BESSL108
RETURN BESSL109
FND BESSLILO

THIS SUBROUTINE CALCULATES THE MODULUS AT EACH POINT IN THE
STRUCTURAL SECTION AT WHICH THE STRESSES HAVE BEEN CALCULATED AND THEN
CHECKS THE RESULTING MODULEI FOR COMPATIBILITY WITH THOSE ASSUMED AT THE
BEGINNING OF THE CALCULATION.

SUBRCUTINE LYDIA

DIM

¢ OM
«OM
DIM

2 TS
3 PHs
COMMON EBS(62121)

ENSTON RR{1D0VZZ(100)+E(5) s WVI{B) o HH{4Y sldl4)YsAZ{400)sA L4005 ) s
Bl400 a8 s CLAO051sDI4D05 )+ AJ(400N1sRIIL400)1RIO(400)

MON RRZZsEsVaHHIH s AZ s AsBsCaDsAJSRJILIRID

MON RsZsARYNSaNsLsITNsPsRSZ4RSTHRER4RTRSROMRMU»SF

ENSICN TITLF(12)s BZ{10O0)s X(Sehshds SCl4Ys PMILsdsals FMI292),

1 TESTI(ID)
COMMON TITLE,

NLINFs NOUTPs NTESTs TESTS
TZZs PRs PAs EFs T1P,
Tes T2Ps TZMs WAs BJls BJOs BZs ZFs SZ1s 522+ PMs 5G1»
PHZs VYKZs VKP2e VKé&4s VKP&4s VKKBs Xs SCs FM

VERT(6)sCONST(15) +DEVI20) +RMOD{20) +IRTS1Z2T,12

PST s
I TN4 LCs JTs T1Ms Tis T2 T3s T4

562

COMMON FRONT (4 ) s POWER{A) sUNITIB) s NZTSDEPTHI{20) sMARK» I TERSKARL
DIMENSION TEBRS(4419)sEMOD(S5) s TVERT(4)

IF{
GQ

«EQa 2 » THE ITERATION CLOSED IN THE PREVIOUS TRIAL. SET
RETURN TO THE BEGINNING OF THE NEXT PROBLEM.

IF MARK
MARK +EQas 3 AND
MARK +EQe 2} GO TO 60
TC 61

MARK = 13
RETURN
CONT INUE

TTER =

ITER + 1

SET UP THE MAXIMUM NUMBER OF HORIZONTAL LAYERS FOR CALCULATION.

KNZT = 2 + 3 %{N - 1)

no

24 NZT = 14KNZT
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NN

SINCE

IF (DEPTH

NEGATIVE DEPTH IMPLIES BOTTOM OF THE UPPER LAYER AT AN INTERFACE.
BOTH ARE 70 BE CALCULATED THIS VALUE IS MADE POSITIVE.

(NZT) «LTe O DEPTHINZT) = ~ DEPTHINZT)

THE VERTICAL STRESS OWING TO OVERBURDEN AT EACH DEPTH IS DETER-
MINED AND THE APPROPRIATE POISSONS RATIO SELECTED.
«IGl = H(1) * UNIT(1)/1728.
sIG2 = SIGl + HHI{2) % UNIT(2)/1728.
cIG3 = S5IG2 + HH(3) * UNITI(3)/1728.
SIG4 = 5162 + HH{4) * UNITI(4)/1728.
TFIDEPTH(NZT) JLEs. H{1)) GO TO 30
IF(DEPTHINZT}) oLEe H{2)) GO TO 31
IF(DEPTHINZT) «LEs H{3)) GO 70 32
IF(DEPTHINZT} «LEs Hi{4)) GO TO 33
30 416 = DEPTHINZTY ¥ UNIT{11/71728.
VEE = V(1)
0 TO 34
31 sIG = S5I1G1 + (DEPTHINZT) ~ H(1Y} ¥ UNIT{2)/1728.
VEE = V{2)
GO 7O 34
32 816G = S5IG2 + (DEPTHINZT)Y - H{2}) * UNIT(31/1728.
VEE = VI(3)
GO TO 34
23 €16 = SIG3 + (DEPTHINZY)Y -~ H(3)) * UNIT(41/71728.
VEE = VI(4)

THE SUM OF PRINCIPAL STRESSES OWING TO OVERBURDEN AT EACH DEPTH

15 CALCULATED.

34 CONST{NZT
CONSTI(KNZ

7 = SIG 4+ 2.0 % VEE * SIG /(le0 ~ VEE)
T + 1) = 516 .
THE SUM OF PRINCIPAL STRESSES OWING TO THE TOTAL EFFECT OF EACH

WHEEL PLUS THE OVERBURDEN STRESS IS DETERMINED.

nO 15 NZT

TEBS(1sN2Z
TERS (2 4NZ
TEBS(34NZ
TEBS(44NZ

Do 13 1 =
IF(TEBSI(]
13 CONTINUE
15 ZONTINUE

= 1.KNZT
Ty = ERS(2sNZTY + EBS(GINZTI+CONSTINZT?
T) = EBS(1sNZT) + EBSU{SINZTI+CONSTINZT)
T) = EBSUZsNZT) + EBS{4sNZT)I+CONSTINZT)
TY = EBS{3.NZT) + EBS(3.NZT)+CONSTINZT)
1+4

aNZT)Y alTe Ost TEBS{T1sNZT) = Q&0

THE MODULUS CORRESPONDING TO THE SUM OF PRINCIPAL STRESSES AT
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EACH POINT IS DETERMINED FROM THE APPROPRIATE EQUATION.

NO 20 NTEBS = 1.4
JKM =}
PO 29 NZIT = 1.2
IFIPOWER(JKM) «LTs CaQl) GO 7O 100
TEBSINTERBSsNZT ) = FRONT(JKM) * TEBS{NTEBS.NZT) #** POWER{ JKM}
oG 1O 29

100 TEBSINTEBSSNZT = FRONT(JKM)

27 CONT INUF
I1F { JEKM JFEQe N}Y GO TO 20
JKM = JKM + ]
DO 16 NZT = 3,5
IF(PCWER(JKM) +LTe GCen0l) GO TO 101
TEBS(NTERSSNZT) = FRONT{JKM) * TEBS{NTEBSsNZT}) *% POWER({JKM)
GO TO 16

1C1 TEBS{NTEBSsNZT} = FRONT{JKM}

16 ¢ONTINUE
IF ( JKM «EQe N} GO TO 20
JKM = JKM + 1
NO 17 NZT = 6sR
IFIPOWFRIJEKM) oL Te 0.001) GO TO 102
TEBSI{NTEFRSsNZT)Y = FRONT(JKM) % TEBS(NTEBSsNZT) *# POWER{JKM)
GO TO 17

102 TEBSI(NTEBSsNZT Y= FRONT (JKM)

17 CONT.INUE
IF { JKM «EQe NY GO TD 20
JEM = KM + 1
DO 18 NZIT = 9411
IF{POWER(JKMY LTa 0,001 GO TO 1073
TERSINTERSN2ZT = FRONT(JKM) # TEBSINTEBSsNZT) #% POWER(JKM)
G TO 18

103 TEBSINTERSSNZT) = FrONT(JKM)

18 CONTINUE

20 CONTINUEC

THE MEAN VALUE ON EACH HORIZONTAL SECTION IS CALCULATED.

DO 21 NZT = 13KNZT

21 TEBSI{1sNZT) =(TEBS{1sNZT) + 2,0 ¥ TEBS{2+sNZT1+2.0 * TEBS(34NIT)

1 +TEBS{4aNZTIV /60

THE MEANM VA
FMCD (1) = (TEBS({1s1)
EMOD(2Y =(TFRS{1s+3)
EMOD{3) =(TEBS(1s86)
EMOD(4) =(TEBS(199)

LUE IN EACH LAYER IS DETERMINED.

+ TEBS(1+2))/2.
+ 24#TEBS{Lla4) + TEBS(145}1)1/440
+ Z2«*TEBS(1+7) + TEBS{1sB8)1/440
+ 2+*TEBS{1+10) + TEBS(1s11))/440
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THE VERTICAL STRESS ON THE SUBGRADE AT EACH LOCATION ACROSS THE
LOADED AREA OWING TO THE TOTAL EFFECT OF EACH WHEEL LOAD PLUS THE OVER-
BURDFN STRESS 1S CALCULATED.

FOR SUBGRADE SOIL

TYERT(1) = VERT{2) + VERT(6} + CONSTIKNZT + 1)
TVERT(2) = VERT{1) + VERT(5) + CONSTIKNZT + 1)}
TVERT(3) = VERT{2) + VERT(4) + CONSTIKNZIT + 1)
TVERT({4a) = VERT{(3) + VERT(3}) + CONST{KNZT + 1)

THE MODULUS AT EACH POINT IS INTERPOLATED FROM THE INPUT RESIL-
IENT MODULUS~DEVIATOR STRESS RELATIONSHIP.

no 23 NVE
no 22 JJD

les4s
1+18

Wi

1F (TVERTINVE] EQ, DEV(JJD)) TVERTINVE) = RMOD(JJD)
[F(TVERTINVE ) «GTaDEV(JJID) s AND TVERTINVE) o LT«DEVIJID+1))IGO TO 24

GO 10 23
24 pIFF = RMOD(JJD} - RMOD(JJD+1}
TOP = TVERTINVE) - DEV{(JJD]}
BOT = DEV(JJID+1) - DEV(JJD)
TVERTINVE} = RMOD{JJD) - DIFF * TOP/BOT

23 CONTINUE
THE MEAN SURBGRADE MODULUS IS CALCULATED.
FMOD (51 =(TVERT{1) + 2. ¥ TVERT(2) +2¢X¥TVERT(31+TVERT{411/640

THE MODULUS USED IN THE STRESS CALCULATION AND THE MODULUS DETER-
MINED FROM THE CALCULATED STRESSES ARE THEN PRINTED.

PRINT 524+3ITER

52 FORMAT(LH4/60Xs*¥AFTER TRIAL NOe ¥*sI44//
1 43X *MODULUS USED* 7X #MODULUS REQUIRED® //)
PRINT 539 (TsE(I}sEMODtIN T = 1sNS)

53 FORMAT(25Xs#LAYER NO#51495X3F10.0510X+F100)

CHECK CORRESPONDENCE BETWEEN MODULI
CHY SQUARED TEST

IF {(MARK « £Qe 23y GO 70O 50

cHE = 0.0
nNO 25 ICH = 2.5
25 ol = JHY + (EMODUICH) - E{ICH) 1 #%*2/E( ICH)

GO TO (201+202,203+204) +KARL
201 aTEVE = 0.5

GO TO0 2035
202 STEVE = 2071

GD TO 205
207 sTEVE = 4,61

GO TO 20%
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26

28

27

50

‘;TEVE = Ha25
IF{CHI «GTa STEVE) GO TO 28

WHEN THIS CRITERION IS5 SATISFIEDs ONE FINAL STRESS CALCULATION IS5
OBTAINED AND THE STRESS STATE PRINTED BY THE MAIN PROGRAM.

CRINT 264 ITER

“ORMAT (/730X s*MODULUS ITERATION CLOSES IN TRIAL NOs * »14//)
WARK = 2

RETURN

RO 27 IC = 255

IF THE CHI-SQUARED CRITERION IS NOT METs A NEW ASSUMED VALUE OF
MODULUS 1S COMMUNICATED BACLK TO THE BEGINNING OF THE STRESS CALCULATION
AND THE PROCESS REPEATED.

FLIC) = (E{IC) + 2.0 % EMOD(IC)) /3.0
MARK = 1

RETURN

FND
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PART 3« PREDICTION OF FATIGUE LIFE
R R e T TR E R TR TR PR R v

THE FATIGUE LIFE PREDICTION FOR A PARTICULAR PAVEMENT [S MADE ON
TAE BASIS OF THE DATA SUPPLIED FROM THE STRUCTURAL ANALYSIS OF THE
PAVEMENT, THE EXPECTED TRAFFIC, AND THE FATIGUE BEHAVIOUR GF THE
ASPHALT CONCRETE USED IN THE PAVEMENT.

A EANANANANAN S I

CROGRAM LIST
HERFERARKHAS

AN EaNARal

DIMENSION GROUP (121 sFACTOR{12,3)sAPPL{12) o XLOADI12)1sTITLE(B)
1 PROP(LIZ21BETA{12)sMONTH(12)
DIMENSION S{6)1+sE(12+634STIFF(12)

Y

PRINT 7O
7L FORMAT(1H1 441X+ ¥TRAFFIC AND AXLE LOAD DATA# /71

THE TRAFFIC DATA FOR THE PAVEMENT 1g FIRST LOADED AND ANALYZED.
THE WHEEL LOAD FACTORS ARE LOADED

VAN

DO 16 L=1s+12

READ 17sGROUPIL )« (FACTORI{ILsN)sN=1+5)
1 FORMAT{2X 9010, 3Xs0F1040)
149 CONTINUE

GROUP{L) — THE WHEEL LOAD GROUP INDENTIFICATION
FACTOR{L..NY ~ THE NUMBER OF APPLICATIONS PER MONTH OF WHEEL LOAD GROUP
Ls APPLIED BY TRUCKS OF CLASSs N.

NaNaNaNs

-

SOME INFORMATION ABOUT THE PROJECT IS THEN LOADED.

Sy s

RIAD TLls{TITLE(I)sI=1+8)
71 FORMAT(BALIC)

PRINT 72 (VITLE(IYs1I=1+8)
77 FORMAT({LIEXEALO0// /)

TITL ~ IDENTIFICATION OF THE PAVEMENT,

r

[l

NDEX s ANES «ADT
5 2F 1040

11 AZ
o

CAT T
R T

I
(I

Zn

A

INDEX ~ THE TYPE OF HIGHWAY FACILITY

URBAN FREEWAY WITH FULL ACCESS CONTROL

SUBURBAN FREEWAY WITH FULL ACCESS CONTROL

RURAL FREEWAY WITH FULL ACCESS CONTROL

RURAL MAJOR HIGHWAY

RURAL MAJOR HIGHWAYsWITH CONSIDERABLE CROSS TRAFFIC

RNy Ot e
[V L I SV
ouounoa

ANA
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2

GO TO {19253+445)sINDEX

ANES -
ADT -

P = 1500.

60 10 6

P = 1200

GO TO &

P = 1000.

GO TO &

P = B0OD.

GO TO 6

P = 600,

THE NUMBER OF LANES IN THE PROPOSED FACILITY
THE CURRENT OR ESTIMATED INITIAL AVERAGE DAILY TRAFFIC

A ROUGH ESTIMATE OF THE CAPACITY OF THE PROPOSED FACILITY IS MADE
AND THIS INFORMATION PRINTED.

CPCTY = 6431313 # P % ANES

PRINT B+ADT,INDEXsANES,LCPCTY
8 FORMAT(29X#PRESENT ADT* Fl0.0s *VEHICLES PER DAY®* //
135X *FOR HIGHWAY TYPE* 12,

* OF%* F4.0e¢ *LANESH /

35X+ #THE DESIGN CAPACITY IS% FlOu«Qe*VEHICLES PER DAY¥* //})

THE INITIAL

IS THEN LOADED.

{OR CURRENT) DAILY TRUCK TRAFFIC IN THE DESIGN LANE

READ 21 AXLZsAXL3sAXL4s AXLS5,AXLE6sATTRsGROW
21 FORMAT{T7F10.0}

AXL2 -
AXL3 -
AXL4Y -
AXLS -
AXLS -
ATTR -

GROW -

PRINT 73

THE
THE
THE
THE
THE

NUMBER
NUMBER
NUMBER
NUMBER
NUMBER

OF
oF
OF
OF
OF

TWO AXLE TRUCKS PER DAY

THREE AXLE TRUCKS PER DAY

FOUR AXLE TRUCKS PER DAY

FIVE AXLE TRUCKS PER DAY

SIX OR MORE AXLE TRUCKS PER DAY

AN ESTIMATE OF THE PER CENT INCREASE OWING TO TO ATTRACTED
TRAFFIC ON A NEW FACILITY.
AN ESTIMATE OF THE ANNUAL PER CENT INCREASE IN DAILY TRUCK

TRA

FFIC.

73 FORMAT{29Xs#PRESENT DAILY TRUCK TRAFFIC IN DESIGN LANE+* //
1 33X+ ¥TRUCK TYPE¥* 11X

14
75
16
77
78

PRINT T7a44AXLZ
PRINT 754AXL3
PRINT T76sAXL4
PRINT 77+AXLS
PRINT 78,AXL6

FORMAT (34X "2
FORMAT 34X %3
FCRMAT (34X %4
FORMAT { 34X 4 ¥5
FORMAT (27X s %6

*VEMICLES PER DAY¥ //)

AXLE®X412XsF100)
AXLE®,12XsF10+0)
AXLE®312X+F10e0)
AXLE%312XsF1060)
OR MORE AXLES*® 12XsF1l0e0s//7/)
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[aNANARA!

A NAEATS

eV alaNaRaRaRARARARANARA'

ANARANANS!

EACH OF THE CLASSIFIED DAILY TRUCK TRAFFIC FIGURES IS MULTIPLIED
BY THE APPROPRIATE wHEEL LOAD FACTOR TO OHTAIN A PREDICTION OF THE
NUMBER OF APPLICATIONS PER MONTH OF EACH OF THE WHEEL LOAD GROUPS IN
THE DESIGN LANE. ALL OF THIS INFORMATTON IS PRINTED.

ne 22 Lo 1412

APPL(LO}Y = AXLZ2#FACTOR{LCs1) + AXL3*®*FACTOR(LO»2) +

1 AXL&*FACTOR(LO»3) + AXLS*FACTOR{LOs4) + AXLHE¥FACTOR{LO5)
22 CONTINUE

t

PRINT 79

79 FORMAT(32X+#PRESENT NUMBERS OF AXLE LOADs PER MONTH# /17
PRINT BO,(GROUP (1) 4APPL(1),I=1,12)

80 FORMATI(35X+Al0,10XsF1Ce2)
PRINT B85,ATTRsGROW

85 FORMAT(/740Xs#TRAFFIC GROWTH ESTIMATES* //
1 32Xs ¥ATTRACTED TRAFFICH* +F6e0s # PER CENT INCREASE* //
2 237X, ®ANNUAL RATE OF GROWTH#* 4 F6e0s * PER CENT* / 1H1)

THE SINGLE AXLE LOAD MAGNITUDE WHICH REPRESENTS EACH AXLE LOAD
GROUP IS LOADRED.

READ 23y XLOAD
23 FORMATI(12F6.40)
THE FATIGUE DATA FOR THE ASPHALYT CONCRETE I5 THEN LOADED.

READ 24 +QUAYsENNSCONF 4 STDERSCOEFF
24 FORMATI(F104+4F1040)

QUAY ~ THE K OR COEFFICIENT IN THE FATIGUE LIFE - TENSILE STRAIN
RELATIONSHIP.

ENN — THE N OR EXPONENT IN THAT RELATICNSHIP.

CONF = THE DESIRED LEVEL OF CONFIDENCE.

STDER - THE STANDARD ERROR OF THE ESTIMATE OBTAINED IN THE REGRESSION
ANALYSIS OF THE LABORATORY FATIGUE DATA.

COEFF — THE NUMBER OF STANDARD DEVIATIONS CORRESPONDING 7O THE DESIRED

LEVEL OF CONFIDENCE .

THIS DATA 1S THEN PRINTED

PRINT B81,QUAYENNsSTDER
A1 FORMAT (45X «*FATIGUE TEST DATA¥ /// 31X+% NLIFE = *¥yF10e3s
1 136 * (1la/ET1)%#* sFBe3s/// 33X *STANDARD ERROR OF THE ESTIMA
2TE* s F10.4)
PRINT 82
A2 FORMAT( s/a5%X *FATIGUE PREDICTION® ///)

FOR FACH MONTHs THE PROPORTION OF THE AVERAGE MONTHLY TRAFFIC
APPROPRIATE TO THAT MONTHs AND THE STIFFNESS VALUE WHICH REPRESENTS THE
MONTH ARE LOADED.

no 50 M = 1417
READ 25 4MONTHIM) 4PROP{M) s STIFF { M}
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2% FORMAT(ALGs2F1040)
50 CONTINUE

THE TENSILE STRAIN — STIFFNESS RELATIONSHIP FOR EACH AXLE tOAD
MAGNITUDE TO BE CONSIDERED IS LOADFED.

ANANANS]

READ 10045
READ 100«({FtTsJdly Jmle6)aI=1-12)
100 FORMATI(6F1040}

MCOUNT = O
ATTRF = 1.0 + ATTR/100a

FOR EACH YEAR, THE ANTICIPATED TRAFFIC VOLUME IS CALCULATED USING
THE CURRENT ADTs THF ATTRACTED TRAFFIC AND GROWTH ESTIMATES. THIS
VALUE 1S CHECKED AGAINST THE CAPACITY CALCULATED EARLIER AND IF THFE
EXPFCTED ADT EXCEEDS THE CAPACITYs A MESSAGE IS PRINTED. SUBSEQUENT
CALCULATIONS WILL MAKE USF OF THFSE CAPACITY FIGURES. THE SUMMATION OF
DAMAGE 1S THEN REFGUN MONTH-BY-MONTH.

A NANANANANG NS

C 51 LT = 1,50
IFI{KAP = 1) 31,432,333

[

32 KAPLI = LT - 1
PRINT 3&4,KAPLI

34 FORMAT (40X *THE DESIGN TRAFFIC CAPACITY #/
1 40% #15 EXCEEDED IN YEAR¥ 14,/
2 40X #FURTHER CALCULATIONS WItlL WUSEx/
3 40X *THIS LEVEL OF TRAFFIC*/ 1H4)
AP = KAP + 1
GO TO 33

31 GROWF = (1.0 + GROW/100.) *%* LI
CREASE = ATTRF % GROWF

PRADT = ADT * CREASE
1F{PRADT +GTe CPITY) KAP = KAP + 1

FOR £ACH MONTH

aNaNa]

13 R0 52 MOM = 1.12
<MD AM
SUMRIG

(LI}
2> O
-
e

PO 49 ILDAD = 1412 _
XAPPL = APPL(ILOAD) * PROP(MON) * CREASE

FOR EACH AXLE LOAD GROUPs THE STRAIN LEVEL WHICH wILL BE INDUCED
IN THE ASPHALT CONCRETE LAYER IS INTERPOLATED IN THE INPUT DATA AT THE
STIFFNESS VALUE REPRFSENTING THAT MONTH.

aNaNANANA
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OEATARANARS!

N NATARATS!

NO 156 N = 1.6
TFISTIFF{MON}) «GTe S(N} «ANDe STIFF{MON} «LE, StN+1}3 O TG 116
15 CONTINUE

116 DIFF = E(ILOADsN+1} — E{ILOADNY
TOP = STIFF({MON) -~ S{N}
ROTT = S({N+1) — S{N)

TR = E(TLOADSN) + (TOP/BOTTY # DIFF
FTA = STR % 0,00n0001
THE MEAN AND SHORTEST PROBABLE LIFE AT THE 2FSIRED LEVEL OF CONF-
IDENCE ARE CALCULATED FOR THE STRAIN LEVEL FROM THE LABORATORY FATIGUF
RELATIONSHIP,

XLOG = ALOGLO(QUAY)Y + ENN #* ALOGLO(1+/ETA}

¥LOGL = X1L0G - COEFF # STDER
SLIFE = 1040 #% XLOG
SLIFL = 104G *%* XLOGL

THE CYCLE RATIO AT EACH LEVEL OF CONFIDENCE IS FORMED FRNOM THF
NUMBER OF APPLICATIONS PER MONTH OF THE AXLE {OAD GROUP AND TAE SIMPLFE
LOADING FATIGUE LIFE AT THE STRAIN LEVEL INDUCED IN THFE DAVEMFNT RY
THAT AXLE LOAD. THE CUMULATIVE DAMAGE PER MONTH 15 SUMMTL AND PRINTED.

NAMM = XAPPL/SLIFFE
RIG = XAPPL/ SLIFL
SUMDAM = SUMDAM + DAMM
cUMBIG = SUMBIG + BIG

49 CONTINUE
MCOUNT = MCOUNT + 1
COUNT = MCOUNT
YEAR = COUNT /7 12.0
TOTDAM TOTDAM + SUMDAM
TOTRIG TOTRIG + SUMRIG

mw

PRINT 83, MONTH{MON) s SUMDAM,SUMBIG
83 FORMATI(3CXALINe2ET124)

THE TOTAL CUMULATIVE DAMAGE 1S5 CHECKED AFTER FACH MO1I/H TO DETER-
MINE IF THE SUM EXCEEDS ONE (FATIGUE LIFE EXHAUSTED). 1F 50 THE CAL-
CULATION AT THAT LEVEL OF (ONFIDENCE 15 HALTED AND A MESSAGE PRINTED.
THE PREDICTION 15 COMPLETE WHEN THE FATIGUE LIFF HAS BEEN PREDICTEDR AT
BOTH LEVELS OF CONFIDENCE.
IF{TOTBIG » GE & 101 GO TO 30
0 70 52
A0 IF {IQUIT « LT o 5) PRINT 87+{TITLE(I}21=1+8)sCONFsYFAR
87 FORMAT(IH&/15%X+8A10s/7/7/ 30X *AT A CONFIDENCE LEVEL CF #.F%,0,
1# PER CENT*/ 30X #THE SHORTEST PROBABLE FATIGUE LIFE JS* 4 Fbals
7 ®YEARS® //)
TQUIT = TQUIT + %
TF (TOTDAM & GE & 1e0) GO 70 88
GO TO 52

88 PRIMY 89,YEAR
86 FORMAT(30X, * THE MEAN FATIGUE LIFE IS * F6sls *YEARSK)
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52

30

92

93

51

21

sTOP

CONTINUE
PRINT 290G
FORMAT ( 1H4)

AT THE END OF THE CALCULATIONS PERTAINING TC -0 FIRST YEARs AN
ESTIMATE 1% MADE OF THE SHORTEST FATIGUE LIFE WHICH J1LL RESULT FROM
THE DETAILED CALCULATIONSs IF THIS 1S EXCESSIVEs Tnf TALCULATION IS5
STOPPED AND A MESSAGE INDICATING THAT THE PAVEMENT - CVERDISIGNED
IS PRINTED.

IF{LT «GTe 1) GO TO 51

FSHORT = 1./TOTBIG

PRINT 92.CONFsESHORT

FORMAT(29Xs *PRELIMINARY ESTIMATE BASED ON TRAFFIC IN FIRST YEAR#

1 /736X %*AT A CONFIDENCE LEVEL OF ¥ ,F5.0s * PER CENTH*/
2 30X *THF SHORTEST PROBABLE FATIGUE LIFE IS5 ¥4G11a3s% YEARS®//)

TF{ESHORT 4LTs 35a4) GO TO 51

PRINT 23

FORMAT( 35X % THE PAVEMENT 15 OVERDESIGNED+®
sTOP

CONT INUE

PRINT 91

FORMATIL 30X, #THF FATIGUE LIFE EXCEEDS 50 YFARS*®}
e"oP

FND
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