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Final Report - Phase I
STRUCTURAL DESIGN OF ASPHALT PAVEMENTS (ARIZONA)

INTRODUCTION

This report is concerned with the development of a pavement design
procedure based on repeated stresses and strains. The procedure is in-
tended for use by The Arizona Highway Department for asphalt pavements
and as sucﬁ it will contain a certain amount of empiricism unique to
the state. Inasmuch as this is a preliminary (progress) report, much
bibliographical material reviewed will not be discussed at this time;
and, further, some design assumptions have been made with a minimum of
written justification. The objective of the study is to yield a viable
and tenable pavement design procedure. Presently, we believe that such

a procedure must incorporate the use of elastic theory.



DESIGN PROCEDURES BASED ON ELASTIC THEORY

The review of American publications concerned with asphalt pave-
ment design indicated three methods based directly on elastic theory.
These procedures known as the Texas, Kansas, and Shell are described

briefly in the following paragraph.

Texas |

The details of this method were published in 1955 by the Highway‘
Reséarch Board (1)*. The design is based on preventién of overstress
iﬁ the pavement system. The solution for stress was based on
Boussinesq's (2) equations; however the shear stress at a point was
reduced by a factor to account for differences in modulus of elasticity
in a 1ayered pavement system. Wheel Toads of 24,000 and 10,000 1b.
with 100 psi inflation were used to calculate stresses for different
points at depths ranging from 1 inch to 28 inches. Mohr circles were
drawn for stresses at each elevation and shear stress envelopes were
drawn. Texas classified its soils on the basis of the soil's Mohr
envelope for limiting shear strength. A comparison between the two
envelopes of stress versus streﬁgth solved the pavement design problem
of estabiishing the kind (strength) and depth of cover of soil required
for each layer to prevent overstressing. Mathematical theory was used
to establish the kind and amount of soils for other wheel loads. A

somewhat complex procedure was used for preparing and testing soils for

* . - .
_ The numbers in parentheses correspond to the references Tisted
.at the end of the report.
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P classification (2). The design wheel load was obtained by averaging
the 10 heaviest wheels anticipated on the roadway. Regional or environ-
mentai effects were accounted for by the method of specimen preparation

and testing.

Kansas
b The Kansas procedure utilized mathematical theofy in that the

design was based on limiting deflections of the pavement (3, 4). The
thickness of pavement was proportional to the depth at which there was

a specified vertical displacement under a standard load. This depth

was calculated from a Boussinesq condition with the following equation:

b _ 3p \2 i 2 e ]
| Z.'.T‘%MS) -

is the depth at which displacement S, occurs, in.

where:
is the load of a single wheel, 1b.

is the allowablie deflections, in.

m v ' N

is the soil's modulus of elasticity, psi, and

a is the radius of the circular loaded areas, in.

The basic equation was modified to consider adjustments in pavement
thickness caused by (a) different traffic conditions, (b) variations
in E of the subgrade soil caused by moisture, and (c) paving materials

placed over the subgrade. The new equation took the form as follows.
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where the new terms are:

m is a coefficient varying from 1/2 to 2 depending on traffic
volume given in AADT

n is a coefficient varying from 1/2 to 1 depending on rainfall
to adjust for the possibility that the subgrade will not
be saturated

E_ is the modulus of elasticity of the pavement or surface

P course.
The term 3 E/Ep is an equiva]ency factor to convert depth of
subgrade soil to thickness of pavement. In this approach, it was ap-
parently assumed that all of the surface deflection resulted from
compression of the subgrade only, that is, the pavement layer(s) was
iﬁcompressib1e.

Kansas has set the allowable deflection, S, to be 0.10 inch and
suggests a value for Ep equal to 15,000 psi. The value of 0.10 inch
for S has been considered to be excessive since performance studies
have indicated that the limiting pavement surface deflection should
be in the neighborhood of 0.04 inch and also that apbroximate]y
30 percent of the surface deflection is due to compression of the

pavement layers (5).

Shell.

Whereas the Texas and Kansas methods of pavement design are based

on the stress distribution in a homogeneous materiai, the Shell




procedure is based on Burmister's equations for the stresses in a layered
system. Although Burmister's equations were presented in 1943 (6), ex-
tensive solutions to practical and general conditions did not become
available until the 1960's when electronic computers made this possible
(7, 8 and 9).

Dormon and Metcalf (10) describe a development for flexible pave-
ment design curves. The design procedure is based on the capability
of the pavement system to resist repeated tensile strains at the under-
side of the bituminous surface and also repeated vertical compressive
strains at the top of the subgrade. Traffic lToadings are converted to
an equivalent 9,000 Tb. wheel with an 80 psi contact pressure. With
this design wheel, the subgrade strain is computed at a point directly
under the center of-a_circu1ar load area of radius equal to 6 in.; the
tensile strain df the surfacing is found assuming the load contact area
to have é radius of 4.2 in.

Design charts have been developed for determining various thickness
combinations of surface course and base course which will withstand the
accumulated distress due to tensile strain at the surface and compressive
strain at the subgrade. A chart was developed for each value of subgrade
moduius (E3) selected and for each it appears that E.l and E2 are hé]d
constant. Additionally, it was assumed that a linear logarithmic
relationship existed between strain and number of load repetitions to
cause failure. -

The general basis or criteria of the Shell procedure will be used

but modified in the development of the design procedure to be discussed.



CONCEPTS FOR PROPOSED DESIGN PROCEDURE

The reader is cautioned that several conditions to the design
problem are assumed for the sake of practicality and/or because of
ignorance at this time as to real effects of specific design factors.
Now it is generally agreed that a pavement design procedure must in-
clude three basic factors, (a) the stresses that will be imposed on
the pavement, (b) the strength or stress-resiétance characteristics of
the.pavement layers, and (c) the effects of the environment on the
stfess distributing and resisting characteristics of the pavement.
Basic to the design procedure must be knowledge as to the form and
definition of failure of the pavement. Recognizing and acknowledging
the efforts of others and assuming that certain minimum requirements
will be specified for the manufactured layers (surface and base), the
proposed design will have criteria of limiting numbers for (a) tensile
stresses at the surface course and (b) vertical compressive strains at
the subgrade. The tensile stress consideration is to control surface
cracking and the compressive strain limitation is to guard against
settling. It is expected that at the end of the design period, the

pavement system will still be serviceable but in need of rehabilitation.

Kheel Loads and Effects

It is evident that the design procedure is greatly dependent on
the number. and effects cof wheel lcads. The effects of concern are
those related to the tensile stress at the bottom of the surface

course and also the strain at the top of the subgrade. It is believed

-
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necessary to account directly for every type of wheel load with refer-
ence to its effects on the design criteria. The use of wheel-load
equivalency is not necessary nor perhaps justified (20) in a procedure
relying on calculated stresses and strains. As a consequence, a classi-

fjcation of vehicles was set and defined as follows:

(a) Passenger

vehicle with one rear axle having two tires
each with 1,400 1b. at 28 psi inflation

pressure.

(b) 2p - a pick-up with one rear axle having two tires
each with 1,600 1b. at 32 psi inflation
pressure.

(c) 2s - a delivery truck with one rear axle having

two tires each with 1,800 1b. at 45 psi
inflation pressure.

(d) SA - a truck with one rear axle having 2 pairs of
tires, each tire with 4,500 1b. at 80 psi
inflation pressure and a center to center
spacing of 13 in. This corresponds to the
regular "single-axled" truck with duals and
generally limited to an axle load of 18,000 1b.

(e) TA - a truck or bus with two SA configurations
spaced 48 in. apart. This arrangement is similar
to the "tandem-axled" truck except that it
could be considered to be overloaded since it
carries 36,000 1b. instead of 32,000 Tb.

() Others a truck or combination of SA and TA.

Figure 1 shows the standard highway vehicle classification and also the
one described above.

It would seem that certain wheel axle units have been loaded too
heavily, for example, the Passenger and TA, but for the time being these

values will be .kept for computational illustrations.
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In the calculations for stresses and strains in the pavement
system, it is apparent that maximum values will occur directly under
the center of a tire for a two-tire axle. However, for SA and TA
classifications that is not apparent and the locations for maximum
values of stress and strain must be established. Since the distri-
bution of wheel load to the subgrade is affected by the stiffness
(dependent on thickness and material property) of the pavement layers,
computations for locating the maximum stresses and strains were made -
for various pavement systems. These systems were chosen to include a
range of thickness and also stiffness of pavement layers. Stresses
and strains at various points within thé pavement systems were calculated
using the Chevron program (8). The stresses and strains examined were
the radial tensile stresses at the first interface and the vertical
sfrains at the second interface (top of subgrade) for the following

conditions:

1. Loading

(a) SA, single axle with duals of 4,500 1b. at 80 psi
and spacing of 13 in. center to center

(b) TA, tandem axles 48 in. apart with duals as in SA

2. Pavement (modulus values in .psi)
(a) E1=200,000; E2=20,000; E3=10,000; H1=3"; H2= 6"
(b) E1=200,000; E2= 8,000; E3= 2,000; Hl1=6"; H2=18"
(c) E1=100,000; E2=20,000; E3= 5,000; H1=3"; H2= 6"
(d) Ei=100,000; E2=20,000; E3= 5,000; HT=6"; H2=18"
A sketch of the loading by a TA is shown in Figure 2. The values for

modulus of elasticity (E) and Poisson's ratio (u) were assumed following

a review of the literature (see Appendix A).
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4500 1b. @ 80 psi
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FIGURE 2.

Loading of TA Vehicle on a 3-Layered Pavement System.
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Stress and strain contours for the TA loadings are shown in
Figures 3, 4, 5 and 6. Plots such as these help in analyzing the
influence of load and pavement variables on the value and Tocation of
maximum stresses and strains. Examination of the data obtained from
the computations indicated that the locations for maximum radial stress

and vertical strain on their respective interface were as follows:

(a) The maximum radial stress is directly under a wheel center

(b) The maximum vertical strain is midway between the two-
wheel center

(a) The maximum radial stress is directly under a wheel center
(b) The maximum vertical strain is midway between two-wheel
- centers of an axle most of the time but one should examine
the strain under a wheel center (Figures 5a and 6a)
Additionally it was noted that the maximum SA stress was greater than
that for the TA; however, the TA stress is applied twice for each pas-
sage. The value of the center-of-a-wheel tensile radial stress for a
TA is affected by axle spacing since the wheels from the other axle
would be contributing compressive stresses at that point. Figures 5a
and 6a show that below the center of the loads, the verticail subgrade
strain is positive; this simply means that the Poisson effect of the
horizontal compressive stressas overcame the compressive strain of the
vertical compressive stress.

The choice of selecting subgrade strain over subgrade or surface

~deflection for investigation was made on the desire te use material
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properties rather than layer chéracteristics. A comparison between
subgrade vertical strains with surface deflections indicated a linear
relationship but the comparison with subgrade deflection was a curvi-
linear one. This first relationship is of interest since then the
vertical subgrade strains (a design criterion) can be compared from
pavement surface deflections.

From the above, it becomes evident that the locations for maximum
tensile radial stress and maximum vertical compressive strain are
directly under (a) the center of a wheel or (b) midway between dual
wheel of an axie. These locations will be identified as WC for the

first location and AC for the second.

Material Characteristics

In order to calculate stresses and strains in a 3 layered system

Poisson's ratio and modulus of elasticity for each layer must be known.

A review of published data indicated that Poisson's ratio for a subgrade,
base, and asphaltic concrete surface could be estimated to be equal to
0.50, 0.45, and 0.35 respectively. For this preliminary report and to
demonstrate the proposed design procedure the modulus of elasticity of
the surface coarse and base will be fixed. The modulus for the asphaltic
concrete for an average temperature of 75°F will be set at 200,000 psis;
this value has been obtained from dynamics testing of asphaltic concrete
by the author (12). The modulus of elasticity for an unbound base
material will be set at 20,000 psi. This value would approximate a
minimum CBR value bf 15 and yield a maximum E1/E2 = K1 ratio of 10.

It is apparent that some judgement is necessary in the selection of El
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and E2; however, these are within the ranges reported for the corres-
ponding materials. Also since these layers will be "manufactured”, tﬁeir
characteristics will or can be specified or controlled within some pre-
dictable range of modulus of elasticity.

Subgrades have a fairly large range of variability with respect to
séi] type and moisture effects on stiffness. As a consequence, the
subgrade soil will have to be evaluated for modulus of elasticity E3.
References 1, 3, 11, 15 and 16 were used to develop the chart of Figure 7
for an indirect determination for the modulus of elasticity of soils. It
is apparent that a test procedure for a direct determination of E for a
soil is one of our greatest needs. |

The flexural fatigue characteristic of asphaltic concrete will be

represented by the following equation:

s = 1800802 v reee 3
where:
S is the radial tensile stress, psi

N is the number of repetitions of stress S for failure.

The general form of the equation isAgenera11y accepted by éspha]t paving
technologists. The coefficients of 1800 and -0.2 are those found from
fatigue testing of pavement specimens as feported in Reference 12. It
is of interest to point out that reduction of data given by Dormon and
Metcalt 1n tne development of the Sheli design procedure (10), show ihese
coefficients to be 2070 and -0.2 respectively.

Several relationships between surface deflection, subgrade deflec-

tion, or subgrade strain and load repetitions were found in the



19

SIUBWDINSLIL [LOS SNOLARA HulJediio) Jo4 34RYY 7 JyN9T4

VNOZIMY 3NTvA PV
:

T ) T i !
o€ ¢e 0¢e gl ol :

ANTTIVA LYOd4dNS TI0S OHSVYW

I | P L ! ! ) ! |
€9 0% €9 0% Sv 0% &¢ og

X3ANE dN0YD

i Ed
O .

NOILVJIZISSVTIO TI0S SYX3l

T ] T 7
2 e 74 >
440
i i ¥ i 1 i ¥ v 6 1 ] T § H ] 1
0L 092 0% OF o] 02 Gl ole 8 4 9 S 4 ¢ 4
cO0lx1Sd ‘3
T 1.3 7 T T T i ‘ 1 1 1 ¥
06080.L 02 0SS OF% o¢ O¢

i B
o06e s 9 & b ¢




20

literature survey (3, 5, 10, 13 and 14). Of theée, the one given by
Dormon and Metcalf (10) seemed the most logical one to use and is given

by the following:

0.2

e = 0.0105N ceem

where:
€c is the vertical compressive strain

. N is the number of repetitions of strain e

The general form of equation 4 is similar to that presented by the Corps
of Engineers relating surface deflection and coverages to failure (14),
that is, an exponential equation having repetition, N, raised to the

-0.2 power.

Regional Factor

As indicated earlier, a reasonable pavement design procedure must
be concerned with the influence of environmental factors upon performance.
To this end, the procedure being described does recognize this influence
and will adjust basic material property with a "correction" factor. This
correction factor is obtained from a regional factor (RF) effect as
established by AASHO (17) and we express it in term of Structural Number,

SN, as follows:

Correction Factor (CF) = SN (RF)0'146 S

SNC

A correction factor will be applied to E1 to account for the effect

.of temperature on the relative stiffness between the surface course and
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base and a different correction factor based on rainfall will be used

on E3. Since the correction factors will be applied to material proﬁ—
erties (E's), their effects on total thickness design will be interacting
since our criteria depend on both H1 and H2. The following listing

shows the relationship between regional factor and correction factor:

RF 0.5 1.0 2.0 3.0
CF 0.9 1.0 1.1 1.2

The correction factor for E1 is related to temperature; however,
it is to be obtained from the elevation of the road since there is a
Tinear relationship between elevation and temperature in Arizbna (18).
The Arizona Highway Department (16) has broken down the range of regional

factor from 0.5 to 3.0 based on three zones as shown:

1. Desert Zone, below 3,500 ft. - RF = 0.5 to 1.0
2. Intermediate Zone, 3,500 ft. to 6,000 ft. - RF = 1.0 to 1.5
3. Mountainous Zone, above 6,000 ft. - RF = 1.5 to 3.0

Using the above as a guide and assuming a linear relationship between
elevation and regional factor the plot of Figure 8a was drawn to obtain
RF's between elevations of 150 to 7,000 ft. elevation. This correction
factor will be used as a multiplier to E1 since the radial tensile stress
will increase as Kl increases.

The cofrection factor to E3 is related to moisture in the subgrade;
and as a first estimate, we are assuming a linear relationship between

regional factor and annual rainfall. This relationship is shown in the
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plot of Figure 8b. Temperature, elevation and rainfall data for many
Arizona cities are presented in a one-page chart entitled "Climate for
Arizona Cities" which is available from the Institute of Atmospheric
Physics of The University of Arizona (19). This correction factor to
E3 will be applied as a divider since the vertical compressive strain
should increase as E3 decreases.

At the present (1972), the Arizona Highway Department is involved
in modifying its method for determining the values of regibna] factor
in Arizona. It is not our intent to describe this tentative procedure
at this time; however, a comparison of regional factors obtained by
The University of Arizona procedure is shown in Table B1 of Appendix B

and Figure 9,
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DESIGN PROCEDURE

The following section will illustrate in detail the trial-and-errcr
procedure for establishing the layer thickness H1 and H2 for a given
condition. Also the pavement will be "designed" by various othef
methods.

The conditions for the example are as given below and constitute

an actual situation.

1. Location - State 77 Oracle Junction East

2. Traffic - 1971 - ADT

2255, Trucks = 620

3. Subgrade soil - P.I. = 36, Paséing #200 = 36%

Proposed Design

The various parts of this procedure will be presented in detail to
facilitate comparisons with other methods. Design tables to be completed
in the design process are included in this discussion.

The location of the project will establish region factors and
correction factors to be used. Table 1 shows the elevation to be 3600
feet and the average annual rainfall to be 11 inches; these give
regional factors of 1.8 and 1.4 respectively.

Since actual Tloadometer data are not available for the road, we
will make use of the Arizona Highway Department's break down and projec-
tions of traffic into their various vehicle categories. The break down
of traffic is based on a "floating average" percent for each vehicle and
is established by the Planning-Survey Division. The number of the

different vehicles per day per lane is shown in Table 1. The

25
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TABLE 1. Tabulations for the Determination of Load Repetitions.

Location: CRACLE JUNCTION Station:

Elev.: 2000 R.F.:

Traffic: ADT 19 7|

2755

% Commercial:

Arizona

Designation

Passenger
2P
28

2D
BUS
3D
251
3s1
252
352
353
2.2
3-2
3-3
2512
252-2
251-3
351-3

ASPHALT PAVEMENT DESIGN

Froject No.:

Uof A

Designation

1.4/28
1,6/32
1.8/45

1A
1TA

iTA

25A

1SA + 1TA

1SA + 1TA
2TA
ITA + 17
35A
25A + 1TA
1S4 + 2TA
4SA

35A + 1TA

384 + 1Ta

25A + 2TA.

Rainfali: Ll R.F.: {.4-
Projected ADT: 202.2
Projection Factor: Lol
Calculation of Axle Repetitions
Present Repetitions/Day/Lane
No/Day/Lane Vehicles SA @ W.C. TA @ A.C.
&5 xl= 8i5
Lo xl= 220
4 xl= 4
3B xl= 3&5
3 x2xl= &
17 x2xl= 24
4 x2= &
xl= x2x1=
T xi= 7 x2xl= 4
9 x2x2= 26
x2xl=
2 x3= G
{O x2= 70 x2xl= 20
! xl= | x2x2= 4
xG=
X3= x2xl=
X3= x2x]1=
x2= x2x2=
I = B0 L oe HAC
| {4

TA @ W.C. =TA Q@ A.C. =

......

Factor x Design Life (days) to get Actual Repetitions
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corresponding number of repetitions for the five-wheel assemblies dej
scribed is also shown for the two critical locations within the assemblies,
that is, wheel center and axle center as described earlier.

The subgrade soil is given a Soil Support Value, S, through the use
of the following equation which was established by the Arizona Highway

Départment (10).
S = -0.125[P.1.4+0.6(%Pass#200)]+11.6 === B

The amount passing the #200 sieve must be greater than 50 percent and
the range of S for this re1ationship has been set between 2.1 and 6.6.
The range of S has been divided equally to give A4 values between
0 (for S =2.1) and 3.0 (for S = 6.6). With the value of S or Az, we
enter the Chart of Figure 7 td obtain the modulus E3 for the subgrade.
From the soil data given S = 3.35, A4 = 0.85, and E3 = 4,600 psi.

The given data for design conditions are entered in a calculation
form shown as Table 2. An E1 value of 200,000 psi and E2 of 20,000 psi
are considered typical for asphaltic concrete and a granular unbound
base. The magnitudes of E1 and E3 are modified as shown to account for
environmental effects. As mentioned earlier, cooler temperatures {(higner)
elevations) increase radial tensile stresses; and higher rainfall should
increase subgrade strains, therefore, the correction factors are applied
as shown in order to effect the desired results.

The eqdations shown on Table 2 relate the correction factor to
regional factor, tensile stress to allowable number of repetitions, and

also compressive strain to allowable number of their repetjtions.
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The calculations for stresses, strains, allowable repetitions of
these and the amount (%) of fatigue life used are based on assumed
values for surface course thickness H1 anc base course thickness hZ.

The first column of the tabulations identifies the type of axles
considered in the method.

The second and third columns show the actual repetitions of
maximum stress or strain at the two locations of wheel center and
axle center.

The fourth column is for the radial tensile stress under the
wheel center.

The fifth and sixth columns are for the compressive strain under
the wheel center and axle center.

The seventh, eighth, and ninth columns show the allowable number
of repetitions for stress or strain based on the given equations.

The -tenth, eleventh, and twelfth columns contain the amount of
fatigue 1ife consumed by each axle type for the design. The sum of
each of these columns indicates the efficiency of the design on the
basis of repeated loading.

A balanced design would be one in which one hundred percent of
fatigue is used over the design 1ife in both stress and strain con-
| siderations. However, a completely balanced design is not necessary
in order to have acceptable values of H1 and H2. It can be seen that
from the comparison of amount of fatigue life used for various values
of H1 and H2 an indication can be obtained for the possible modifica-

tion or alteration of E1, E2, and/or E3.
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Table 2 presents the detailed results of computations for the
design of a pavement. Since a computer program was utilized to obtain
values for stress and strains, it was found convenient to develop
another program for the other associated calculations of Table 2 and for
printing the data. Examples of the program's output are shown in

Abpendix C and a program listing is included as Appendix D.

Comparison of Design

A comparison of values for Hl and H2 obtained by other pavement
design procedures is included primarily for the sake of information.
The characterization of materials will be made through the use of
Figure 7. The general approach for each design procedure will be

- presented.

(a) Arizona Highway Department. The method is based on the AASHO
procedure of establishing a Soil Support Value, equivalent 18 kip
single axle loading and satisfying the required structural number ob-
tained from solving the design equation (16). For the conditions
given the weighted structural number for the pavement is 3.24. If we
assién the highest values to coefficfents a; = 0.44 and a2'= 0.14 then
the new design procedure would yield an SN = 0.44 x 4 + 0.14 x 18 = 4.28
which is a more conservative value than tﬁat obtained by the Arizona
Highway Department. However, Arizona often uses values of ay = 0.40

and for a, = 0.11 and with these the new design yields an SN of 3.58.

(b} Texas Method. Using the chart of Figure 7 the subgrade is

classified as a 4.6 soil. The Texas Flexibie Pavement Design Chart (1)

is entered with a wheel load of 16,000 pounds to obtain a depth of



20 inches. Under the original design concept of the Texas method, this
would represent the total thickness of base needed even if the top

4 1inches were replaced with asphaltic concrete. This comparison shows
the new method to be more conservative than the Texas method since

4 inches of cover would be required for a class 3.0 soil (E = 26,000 psi).

(c) Kansas Method. Equation 2 is used to calculate the thickness

of asphaltic concrete required to Timit the subgrade deflection to

0.1 inch if the n for rainfall is 0.5 and m for traffic is 7/6. Using
the given E1 and E3 yields an impossible value for T; however, if the
deflection is limited to 0.05 inch, then T is equal to 2.6 inches of
asphaltic concrete. It is apparent thaf our use of this method does
not yield results comparable to the previous ones.

(d) Shell Method. The design chart for E3 equal to 3,750 psi

is used since it is the closest one to our value of 4,600 psi. Reduc-
tion of the traffic data for use in this method yields a Load Distribu-
tion Factor (LDF) of 19.5 and, therefore, the number of 18 kip single
axle load repetitions, N, is 1,750.000. With these two factors, E3 and
N, the values of Hl and H2 are 4.5 and 21.5 inches respectively. The
larger value of H2 in comparison to the proposed method is attributed
to the smaller vaiue of E3 used in the Shell procedure. The Shell
method and the proposed one agree in that both show a relatively good
balance design between the two criteria.

Design charts for the Arizona, Texas, and Shell methods of pavement

design are shown in Figures C1, C2, and C3 of Appendix C.



CLOSURE AND RECOMMENDATIONS

We are enthused by the results obtained in this one exampie. We
recognize that "one swallow does not a summer make“ and also that various
assumptions need to be examined more thoroughly and their effects veri-
fied. For example we assumed that every wheel(s) travels over the same
path, that the e - N relationship of subgrade soils is as shown, that
the passage of the tandem axle does in fact represent two repetitions of
the subgrade strains calculated, and that values of E1, E2, or E2 ob;
tained individually in the laboratory can be used to preaict their 3
values operating jointly in the field.

Recommendations can only be made with certain reservations based
on the limited data present. However, it becomes obvicus that an
analytical procedure such as the one demonstrated will be required for
design results to be evaluated on the basis of component efficiency.
Specific recommendations for better definition or design factors are
listed below:

1. Methods and procedures to characterize and define the

moduli of all materials but the present emphasis should
be for subgrade (fine grained) soils.

2. Improve the definition for each of the design vehicles
and the estimation of the number of load applications.

3. Field check existing pavements for redesign by the pro-
posed procedure, for estimating values for the moduli
of various types of materials, aud for comparing design
layer thickness with performance.

4. Since the design procedure is based on elastic theory, &
method for optimizing proportions and character of the
pavement lavers should be developed.
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APPENDIX B

Regional Factors



Location

Ajo

Alpine

Ash Fork
Bagdad
Benson
Bisbee
Buckeye
Casa Grande
Chandler
Clifton
Cottonwood
Douglas
F]agstaff-
Florence
Gila Bend
Globe

Grand Canyo
Holbrook
Kayenta
Kingman

Leas Fevrvy

TABLE BT.

n

U. of A.

Temperature

%] w
o
*

oo NN —
~N N O W0 R0 0 W

[an]
w O N N O v W

o

Rai

R. F.
nfall

(o BN S B Y o ) & |

°
—

o W O

. B o o
[Ca) o (AN (8]

CONTRIBUTIONS AND COMPARISONS OF
REGIONAL FACTOR VALUES FOR ARIZONA

——t

o o o0 ™

O W W O

~N o 00 o

162 BN o o]

[
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Arizona
Highway
Dept.

New

0.
2.

E- T 42 B T ¢ s N o o) W 0 W

= W o Oy

R.F.
8

(o]

°
—



TABLE BT.

Location

McNary

Miami
Natural Bridge
Nogales
Parker
Pheonix
Prescott
Safford
Seligman
Sierra Vista
Snow Flake
Springerville
St. Johns
Tombstone
Tuba City
Tucson
Wickenburg
Willcox
Williams
Window Rock
Hinslow

Yuma

(Cont.)

U. of A. F. F.
Temperature Rainfall
3.0% 3.0
1.8 2.3
2.1 2.9
1.8 1.9
0.6 0.6
0.8 1.0
2.4 2.4
1.5 1.2
2.3 1.4
2.1 2.0
2.5 1.5
3.0 1.5
2.5 1.5
2.1 1.7
2.2 0.9
1.3 1.4
1.2 1.4
2.0 1.5
2.9 2.6
2.9 1.6
2.2 1;6
0.5% 0.5%

* Set by limits of regional. factor. -

- —
°

NN

[

N O O
w WY WU

N NN NN

AN NN W Ry OO

o O
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FIGURE Bl
* TENTATIVE EC R.F. CONTOURS - ARIZONA



FIGURE B2
TENTATIVE ¢, R.F. CONTOURS - ARIZONA



APPENDIX C

Examples of Design Computations
and
Design Procedures
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RUNER
PROGRAM TRANSFERRED TO CO#MPILER

WwilCH TRAIAL NUMBER 1S5 THIS REPCORT

WHAT 1S THE VALUE FOR EI
WHAT IS THE VALUE FOR E2 20000.
wHAT IS THE VALUE FOR E3 4381,
WHAT 1S THE VALUE FOR Hl 4.
«HAT 1S THE VALUE FOR H2 18.

2180080 »

ASPHALT DESIGN DATA FOR TRIAL NO.

1 e

READY o

TABLE C1.

Ef = 218000
E2 = 20000
E3 = 4381
Hl = 4.0 INoe
JH2 = 180 INs
AXLE TYPE RADIAlL STRESS we=UERTICAL STRAIN===-
PSi AT WeCo AT A.Ce
PASSENGER 3.880E+01 =1079E=-04 NA
2r 4e435E+01 =1.233E-04 NA
25 B« 576E+01 =1 e394E-04 NA
sA 1.009E+02 =5e4H63E=-04 =6.072E=04
TA 9.950E+01 -5.523E-04 -6el38E=04
------- ALLOWABLE REPETITIONSewewce==
AXLE TYPE FOR STRESS FOR STRAIN
AT VWeCe AT AeCo
PASSENGER 2e149E+08 8+ 726E+09 "NA
2P 1.101E+08 4. 475E+09 NA
28 3505E+07 2425E+09 NA
5a 1.803E+06 2.624E4+06 1 « 5U4EE+DG
TA 1.938FE+06 2. 484E+06 1:465E+06
----- PERCENT FATIGUE LIFE USED======
AXLE TYPE FOR STRESS FOR STRAIN
AT WeCs AT AeCe
PASSENGER 3.24 « 08 NA
2P 170 04 NA
25 ell «00 NA
S5a 37«16 2553 4333
TA 5Ce16 3913 6636
TOTALS 92837 6d4eTo 109 .69
STOP

61



WHICH TRIAL NIJMBER IS THIS REFORT Qe 62

LHAT IS TH® VALUE FOR "1 218000.
WEAT 1S THE VALIE FOR E2 20000
LHAT 5 TER VALUE FOR B3 4381.

1N n

I
wEAT 15 THY VALUR FOX HI Se
wHAT IS THE VALUF FOR H2 16

ASPHALT DESIGN DATA FOR TRIAL NO. 2 TABLE C2.
El = 218000
E2 = 20000
=3 = 43&1
Hl = 5.0 INo.
H2 = 160 INo
AXLE TYPE RADIAL STRESS -==yUFRTICAL STRAIV----'
PS1I AT heCe AT AeCo
PASSENCWR 3«1428+01 =1.053F=~04 Na
2 3.591FE+01 =1.203%=04 NA
25 4o tO1FE+0O1 ~1e357E=04 NA
54 Ee ARR3F+01 =5 3F5R=-04 =5.576F=04u
TA Fo INKET+0D1] =341 UF-04 =Hhe NRAF =
——————— ALLOVARLE RFPRTITIONSemeeecec=w
AXLE TYP® FOR STRESS FOR STRAIN
AT \'f.Co [\T Nello
PASSENCGER fel71IT+0OH Qe HEEHT+N9 NA
2P 3el64F4+08 5.N57FR+09 Na
es 1e 124247 +08 2 7TTHAF+0D9 NA
5S4 3¢963RK+06 Do KUGE+0D6 1:675FE+06A
Ta fe H9FFHNA 2. 7T3PF+DF 1e AO0E6E+0A

FATICGUE LIFF USED

----- PERCENT e
AXLE TYPE FOR STEESS FOR STRAIN

AT ’\':'Co AT AeCoe

PASSENGER 113 07 NA

2r +39 e 04 NA

25 «03 « 00 NA

SA 1691 83«55 40.01

TA 21662 35058 €0+54
TOTALS 402 £EQ.23 10C.55

STOX

READY »



PHOGHAL

WHICH T.xIAlL
5 TEZ vaLi)
S THRE VALY

LHAT
WHAT
WEAT
VHAT
WHAT

ASPHALT

El =
ra

E3 =
Hl =

He

AXLE

I
I
I
I
1

2

T

T TRANSER

5 TH®W UAL

S THE UAL
S THE VAL

30 INe

043 INe

YPE - RADIAL STaESS

PASSENTER

op
28
Y

- A

PASSENGER

2P
25
Sa
TA

A¥XL® TYPE

FASSRNGER

S5TO:

aEan

ap
25
5A
TA

o]

T

HEWIND»BWSFi

SINTE R
NUNTE

RAREDR TO GO

IS THIS
Uy FO3 EIL
v FO2 K2
{Jk FOR E3
iy FOR OHI
JE FOE H2

P51

TO96F+01

S1E+01
DTE401]
Feno

6
1
7
ne
[ 9EEano

YA
55
KR!
1e220)
1

------- ALLOWARLE

FOR STRHESS

7e44TT+0T
3. 82OE+07

1.028%+07

Te3947+05
7« 669E+05

[\ I OV]
D e

PILER
HEPORT 3.
218000

20000,
4381 e

NDESIGN DATA FORrR TaIAL NO. 3

~==UERTICAL

AT Welos

=]l eNHNFT=04
=1.238E=04
=1 42T =N/
=R KLt T =N
=5 D] YWSDA

TABLE (3.

STRAIN====
AT BeCe

Na

NA

NA
G NNAT =04
=5 1 ET7F-04

REPFTITIONS == meoe==

FOR STHAIN

AT V-Co

8e543E+09
4.382E+09
2353E+09
R« 669T+06
Ce493E+06

----- PERCENT FATIGUE LIFE

FOR STRESS

Ye35
4490
«39
90.61
12674

AT AeCo

NA

NA

N4
1.580%+06
1o 4778K+06

USED=e=e=-

FOR STRAIN

AT LeCoe

.08
e 04

AT A«Coe

N4
NA
NA
A2 .41
A5 75
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ARIZONA HIGHWAY DEPARTMENT DESIGN CHART

FIGURE C1
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Total Thickness of Dense Asphalt Layers
Inches

SUDGRADE LiGDRULUS E= 3,750 B8l
{APPROX. CRR 2.5, R-VALUE 18)

4 * ] M
12,0004, Axle _...‘.n._u
.?::ma_::. CBR {R-Valvue) of Gronular Layers
20 (58) \
e 4
T, = - mﬂ 40(7Mm \
o,
3 dt
o, . £
L i ML J
7 Rl Y 80 (84)
g
o ro=ny ¥ — iy, o
Y M / A S,
g, 4 bl alerF oy
s 3Ny . \ N
7 e ragle 7 ;
1-"\~‘\4.§(.5.74YV j.f a!\
Loz I
T 2
Eat-ty - J?.\ \ j ...:1«
o 104 o
ot e O \ gy ) vﬂ jﬂ, g
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THE ASPHALT PAVEMENT DESIGN COMPUTER PROGRAM

Description

The Asphalt Pavement Design (ASPDSN) Program is a computer program
written in FORTRAN IV for the CDC 6400. The program utilizes the elas-
tic theory in determining radial stress in the asphalt layer and verti-
cal strain in the subgrade layer for given 1aye¥ characteristics. These
characteristics are layer thickness and modulus of elasticity. Stre;ses
and strains are calculated by a subroutine in the prégram commonly
knbwn as the CHEVRON program. This program can be used on pévement
systems containing up to 15 layers, however, for the ASPDSN program only
three layers are used.

Five types of loading conditions are consi..ced by the program.
They are: passenger cars, pick-up trucks, (2P); delivery trucks, (2S);
singie-axle trucks, (SA); and tandem-axle trucks, (TA). Stresses and
strains are determined for these loading conditions at the critical
points. For each loading condition, allowable repetitions are calcu-
lated and compared to the actual repetitions the pavement will ex-
perience during the design 1ife. From this, values for percent fatigue
life used are determined.

The program is presently structured so that each program run
gives values for only one set of layer thicknesses and moduli. Further-
more, single-axles and tandem-axles are considered to have wheel and |
axle spacings of 13" and 13" x 48", respectively. Allowances are made

for the environmental factors of temperature and rainfall.
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Program Input Procedure

The program needs information concerning the foilowing four

areas:

1. Thicknesses for asphalt and base layers.

2. Moduli of elasticity for asphalt, base and subgrade
layers.

3. Correction factors for environment.
4, Actual repetitions during the‘design 1ife for the five
loading conditions.
This information is input through four data cards placed at the end

of the program. The format for each card is as follows:

l1 0 20| e 40 | 50 | 80 |

|
~ CARD
l l“'l!\'?l!i!‘ll!J!!J!Jl!!!!!i!!lj!ll!!,!l!lJ!l!!lJ‘Jl‘!!('//1L_[!
TRIALN HH(1) HH(2)
[ ——
in inches
CARD
2 lj.JlALJJJJ!‘IL!!!!J!!l!!!!!'}!!‘!!!!‘J'!!!'Yl'!!'J_lxil",/F/!|l!
E) E(2) E(3) : AN
in psi
CARD
3 'l!lll'!jjl’L_I!!Yl"!i!JJ'!'IlJ‘J\J!?!!!J‘l!'!lll!ifjl'l!/!’ '!JJ
RF(1)  RF(2) "
CARD .
4 {L'JJ!IJJ!‘!!J1J1J11’)"11'1'!!l'!4"'L"i""!l!!!!‘lL!!,/ ‘f'-'_r;

ADT (1) ADT(2) ADT(3) ADT (4} ADT(5) NN
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As an illustration, consider the following design example:

Trial number (TRIALN) = 1
Asphalt layer thickness (HH(1)) = 4"
Base layer thickness (HH(2)) = 18"
Modulus of elasticity, asphalt Tayer (E(1)) = 200,000 psi
Modulus of elasticity, base layer (E(2)) = 20,000 psi
Modulus of elasticity, subgrade layer (E(3)) = 4,600 psi
Correction factor 1 (RF(1)) = 1.0
Correction factor 2 (RF(2)) = 1.0
Passenger car repetitions (ADT(1)) = 6,960,000
2P repetitions (ADT(2)) = 1,870,000
2S repetitions (ADT(3)) = 40,000
SA repetitions (ADT(4)) = 670,000
TA repetitions (ADT(5)) = 465,000
The correct input form for the data is:
|1 0] 20| 30 | 40 | 50| g0
CARD
1 lJ’!l'l!lfll.lokll!‘!(Y(}l.pll!llljlﬁ_tgllll!!!lJ!JJl"‘!t'i!'l';‘/ "']l}
: »
CARD
2 ttlﬁoygoigg"jjasﬂzgg@px'lsvn-&yeppv’!untnnthLLzuuhvn/ /ny!
AN
CARD
3 il!!"!'lj'g'!'!";‘1'9&7'(!!|lel""]!‘!""l!\!l!""!'/'l’IYAA!
'y
CARD

4 %1 \6.'-.916(E1+10v6u (1‘.[8'7;51‘,‘-‘016;1 Qx‘pépﬁ-pe"J 9§7Eﬂ@y | éf§5EW§} EIE I R A A _{
NN



Aﬁl entries are in terms of F10.0. Note that the scientific notation
form of a number can be entered in an F field as long as it is right
justified. An example of this is card 4.

A copy of the program listing appears in the next several pages.

Bdditional Notes

As mentioned, the program is restricted to one design solution
per run and 13" and 13" x 48" dual-wheel and tandem-axle spacings. The
program, though, can easily be modified to solve sevéra] designs per
run and allow for various dual and tandem axle spacing dimensions.

Thé program is ideally suited for remote terminal usage. Only

minor modifications would be needed to the input/output files.
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PROGRA* ASPOSN

sos MAIN PRUOGRAM FOR ASPHALT PAVEMENT DESIGN #as

COMMON /RMCOY/RR(10) ¢ ZZ(10) s F({ Sy V{ S5y HH{ 5)
H( 5) ¢ AZ(396) A(398e S5)1eR (3949 5)eC (3960
D(396s 5)sAJ(396) RJ1(396) s RJID(396)
TEST(11)Ys 3Z(100)e X Sede4)¢SCH FM(2¢2) ¢
PM({ S94¢4) 3R Z9 AR NS
Ng e ITNe RSZe RSRe
ROMg RMU ¢ SF CSZs CSTo
. CSRy CTRe COMy CMU ¢ PSTs
" NLINES NOUTP NTESTy I, ITNey
Ke LCs JT TZZs PR
PAs P EPs TIPy TIiMe
T1ls T2 T3, Téy TS
To, ToP, T2Mae WA BJlse
BJOe 2F ¢ S22, S22 SGls
SG2s Prig PH2 VK2 VKP2,
VK& VKP4 VKKS , RDT RDS»
NCOUNT s STRESS(20)s STRAIN(29) '
DIMENSION ANT(10)s SREPS({10)e EREPS({10)y PERSI(10)s FERE(10)
AT (D) '
DATA AT/10H PASSENGERy1QH 2P s10H 2s ’
10H SA 91 0H TA / )
#4 COMPUTE ZEROS OF J1(X) AND Jn(X)e SET UP GAUSS CONSTANTS »#
K = IThed
NO 22 1=79sKe2
Y = /2
TD = 4,087 = 1,0
BZ{1) = 3,14180827%(T = 71,25 + 0.050661/TD
«Ne(5304l1/TD#E3 ¢+ 0262051/ TD#%S)
DO 23 I=891ITnvg?2
T o= {I=2)/2
TD = 4,.0%T7 < 1.0
BZ(I) = 3¢14159Z7#(T + N,25 = 0+151982/TD
¢ 0,015396/TDH##3 = N,245270/TNHHG)
READ(5.5) TRIALNGHH (1) ¢HH (2)
READ{(5,45) E(1)E(2)4E(3)

READ(De1) RFLgRF2

READ(Se2) (ALT(I)eI=1sD)

FORMAT (2F10.0)

FORMAT{(SF10.0)

FORMAT{(3F10.0)

ADT(5)=2,2ADT (5)

AaDT(6)Y=ALT {4) 5 ADT(7)=ADT (3)
ADJUST FOR RAINFALL AND TEMPERATURE,
CF1=PF1#%,146

CF2=DF28¢,146

E(1)=E(1)%CF1l

E(3)=E(3)/CF2

CALCULATE RADIAL STRESSES AND VERTICAL STRAINS FOR THE 5 AXLE

TYPES,
CALL CrVRON

/2

~



J=l 73
STRAIM(1)=STRATN(2)
N0 2 I=2409
JsJde2
K=2¢I
STRESS(I)=STRESS(J)

3 STRAINI(IV=STRATNI(K)
STEESS(6)=STHRESS{4)+STRESS (7))
STRESS(8)=STRESS(4)+STRESS(5)+STRESS (6)
STRATMNI(4YSSTRATNIG) +STRAIN(T)
STRLIN(S)=STRATN(4)+STRAIN(B)+STRAIN(6)
STRAIN(&)=Z«H#STRAIN(9)
STRAIN(7)=STRAIN(6)+ (2.%STRAIN(8))
TPERS=M,
CALCULATE ALLOWABLE REPETITIONS,
DO 30 I=le5
SREPS(I)=ndS3((1800./STRESS (1)) &##5)
PERS{IY=(ADT(IY/SREPS(I))#10(

30 TPERS=TPERS«PERS(])
TPERE=0,0
DO 31 I=1le7
EREPS(T)=ABS{(0105/STRAINI(T) ) #n5)
BERE(I}=(ADT(I)Y/ERERPS(I))®#10Ce

31 TPERE=TPERE+PERE(T)
GCPER=FERL(6) +PERE(T)
WCPER=TPERE=GCPER
WRITE(Hheb41l) TRIALN

41 FORMAT(]AIe////9% ASPHALT DESIGN DATA FOR TRIAL NO.#4F3,0)
WRITE(K402) E(1)15(2)95(3)9HH(1)9HH(2)

bg FORMAT(///95H El =9FTe0s/e5H E2 =¢FT7,00/e8H E3 =cFT7e00¢//5
18 HI T oFS.1ebH INGs/s5H H2 =FBelsaH IN,)
ARITE (h443)

43 FORVAT(///e% AXLE TYPE#¢5Xe#RADIAL STRESS#¢3XghwaayERTH#,
1#ICAL STHAIN=ewwmitq /g ]9XKett PSI#gIIXIHAT v, Co®sGXeHAT A ,Cotre/)
WRITE(S5s46) (AT(I)eSTRESS(I)+STRAINI(I)sI=163)

44 FORMAT(ALINsOKRsEI10e3e5XeE103¢6X e NA®)
MRITE(6¢45) (AT(I)sSTRESS(I) «STRAIMIT) sSTRAINI(I+2) 412445}

60 FORMAT(AL1DsOAGELIN3e5XeE1003¢2XsE10,3)
WRITE(6¢51)
WRITE (5552}

51 FORMAT(///s159X 4% weewes==A| LOWABLE REPETITIONSH,
l#mmemam—ai)

52 FORMAT(10H AXLE TYPEs6X«10HFOR STRESS911Xse
110MFOR STRAING/932Xe8r AT WeloeSKeTHAT AgCq9/)
WRITE(6saa) (AT(I)sSREPS(I)EREPSH{I)+I=143)
WRITE(6:45) (AT(I1)sSREPS(I)EREPSI{I)EREPS{I*+2)e¢l=4:5)
WRITE (6453} 2 WRITE(6452)

53 FORMAT(/// 915X 4% weew=pPERCENT FATIGUE LIFE USEDe=ew=wd)
WRITE(6954) (AT{IVPERS{I)«PERE(IVeI=162)
VRITE(6ea8) (AT(I) sPERSI{I)IPERE(IIsPERE(TI+2)eImbe5)

56 FORMAT(ALICe7XsF7,2e8XeF7a2¢8K¢3H NA}

8% FOQ”AT(Qlﬁ;7R9F?02;SXQF7QEOSXQF702)
WRITE(H+56) .

56 FOPMAT(17A371 ecscum 391 bHmemaengbXjpiHlecanma)
WRITE(6¢57) TRPERS;WCPER(CCOER

57 FORMAT(GXeTH TOTALSeIRsFT 62983 XsFT7e2eSXgFT742)

58 STOP
END



SUBROUTINE CHVRON , _ 74

s#e CHEVRON PROGRAM <« USED TO CALCULATE STRESSES AND STRAINS wwe

Q

&4

32
31
o4

WRITE (H43)

NIMENSION DAGT(H)e DPSI(6H)

COMMON /RMCOY/RR({10) s ZZ2(19) El 8 V(i 8) HH( §) 4
¥ H{ 5) AZ(396)s B(3969 5)sR (3% 5)4C (2965 5
2 D(396s 5)3AJ(396)s RJIT1(9A) ¢ RIN(396)

3 TEST(11)Ys BZU1IDO)s X Sebs4)sSC( S FM{2¢2) 0
4 PM{ Se444) 4R Zs AR NE€ s

5 Ny Lo 1TN, RSZs RSRs
6 ROMo RMJe SF ¢ CsZe CSTs
7 CSRe CTRe COM, CMUy PSTe
3] ML INE NOUTP NTESTs Is ITNe,
9 Ky LCs JTo T22Z4 PRe

I Pa, Py EPs TIPe TIMs
8 Tls T2 T3 T4 TSs

C Ths T2Ry T2Ms Whs RJle
D BJdoe ZF S21s SZ2s SG1ls
£ SG2s PHe PH2 VK2 ¢ VKP2e
F VK4 e VKP4 4 VKKR 4 RDTe ‘RDSy
G NCOUNT STRESS(20)s STRAIN{Z20)

NATA DPSI/ 28s5 3269 4549 80e /

NATA DAGT/ 1400es 160069 180069 4500, 7/

DATA RR/ 0.9 495" 4907’ 13.! ‘1“8.49 6.5 /Q 035’ .5 /

MOUTR=Y $ NPUN=9 .

NCUUNT=D

rNS=3 F 12=? $ N=2

IR=1 '

FORMAT (1AL e/ /7/s37TX92H ReSXe1HZ e85 X 12HRAD STRESS $11HRAD STRAIN

112HTANG STRALi
NO 2436 XM=lsea
IF(NXN,EQee) IR=6
ZZ(1)=HH (1) 3
WOT=DWGET (INXH)
PSTI=DPST (MNXN)

AR = SaRT
ADJUUST LAYER DEPTHS ow
ML) =HM (1)

DO 25 J=2¢N
Hil)zH(I=1)enH(])
IRT=0

START NN A NEW R @&
TRT=IRT+]
IF(IRT=IR)
R=RR(IRT)
DO 31 1 =1.12

DO 31 J=leN

TZ = wcS (H(J)Y = ZZ{1I))
IF{TZ = «0001) 32+:324+31
ZZ(1) = =H()

CONTINUE

CLLCULATE THE PARTITION ¢&
CALL PART

e 12HBULK S§7

1054105493636

RAIN

Z2Z(2)=HH{2) +HH (1)

(¥3T/(3¢14159%PSI))

s//)



#% CALCULATE THE COEFFICIENTS ##
DO 125 I=lsITH4
Pe4sZ (1)
107 CONTINUE
CALL COEs(ID)
109 IF (RY 11591154110
1lu PR = PaR
CALL BESSEL {(CsPRsY)

RJO(I) = Y
CALL RESSEL (1+PRsY)
RJI1(I) = ¥

11 PA=P®AR
CALL HESSEL (lePAsY)
Ad(I)=Y
125 COMTINUE
195 1Z2T=0
i START O A NEwW 7 #¢
200 1Z7T=177+1
IF{IZT=12) 2054205100
205 Z=ABS (Z22(12T))
207 CONTIMUE :
#¢ FIND THE LAYER CONTAINING 7 ##
TZZ = 000
DO 210 .Jdl=1eN
J=NS=.j]
IF(Z=H{J)) 2102154215
2lu CcOonTIMUE

L =1
GC TO 34
215 L=Jel

TF{IZ2TeEQde2) ZZ(1Z2T)==Z22(12T)
IF(1ZTeE3.2) GO TO 34

WL o= J '
TZZ = 1.9

3¢ CONTINUE
CALL CALCIN
GO TO 209

3630 CONTINUE

RETURN
END



'

9

16

1c
13
14

15
16
17
16V

161l

164

165
163

SUBROUTINE BESSEL (MIsXIsY) : 76
teaapnSUBROUTINE BESSEL = N=LAYER ELASTIC SYSTEM s#dhevss

DIMENSION PZ(6)sQZ(6)+sCP1I(6)sQY(E)YeD(20)

DOURLE PRECISION XYX .

DATA(PZI(I) 9I1=196)/1e09=1¢125F=492e871093RE=Ts=2,3449658E=9,
A3.,930F84FE=)]19=1e1536133F=12/9{02(1)e1=19A)/=5NE=3¢4:.6878E=6by,
Ba2,3755009E=Be2,830708TE=10,4=6,391209€F=12,2,3124704E=12/,
C(CRI(I)sl=166)/16N0g)l eBT7BE=44=3,6914083F=T427713232E=9,
Dego85116421E=11491.27504A3E=12/4(01 (1) sl=14h)/)1cCE=2,
EwbS5hPSE=hs2:B423808E=R4=3,2662024E=10e7,.14 1166E=129
Fe2,5377056E=13/4P1/3,1415927/

N = NI

X = XI

IF (X=7,0) 109109160
X2=X/2.0
FAC==XP#XZ
IF (M) 11s1lels
c=l.0
y=C
DO 13 I=14s34
T=1
C=FACHC/ (T®T)

TEST=ABS (C) = 10,0¢%#(=8)
ITF (TEST) 17+¢17912
Y=Y+ (C
COMTINUE
C=Xg
y=C
DO 16 I=1434
T=1
C=FACRC/(T#{T+1.0))
TEST=ARS (C) = 10,0%¢(=8)
IF (TEST) 17317415
YEY+(

CONTIMNIE
PETURN

IF (M) 16191615164

DIy =
ND(T+10)
CONTIMUE
GO TO 163

DO 165 I=1,6
D(I)=CP1(I)

N(T«Ys; = Q1)
COMTINUE

CONT IMUE
T2=T1eT]

P = D(h)#T24D(5)



17y

171

146

185
93
999y

[

77
F{ S)y V(I 5) HH{ 5)e
A{3969 5)¢R (3965 5)eC{396s 5}
QJ1(396) e RJID(356)
X{ S¢406)95C!1 5o FM(2e2)
2o AR NS
T TNy RSZs RSR
SF e CSZ»s CSTs
COMy CMU e PSIe
NTEST, I, ITNG,
JTe TZZs PR
EP, TIP, TIM,
T3, Tés TSe
T24y WA ¢ BJls
SZ1 SZ2¢ SGle
PH2 VK2 VKP2,s
VKKS8, RDTe RDSs

DO 170 I=le4
J 2 5=1
P = PET2+D(JY)
CONTINUF
Q =2 D(16)%T2+D{(15)
o 171 I=l44
J = 5=1
Q0 = Q#T2+0(J+1D)
CONMT INUE
Q = Q#T1
XYX=DBLE (X)#0DBLE(PI)
Ta=DSART(XYX)
T6 = SIN
T7 = COS
IF (N) 13065180,185
TS = ((P=Q)4T6 + (PeQ)RTT)I/T4
G0N TO 69
TS = ((P+Q)#T6 = (P=Q)#TT7)/T4
Y = T8
PETURN
END
BLOCK DATA
‘COMMON /RMCOY/RR(10) 22(19)
H{ 5)9 AZ(396)
D(396s 5),AJ(396)
TEST(11)s BZ(100)
PM{ S59454)¢Ry
Ne [
ROMye R
CSRoe CTRa
NLINES NQUTP,
Ke LCo
pA)' PO
Tl T2
Té T2P,
BJOs ZF ¢
SG2y PHy¢
VK4 ¢ VKP4 ¢
NCOUNT STRESS(20) s

VMMOOUVEODINOUTE WM

DIMENSTON 78(100)

EQUIVALENCE

(32528 )

STRAIN(20)

DATA(ZH(I)1I=1Qb)/Qaﬂvl0092-4048!30831705'52010700156/
NATA ITH/Z45/9]TNG/1RGYy

END



,,,,,

'

2s
40

SURRCUTINE PART , 78
wo80e4SURROUTINE PART = N=LAYER ELASTIC SYSTEM tassos

COMMON

MM OOTEOCENFRHWN-

/RICOY/RR(10) Z2(1C) e £ S) VI 5) HH( 5)
H{ 5) AZ(396) e A(394/e 5)sB{396e 5)¢L(396¢ B
D(396s B)sAJ(396)s RJIL(396)s RINDI(396)
TEST(11)s BZ2(100)e X( Sebeb)eSC( 5)5 FM{2s2) ¢
PHM( Seé4e4) Ry 29 AR ‘NS
Ny Lo 1TNy RSZs RSR,
ROMy RMbUiae SF e CSZs CSsTo
CSRs CTRy CO", CMUsq PSIs
NLINE, NQUTP, NTEST I, ITN%,
Ks LCe JT e TZLs PRy
PAy P EPe TIPs TIMe
Tl T2 T3, Té T5
Té6 T2Ps T2Me WA BJls
8J0s ZF o SZ1 S22 SGls
SGPy PHe PH2 e VKZ s VKP2,
VK4 s VKP4 VKKS 4 RDTy RDS
NCOUNT STRESS(206)s STRAIN(Z20)
DATA G1:46G2/0.,8611363160.33998104/
Z2F = AR
NTEST = 2
IF (R)Y RBeBe¢9
CONTINUE
NTEST = aR/R ¢+ ,0001
IF (NTEST) 64645
CONTINUE
MTEST = R/AR ¢+ L0001
7F = R
CONTINUE
KTEST = MTEST «+ 1
IF (NTEST=1(C) B38¢7
CONTINUE
NTEST = 10
COMTINUE
Y“ COMPUTE POINTS FOR LEGENDRE=GAUSS INTEGRATIOM ##
K =
IF = 2.,0%7F
322 = 0.0
DO 28 I=15ITN
-~ S§Z1 = sZe
S72 = BZ(1+1)/2F
SF = 8§22 = SZ1
PP = §72 « S21
S61=SF#G]
SG2=SF#G2

AZ(K)=PP=SG]

AZ(K+1l)=PP=SGp

BZ(Ke2)=Pr+50G2

AZ{K+3)=PP+SE)
K =2 K ¢« &

CONTINUE

RETURN
END
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e
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STMMOODEOD NI HF WY

SURPOUTINE CALCIN

#6o886SUBROUTINE CALCIN = N=LAYER ELASTIC SYSTEM #ussas

79

HH( S) 4
5)eC{396¢ B)s

FM(Z2¢2) 9
NS
RSR ¢
CSTe
PSIe
ITNG,
PR
TIiMe
TS
BJly
SG1ls
VKPZ

COMMON /RMCOY/RR(10) s Z2Z(10) s E( Sy V( 5)o
H( S) AZ(396)s L{394s 5)sB(3%96s
D(396s S5)AJ(386) RJY{396) e RJID(396)
TEST(Ll1)e BZ10C0)Ye X Sebdeb)s5CH

PM( S94694)eR Ze AR s
N Ly ITN RSZs
ROMy RMUJ e SF e CsZs
CSRe CTRe ~ COMy CMUs
NLINES NOUTP NTESTs I,
Ke LCo JTs TZZs
PAs Ps EPs TIPy
Tls T2e T3, Tés
Tes TerPs T2Me WA
BJ0Os ZF o S21s SZ2s
SG2 PHy PH? VK2
VK& y VKP4 VKKR RDT

DIMENSION W (4)

NCOUNT ¢ STRESS{(20)s STRAIN(Z20)

RDSs

DATA(W(I)9I=104)/0.34785485;”.6521451500.65?14515v6o34785485/

V=2 9%V (L)
EL(leu+v(L))/E(L)
Vil=le=VL
€SZ=0,610
CST:0.0
CSP=00
CTR=2,0
COM=l,0
CMu=s0Ne N
NTS]1 = MTEST ¢ 1
I7TS = 1
JT = 0
ARP = AR
IF (NOUTP) 644445
ARP = ARPH#PS]
COMTINUE
PO 40 I=1sITN
INITIALIZE THE SUB=INTEGRALS
RSZ=060 -
RST=0.0
RSR=0,.0
ROM=0e0
RMU=0|0
COMPUTE THE SUR=INTEGRALS
K = 4¢%(]=])
DO 30 usiek
Jl = K ¢ J
P=AZ(J1)
EP=EXP (P®2Z)
Tl=5{Jlel) #EP

- T2=D(JlsL) /EP



T

s

c

15

i

390

31

40

50

T1P=T1leT2 ' 80
TiH=Tl=T2 ‘
TI=(A(Jlel) 4B (Jlel)®#Z)#EP
T2=(C(Jlsl) e {(JlslL)®Z)/EP

T2P=P#(T1+72)

T21=Pa(T]1=T2)

WA=AJ(J1) %W (J)

IF (R) 209204915

BJl=RJ]l (J]1) =P

BJn=P Jo (1) P
RSZ=RSZ+wawP¥B Jn# (VL1%*T1P=T21)
ROMSROMIWARELERINF (2. N8V 14T IM=T2P)
RTR=RTRewAuP#R 14 (VLTI MeT2P)

PMUZRMU+ 4A¥EL#BJ1® (T1P+T2M)

RSR=RSR+JA# (PURJO# ({1 0+VL)#TIP¢T2M)=BY1#(T1P+T2M) /R)
RST=RST+uad (VL#P#BJO0#TIPeRJL# (TIP+T24) /R)
60 fO 3¢

SPECIAL ROUTIME FOR R = ZEROD

PPz=p#P

PSZ=RSZ+WwARPPH# (VL 1#T1P=T2M)
ROM=ROMedAREL#P# (2, 08V 1% TiM=T2P)
RST=RST+vARPPS® ((VL+0.5)#TIP+2,54T2M)
RSR=RST

CONT IMUE

SF = (AZ{(Ke+4) = AZ(K+1))/1.7222726
CSZ=CS2+RSZ#SF
CST=CST+RST#SF
CSR=CSPR+RSRu#SF
CTR=CTR+RTR#SF
COM=COMeROMB®SF
CMy=CiMi)ewMysSFE

RSZ = 2,0%RSZ#AR¥SF
TESTH = aBS (RSZ)=1C0e0%# (=4)
IF (ITS=NTS1 ) 31432¢32
CONTINUE
TESTI(ITS) = TESTH
ITS = IT7T5+1
G0 TO &9
CONTINUE
TEST(NTSY1) = TESTH
DO 33 J = 1oNTEST
IF (TESTH=TEST(J)) 3593636
CONTIMUE
TESTH = TEST(J)
CONTINUE
TEST(J) = TEST(J+1):
CONTINUE
IF (TESTH) 50¢50e40
CONTINLE
JT = 1
CSZ=CSZ#ARP
CST=CST#ARP
CTR=CTR#ARP
CSR=CSR#ARP



i H

[P

COM=COMeARP

CMU=CMUBARP

RSTS CSZ2+CS5T+CSR

BRST = BSTS # (1e0=2.0%V (L)) /E(L)

IF (TZZ) T72¢72+71

2 = =/

CONTIMNUE
POS=(CSR=V(L)#(CSZ«CST)Y/E (L)
SST=2.0% (1o 0+V(L))RCTR/ZE(L)

POT = (CST = V(LY # (CS?7 <« CSRYI/F (L)
MCOUNT=NCOUNT +1

STRESS (MCOUNT) =CSP

STRAIN(NCOUNT) =85T=RDT=RDS
WRITE(Hs315) Re Z9 CSRe RDS,y RDTs dST

315 FORMAT{( 36X 9eF5419F 60l e1X91PGELIC.3)

99 -RETURN

END
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CS="1X

SUsROUTINE COES (KIN)
USED FOR 5 OR FEWER LAYERS

cO4MON /RMCOY/RR(10) ZZ(10) e

1 H{ 5)9 AZ(396)
2 D(3%96s 5)3AJ(396)
3 TEST(11)e BZ(100) s
4 PM{ S96494) Ry

5 Ne Lo

& ROM RMU .

7 CSRe CTPRy

8 NLINE NOUTP

9 Kse LCo

A PAs Py

5 Tl T2

C TG TePe

D BJ0s ZF o

£ SGZ2 e PHe ]

F VK& g VKRG,

G

£{ By V( S)
A(394s 5)¢B (336
RJ1(2396) ¢ RJID(3F6)

X S¢b494)¢S5CH
29 ARy

ITNy RSZe
SF s €S2y
COM, CMUs
NTESTs Is

JTe TZ2Z
EPe TIP,
T3, Téy
TeMg WA
SZ1s SZ2s
PH2, VK2
VKKE RDTs

NCOUNT STRESS(20)Ys STRAIN(20)

5) e
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HH( S5)
5)¢C(396s B)e

FM(2¢2) 9
NS
RSRe
CETe
PSTs
ITNG
PR
TIMe
TS5
BJls
SGls
VKPZ,
RDSs

DIMENSTON SV1(442)9CV1(2el)9sSV2(494)4CV2(242)9SV3(49B)sCV3(264)¢

1SV4(4316)9CVG(2¢8B) 9T (B)eNT(14)

¢ = KIN

SET UP MATRIX X =DleMIarkIeKaMeD

COMPUTE THE MATRICES X(K)
DO 10 K=1¢N

TI=E(RK)#(1e0¢V(K+1))/(E(K+]1)#(]1,0¢V(K)))

TlM=Tl=le0

Pr=pPor (K)

Prp=Ph®2 0
NK2=2. 0%V (K)
VKP2=2: 08V (K+])
VK4z=2 Nt VK2

VEP&L=2, N#VKPZ
VKKB=R 08V (K) &YV (Ke])

¥X{Kglel)=VKé4=3,0=T]
X{Kg2e¢l)=0gn
X(Ks391)2TiM¥ (PH2=VKL+],0)
X(Kebgl)==2, 0% TIM*P

T3=PH2# (VKZ2=1,0)
TeasVKKR+1e D=3 N#VKP2
T5=PHZ2¥% (VKP2=1,C)
TE=VKKSB41e0=3,0%VK2

X(Ks192)=(T34T4=T1#(T5+T6)) /P
X(Kg292)=T1# (VKP4=3,0) =140
X({Keboz)=TIM® (],0=PH2=VKP4)
X(Kg3s6)=(T3Ta=T14(T5=TH)) /P

T3zPH24PH=VKKB8+]1,0
T6=PHZ® (VK2=VKP2)



1v

11

1e
13

24

21
22

X(Kelsd)=(T3¢T4eVKP2aTI# (T36T46+VK2)) /P
X(Kg3e2)= (=T3¢ T4=VKP2+T1#(T3=T4&+VKe) } /P

X(Kgle3)=TlMt(],0=PH2=VK4)
X(Ke2e3)Z2eN¥T NP
X(Ks3e3)=VK4=3,0=T]
X("<9403)=0.D

X(Ke24)=2TIME(PHP2=VKP4+],])
X({Kebot)=T1# (VKP4=3,0) =160

cONT INnUE

COMPUTE THE PRODUCT MATRICES PWM
SC(M)S4, 0% (V(N)=1eD)

IF (Ne=2) 13sllell

‘D0 12 K1=24N

MzilS=K]
SCUN)=SCINel)RGeBR(VIiM)al,ey)
CONTIMNUE .
COMTINIE

K = N

DO 15 M=lsé

PG 14 Jdsls2

SVI(HMed) = X(KeMeJde2)

CONT INUE

CVi(lel) = =2.0%P#H(K)
£V1(291) = 060

K = Kel

IF(X) 50450420

CONTINUE .
DO 22 J=lsc

J1 = J+J

T(1) = Sv1(led)
T(2) = SV1(2+J)
T(3) = SV1I(3+J)
T(4) = SV1{ssed)

N0 21 M=lsé

SV2(MeJdle=l) = X(KeMol)#T(1)eX(KeMy2)uT(2)
SVv2(MeJl) = X({KeMg3)#T(3)+X(KeMo&) T (4)
CONTINUE

TE1) = Cv1(isel)

T(2) = =2,0%P#H(K)

Cva(lel) = T(1)
CVv2({ls2) = T(2)
CV2(241) = T(1)=T(2)
Cv2(2:2) = 0.0

K =2 K=l

IF (K} 3359509030
CONTINUE

DO 34 J=ls4

J1 = J

IF (J1=2) 3293231

83



31
32

33
34

35

4y

41
42

50

51

Jl = Jis2

COMT INUE

T(1) Sve(led)

T(2) Sve(2ed)

T(3) SV2(3+J)

T(4) SVv2(4eJ)

DO 33 Y=144

SV3(MeJl) = X{(KgMgl)#T(1)eX(KaMeg2)#T(2)
SV3(MeJl+2) = X{KeMe3)#T(3)eX(KeMoed)uT (4)
CONTTNUE

T{l) = =2,0%#P#H(K)

N0 3% J=le2

CVA(led) = CV2{lsd)

CV3(2eJ) = CV2{1led)=T1(1)

CV3(1leJe2) CVal(2¢J)+T (1)

CV3(293+2) = CV2(29J)

CONTINUE

K 2 Ke]

IF (K) S50e50940
CONTINUE

DO 4 J=1leé

T(1) = Sv3{1lsJ)
T(2) = SVv3(2sJ)
T{(3) = SV3{3¢d)
T(a) = SV3(4sd)
T(5) = SV3(lsJea)
T(6) = SV3{(23J+4)
T(7) = .SV3(3sJs¢)
T(8) = SV3(4sdee)

D0 4) M=144

SVG{HMeJ) = X(KeMal)HT(1)eX(KeMe2)®T(2)
SVa(Medes) = X(KeMe3)*T(3)+X(KoMgb)#T (4)
SVa (Mg JeB) = X (KoMl ) #T(B)+X(KoMe2) T (6)
SVa(Medel2) = X(KegMe3)HT(7)+X(KeMosh)aT (8)
CONTINUE

T(l) = =Z240#P#H(K)

NO 43 J=les

CVé(led) = CV3L(1led)

CV4(2e¢d) = CV3(1eN=T(1)

CVae(ledes) = CV3(2¢J)+T (1)

Cva(29Jd+4) CVv3t(2eJ)

CONTIMUE

CONTINUE

NT(1) = 1

DO 851 K=2sN
NT(K) = NT(K=1)+NT{K=1)
DO 80 K=1leN

K1 = NS=x

DO B2 H=l+¢4
PM(KieMel) = 060
PM(Kle1s2) = 0,40
CONTINUE

I1 = NT(K)
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DU 810 M=1s11
Ig = M1l

B0 TO (61362963364) 9K

62

53

65

ho
67
68
69

71

72

73

76

75

Do)
[

CONTINUE
T(3) Cvl(leM)
T(4) Cvl(2sM)

R0 TH 68

CONTINUE

T(3) = Cvails™)

T(é} = CY2(2¢M)

GO TDO 65

CONTINUE

T{(3) = CV3(1eM)

T(a) = CV3I(2e¢M)

GO 7D 65

CONTINUE

T{(3) = CVa4(leM)

T(&) = CV&{2¢M)
CONTINVE

T{1) = Neu

T(2) = 0.0

IF {T(3)468.0) 67366:566
T(L) = EXP(T(3))

IF (T(6)+68,0) 69468458
T(2) = EXP(T(4))
CONTINUIE

DO 89 J=le2

GO TO (TleT72e¢73s74) K

CONTINUE

T(3) = SVi(JsM)
T(ae) = SVI(JeI2)
T(S) = SV1(Je24M)
T{Hh) = Sv1(J+2s12)
GO 79 78

T(3) = SV2({JeM)
T(4) = SVZ2(Je12)
T(S) = SV2(J¢Z2+)
T(6) = SvVv2(J+2,12)
G0 T2 75

T(3) = SV3{JeM)y
T(4) = SVv3(Jel2)
T(5) = SV3(J+2.M)
T(6) = SVv3(J+2¢I2)
GO 10 75

T(3) = SV& (JeM)
T(a) = SV&(Jsl2)
T(E) = Svaé{J+24M)
TlH) = SV&(J+2412)
CONTINUE

PM(KleJel)
PM{K1eds2)
PM(KlsdJde2s1)

LI

CONTINUE

PY(KlsJel)eT (1) ®T(3)
PMIKIado2)eT (1) T {4)
PM(KlgJe2ell e T (2)#T (5
PUIK1sJ+292) = PM(KleJde292)+T(2)%T(6)
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o SOLVE FOR CI(NS) AND D{(NS) ‘ ' 86
V222,08V (1)

L V21=V2=1,0
|- NO 90 Jsl.2
‘ FU(10J)=PHPM(16]1ed) ¢V2RPM (1 62¢J) +PHBM (1434 ))=V24PM (1944 )
i : 0 FM(29J)=PRPA(1slyJ)+V21#PM(1929J) =PoDM(1 439 J)+V21%PM (1944 J)
§ DFAC=SC(1)/((FM(1s1)#FM(2492)<FH(291)uF1(142))8#PuP)
A(LCoNS) = 0.0
- B(LCINS) = (oD
% ~LC-1iS) = =FM(142)%DFAC
i D(LCeNS) = FM(1y1)*®DFAC

C BACKSOLVE FOR THE OTHER AsRBeCeD
DC 91 Ki=1leN
A(LCoX1)=(PMUIKY919))#¥C(LCoNS) +PM(KL19192)#D(LCoNS)) /SC(KY)
BILCoKLI)=(PM(K19291)#C{LCeNS)+PM(K]9292)4D(LOsNS))/SCIKY)

. CULCoXKI)I=(PY(K193e1)#C(LCoNS) +PM (K1 4392) 8D (LCINS)) /SCIK])
E 91 D(LCIKIIS(PA(KYIs469 1) #C(LCoNS) +PM(KLoss2) D (LCyNS) ) /SC(KT)
' RETURN

END

]





