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N 'The mechanistic approach to flexible pavement design (1,2,3,4 recognises 2

forms of traffic induced structural damage, one being fatigue failure by

cracking in the asphalt layer, the other being permanent deformation.

The criterion used for ensuring that the pavement does not fail prematurely

due to fatigue in the asphalt is based upon tensile strain. It has been

shown fl71that the tensile strain due to aircraft loading has a maximum

value at the bottom of the asphalt layer, and it is at this depth that the

strain is calculated. The position of the maximum strain relative to the

aircraft wheels is dependent upon the aircraft gear configuration, the

pavement thickness and stiffness, but is readily determined. Extensive

laboratory fatigue tests, combined with full scale trials-6 '-

have permitted the development of a fatigue criterion based on a limiting

strain value, so that pavements can be designed to give satisfactory

performance. if

I IThe parameter used as a criterion to limit permanent deformation is the

vertical strain on the subgrade. The derivation of this parameter can be

traced to the AASHO road test (11) when stress, strain and deformation were

calculated at several locations in the pavement and correlated with the

terminal rut depth. As a result of this, and other complimentary research,

the vertical strain on the subgrade was identified as the parameter which

correlated, most reliably, with the development of wheel track deformation.

[Most mechanistic design systems, including the one developed by the Corps of

Engineers for Airfield pavements (4) use this parameter, dorived from an

*analysis of existing pavement structures of known performance. The

derivation usually involved a single analysis of each pavement using a

WI
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single temperature and a typical load. Because of these simplifying

Iassumptions the criterion is not suitable for a cumulative damage analysis.

I
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Procedure for Copuation of Patimue Damage

The computation of damage due to repeated loading is based upon the linear

summation of cycle ratios as defined by Miner's rule(12). For failure, the

summation of the ratio of the number of cycles of load actually applied (n)

to the number of cycles of that same load to cause failure (N) must equal or

exceed 1, as shown below.

N1  N2  N3  Ni
- + - + ... 1

N1 N.,17N

or i Ni

The number of cycles applied to a given pavement structure can be determined

from data on aircraft movements. The number of cycles of that load to cause

failure must be determined from the fatigue design criteria. This in turn

involves calculating the strain In the pavement from details of the layer

thickness and the temperature profile within the asphalt layer. It is also

important to have detailed information on aircraft movements so that the

correct combination of temperature gradient and traffic can be used to

determine the number of cycles to failure.

The calculation procedure requires the following specific steps.

1. Division of the asphalt layer, in the pavement under analysis, into

sublayers suitable for the computation of temperature gradients and the

subsequent computation of strain.

2) Computation of the temperature gradient in the pavement under analysis

I
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for the conditions relating to the time of year to be represented by the

damage computation.

3) Transformation of the temperature data into stiffness v8luos for use in

the analysis.

- 4) Analysis of pavements for the critical asphalt strain.

5) Determination of the number of cycles which would cause failure at the

strain level calculated in step 4 above.

6) Computation of damage in the pavement for each representative time

period.

7) Development of a Damage - Temperature relationship for each pavement

structure considered, assuming the asphalt layer to have a constant

temperature.

!
8) Determine the "equivalent temperature" by comparing the results of step

6 with the relationship obtained in step 7.

-. In order to undertake the analysis outlined above, it is necessary to select

appropriate layer thicknesses and properties for the pavement structure. It

is also necessary to select damage models and determine traffic movement and

Iloading data. This section will provide this background information.

t
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Pavewnt Structure for Analysis

It was decided to analyse pavements with asphalt layer thicknesses of 3

inches, 5 inches and 10 inches, selected as being typical of the classes of

airfield pavement.

Each pavement has been treated as a three layer structure, and in order to

eliminate effects other than temperature changes, the characteristics of the

base and subgrade were held constant. The base was modelled as an unbound

layer 12 inches thick with a modulus of 50,000 lbs/in 2. The subgrade was

assigned a modulus of 15,000 lbs/in 2.

The loading used for the computation was selected on the basis of the type

of aircraft, appropriate to the class of airfield pavement, relevant to the

thickness of the asphalt layer, as defined in the Corps of Engineers

Airfield Pavement design procedure. For a 3 inch pavement the critical

aircraft for design is the F15, for the 5 inch pavement it is the C141 and a

B52 is the aircraft appropriate for the 10 inch pavement.

Traffic movement data for the five busiest TAC bases, Luke, .Mellis, George,

Holman and Tyndall was supplied, broken down into movements for the periods

0000 - 0600 hrs, 0600 - 1200 hrs, 1200 - 1800 hrs and 1800 - 0000 hrs as

shown in Table 1.

Traffic movements on an hourly basis would have been preferred, and would

have given greater precision in these computations, but the data was not

available in this form.
i
I
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The data in Table I shows that the pattern of movements within each six hour

time period is similar for the five bases. Data to confirm this is shown in

Table 2 which summarises the percentage of movements which can be assigned

to each 6 hour period and also gives the standard deviation of that

percentage for each time period. It was therefore assumed that the

movements for a typical Air Force Base can be described by one pattern.

Table 3 shows the total number of movements for a year computed from the

mean values and the pattern established in Tables I and 2. Also shown are

the daily and hourly movements derived from the total assuming that

movements are distributed evenly through each time period.

Two relationships are required to describe the asphaltic material for this

study. The first requirement is to assign a stiffness value appropriate to

the temperatures calculated in each sub-layer. The relationship used is as

follows (5)

Log E 6.16 - 0.00003 T
2_32

+ 0.074 log f

+ 0.000009 T2.32 log f

where

T a temperature (OF)

f a frequency of loading (cps)

The second relationship is necessary in order to relate the maximum strain

in the plane of the bottom of the asphalt layer to a number of cycles of

1
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load which would cause failure at that strain. This relationship is usually

Ipresented in the following form (4)
Allowable strain - 10-

A

A = N + 2.665 log1 O (EAC) + 0.392
(14.22)

5

where N LoglO (aircraft coverages)

EAC = Modulus of the asphalt concrete.

To compute the no of coverages for a given strain this equation can he

rewritten in the form

N = 10

iI
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The Computation of Temperature Gradients within the PavementI
The most effective data for a study such as is described herein is actual

temperature measurement at various depths within representative pavements.

Unfortunately, this data is not available for the pavements analysed for

this study, in appropriate climates. It was therefore necessary to find a

means of computing the temperature gradient.

After a study of two systems for calculating the variation of temperature

with depth, (13,14) the method reported by Robinson (14) was selected

because of the strength of the validating data.

Robinson's calculation procedure assumes a one-dimensional model of heat

transfer which is solved by a finite difference method. The solution

requires an initial temperature distribution within the pavement and a

•knowledge of the thermal properties of the materials in the pavement

structure. Heat input was estimated from the data on hourly air

temperatures, wind speed and cloud cover, and on a computed solar radiation

intensity. This latter parameter was calculated from equations published by

Iqbal (15).

Data on four locations was provided as being typical of the range in

continental USA. These were Minot, Homestead, Wright-Patterson and

Williams. Hourly temperature data was supplied for a "typical' 24 hour

period In each month of the year. Temperature profiles were calculated for

each hour for pavements with 3,5 and 10 inch thick asphalt surfaces at all

j locations. Thus a total of 3,456 profiles were calculated.

I
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For convenience, the 3 inch asphalt layer was subdivided into 8 layers of

equal thickness, the 5 inch into 7 layer, 6 of which were 0.75' thick and

the lowest layer being 0.5' thick, and the 10 inch pavement into 6 layer of

1.5" thickness and one layer of 1P, thickness.

I

I

I



f 10

Calculation of DamaRe

Tables 4 - 15 show the computation of damage for the structures at each

base. It will be noted that some time periods have been omitted, this is

because of computational errors. In view of the very large number of

analysis necessary for this study an automated system was developed. On

completion of the computation it was discovered that some of the files had

been corrupted. Checks were performed to ensure that the remaining files

were in fact correct. It was not possible to correct those found to be in

error.

Tables 16. 17 and 18 show the computation of damage for the 3, 5 and 10 inch

pavements at each base, assuming constant temperature throughout the asphalt

layer.

Finally, Tables 19, 20 and 21 show the computation of the conversion factor

for the 3,5 and 10 inch pavements respectively at each location.

Figures 1-9 plot the conversion factor as a function of air temperature at

each base, and Table 22 slows the coefficients obtained from a linear

regression of conversion factor as a function of air temperature for each

base individually. The equivalent single temperature is computed from the

mean air temperature multiplied by the conversion factor.

Regression analysis of the data relating conversion factor to temperature

grouped by asphalt thickness gave very poor correlation coefficients, as did

an analysis of the data grouped by base. It is therefore concluded that the

effects of both climate and layer thickness combine to provide a unique

solution to the relation between conversion factor and mean air temperature.

I
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RecoNded procedure for the determination of Equivalent Pavement Temperature

The bases used in this study were chosen to represent major climatic regions

within continental USA. Thus it Is probable that sufficient precision can

be obtained by selecting the appropriate conversion factor - air temperature

relationship from Table 22.

If this is deemed to be insufficiently reliable, then the procedure

described in section 2 can be applied provided the necessary data can be

made available.

p
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Further Work

It is possible that further study could lead to the definition of a

relationship which has wider application, the incorporation of terms to

account for layer thickness in the conversion factor - air temperature

relation could assist with this.

ti
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TIME PERCENTAGE STANDARD
INTERVAL OF TOTAL DEVIATION

0000-0600 0 0.00
0600-1200 43 0.04I1200-1800 48 0.04
1800-0000 9 0.07

TABLE 3. REPRESENTATIVE NUMBER OF MOVEMENTS

TOTAL PER. DAY PER. HOUR
0 0 0
8156 22 4
9118 25 4
1670 5 1
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I
TABLE 16. COMPUTATIONS FOR THE 3 INCH PAVEMENT AT A

I CONSTANT TEMPERATURE

TEMPERATURE MODULUS STRAIN PASSES(n) N n/N
j (FARENHEIT)

30 1336407 0.00147 54 20.17 2.7
35 1239077 0.00153 54 20.20 2.7
40 1167035 0.00157 54 20.83 2.6
45 1066639 0.00164 54 21.28 2.5
50 956828 0.00171 54 23.07 2.3
55 841739 0.00181 54 24.43 2.2
60 725642 0.00191 54 27.73 1.9
65 612585 0.00203 54 32.11 1.7

* 70 506090 0.00215 54 40.08 1.3
75 408923 0.00227 54 53.92 1.0
80 322966 0.00239 54 78.17 0.7
85 249193 0.00248 54 129.69 0.4
90 187738 0.00253 54 249.63 0.2
95 138035 0.00251 54 589.49 0.1
100 99001 0.00242 54 1715.77 0.0
105 69232 0.00224 54 6550.26 0.0
110 47184 0.00198 54 33723.11 0.0
115 31327 0.00166 54 242522.8 0.0
120 20254 0.00133 54 2348589.5 0.0

TABLE 17. COMPUTATIONS FOR THE 5 INCH PAVEMENT AT A
CONSTANT TEMPERATURE

TEMPERATURE MODULUS STRAIN PASSES(n) N n/N
(FARENHEIT)

30 1336407 0.000817 54 380.35 O.l**
35 1239077 0.000847 54 388.50 0.14
40 1130926 0.000883 54 402.45 0.13
45 1215424 0.000854 54 392.49 0.14
50 896323 0.000977 54 450.95 0.12
55 777377 0.001030 54 506.05 0.11
60 662080 0.001100 54 558.76 0.10
65 553452 0.001160 54 690.75 0.08
70 453866 0.001230 54 874.34 0.06
75 364968 0.001300 54 1185.20 0.05
80 287654 0.001350 54 1850.79 0.03
85 222123 0.001380 54 3302.55 0.02
90 167977 0.001390 64 6707.36 0.01
95 124357 0.001350 54 17296.24 0.00

100 90094 0.001270 54 55415.79 0.00
105 63852 0.001130 54 248733.5 0.00
110 44253 0.000936 54 1694728 0.00!

'I



I
TABLE 18. COMPUTATIONS FOR THE 10 INCH PAVEMENT AT A

CONSTANT TEMPERATURE

TEMPERATURE MODULUS STRAIN PASSES(n) N n/N
(FARENHEIT)

30 1336407 0.00102 54 125.40 0.43
35 1239077 0.00106 54 126.56 0.43
40 1130926 0.00111 54 128.20 0.42
45 1015424 0.00116 54 137.06 0.39
50 896323 0.00123 54 142.58 0.38
55 777377 0.00131 54 152.06 0.36
60 662080 0.00139 54 173.43 0.31
65 553452 0.00149 54 197.55 0.27
70 453866 0.00159 54 242.22 0.22
75 364968 0.00169 54 319.21 0.17
80 287654 0.00178 54 464.44 0.12
85 222123 0.00186 54 742.47 0.07
90 167977 0.00190 54 1405.59 0.04
95 124357 0.00189 54 3215.97 0.02

100 90094 0.00181 54 9424.52 0.01
105 63852 0.00165 54 37472.00 0.001
110 44253 0.00139 54 234641.74 0.0002

II
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I TABLE 22. SUMMARY OF LINEAR REGRESSION ANALYSIS

JBASE m c rsquare

HOMESTEAD 3 -0.009 1.442 .98
5 -0.005 1.094 .38

10 -0.005 1.05 .97

WILLIAMS 3 -.0017 1.723 .94
5 -.009 1.454 .9

10 -.008 1.346 .88

MINOT 3 -.022 2.066 .91
5 -.041 3.11 .91

10 -.027 2.232 .91

WRIGHT-PAT3 -.01 1.633 .92
5 -.016 1.657 .91

10 -.022 1.98 .89{CONVERSION FACTOR m X(AIR TEMP) +c
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