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The contents of this report reflect the views of the
authors who are responsible for the facts and the accuracy
of the data presented herein. The contents do not neces-
sarily reflect the official views or policies of the Wash-
ington State Transportation Commission, Department of Trans-
portation or the Federal Highway Administration. This re-

port does not constitutea standard, specification, or regu-
lation.



INTRODUCTION

The increased use of single tires in lieu of dual tires has led to
a concern over whether current Washington Department of Transportation
regulations accurately consider the relative effects of single and dual
tires on pavement performance. This report describes both analytical
and field studies which were used to compare the damaging effects of
axles with various widths of single tires and axles with dual tires.

The objective of the study was to develop techniques for evaluating
the effects of various axle configurations with dual and single tires
on pavement performance. By use of the techniques developed, evaluate
current State of Washington regulations pertaining to tire sizes, con-
figurations, and recommend changes, if required. The principle requla-
tion evaluated was The Revised Code of Washington (RCW) 46.44.042:
"Maximum gross weights - tire factor ... it is unlawful to operate any
vehicle upon the public highways with a gross weight, including Toad,
upon any tire concentrated upon the surface of the highway in excess
of 550 1bs per inch width of such tire, up to a maximum width of 12
inches and for a tire having a width of 12 inches of more there shall
be ailowed a 20 percent tolerance above 550 1bs per inch width of such
tire",
Study Approach

A separate analysis was made for rigid and flexible pavements using
existing finite element and elastic layer computer programs to calculate
stresses and strains in the pavement sections under various tire loads.
The calculated stresses and strains were then used to determine the
fatigue 1ife of the pavement under these loads. Dual tires with a width
of ten inches and a center to center spacing of 15 inches and single
tires with widths of 10, 12, 14, 16, and 18 inches were used in the analysis.

Equivalency relationships were developed between single and dual
tires based on their relative fatigue lives. The equivalency relation-
ships between single and dual tires were then compared with RCW 46.44.042
to determine if the regulation adequately considered the relative dam-
age effect of single tires. The study approach is outlined in Figure 1.




Portland Cement Asphalt

Concrete Pavements Concrete Pavements
Calculate maximum flexural Calculate the maximum hori-
stress in concrete slabs zontal strain at the bottom
resulting from tire loads of the asphalt pavement layer
using a finite element using elastic layer theory.
analysis procedure.

|

Calculate warping Using fatigue analysis
stresses in concrete determine the load repeti-
slabs as a result of tions to failure.

temperature gradients.

Use fatigue analysis to
determine the load repe-
titions to failure for

combined load and warp- Develop a relationship

ing stress. between dual and single
tires, based on the fatigue
analysis.

Develop a relationship
between dual and single
tires, based on the
fatigue analysis.

l

Field verify analysis procedures,
compare with current regulations, and
recommend changes if necessary

Figure 1. Study Approach
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Report Organizatjon

The report contains four chapters and a series of appendices.
Chapter 1 overviews the theoretical analysis of portland cement concrete
pavements, Chapter 2 is a similar treatment for asphalt concrete pave-
ments, Chapter 3 is used to discuss the two field sites used in the
verification process, and Chapter 4 the study conclusions and recom-

mendations.



CHAPTER 1
PORTLAND CEMENT CONCRETE PAVEMENTS

General

This chapter describes the development of a Toad equivalency rela-
tionship between axles with single and dual tires, for concrete pave-
ments. The relationship is based on a comparison of the fatigue damage
which results from repetitions of predicted tensile stresses occurring
in the pavement. Stresses in concrete pavements result primarily from
two sources, traffic loads and temperature gradients within the pave-
ment. The magnitude of these stresses is a function of the pavement
section, material properties of the concrete, joint design, and subgrade
support. Load and temperature stresses were calculated for the range
of conditions generally expected to occur in the State of Washington.

Pavement Design Standards

In Washinaton nearly all recently constructed portland cement con-
crete (PCC) pavements on the State system are nine inches thick. The
concrete is placed on a subbase of gravel or asphalt treated base four
inches or more in thickness. Increased truck volumes on Interstates 5
and 90 may necessitate the use of thicker pavement sections for future
construction on these routes. Also, with the increases in asphalt ce-
ment prices in recent years, concrete has become increasingly more com-
petitive for lower volume primary routes. Slabs with thicknesses ranging
from 7 inches to 11 inches have been used by adjacent states. Therefore,
for this study pavement thicknesses of 7 to 12 inches were considered.

Washington does not place reinforcing steel in PCC pavement and
dowels are not used in transverse contraction joints. Aggregate
interlock is assumed to provide load transfer acress the joints. The
transverse contraction joints are skewed counterclockwise at a ratio of
2:12, with a random spacing of 9, 10, 14 and 13 feet. A joint spacing
of 13 feet, with aggregate interlock was used for this study.

Material Properties

Concrete for PCC pavements is designed to have a modulus of rupture
4



of at least 650 psi when opened to traffic. The medulus of rupture, as
determined by the use of a simple beam with center-point loading, is
generally in excess of 700 psi. For analysis purposes, a modulus of
rupture of 750 psi was used. This value was selected to account for
the initial test values plus the increase of strength expected during
the design life of the pavement. The concrete was assumed to have a
modulus of elasticity of 4.5 x 108 psi and a Poisson's ratio of 0.15.
The support given to concrete pavements by the subgrade and subbase
is generally estimated in terms of the modulus of subgrade reaction (K).
In the original development of the theoretical stress determination in
PCC slabs, it was assumed that the reactions of the subgrade were ver-
tical only and proportional to the deflections of the slab, the reaction
per unit area at a given point being the product of the deflection at
that point and a coefficient of subgrade stiffness, which was termed
the modulus of subgrade reaction. This modulus is normally expressed
in pounds per square inch per inch of deflection [22]. The test pro-
cedure for determining the modulus of subgrade reaction calls for apply-
ing a load to a 30 inch diameter plate and measuring the deflection.
The modulus of subgrade reaction is equal to the Toad in pounds per square
inch divided by the deflection of the plate in inches. Since the direct
measurement of the modulus of subgrade reaction is expensive and time
consuming, approximate values are generally used, which are a function
of other test procedures. Washington estimates the modulus of subgrade
reaction from stabilometer R-values using Figure 2. Figures 3 and 4 are
then used to adjust the subgrade K for subbase to arrive at a K-value for
use in pavement design. K-values of 100 pci and 300 pci were selected
for the analysis, as being representative of the range of values gener-
ally expected in Washington.

Analysis of Load Stresses

Load related stresses in concrete pavements were determined using
the ILLI-SLAB finite element computer program [18]. The analysis pro-
cedure in this program is based on the theory of a medium thick elastic
plate on a Winkler foundation. This program can be used to analyze PCC
pavements having joints or cracks with various types of load transfer

5
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systems, such as dowel bars, reinforcement steel, aggregate interlock,
or key ways.

The concrete pavement to be analyzed can consist of 1, 2, 3, 4 or 6
siabs with a maximum of one longitudinal and two transverse joints.
Wheel loads are applied through uniformly loaded rectangles. The fol-
lowing are input into the program: slab sizes, factor for bond or lack
of bond with the base, modulus of subgrade reaction, pavement thickness,
modulus of elasticity of the concrete, Poisson's ratio of the concrete,
location of the tire load, dimensions of load contact area, contact
pressure, and type of load transfer at the joints.

Tabatabaie and Barenberg [17] compared the solutions obtained using
the ILLI-SLAB program with results of theoretical solutions and experi-
mental studies. These included Westergaard's equations, Pickett's and
Ray's influence charts, AASHTO road test data and Teller and Suther-
land's work at the Arlington Test Farm. These comparisons show the
ILLI-SLAB program solutions agree closely with both the theoretical and
experimental results.,

There are a large number of variables which affect the stresses in
concrete pavement. As a first step in the study, the variables which
had the greatest effect on tensile stresses in the pavement slab were
indentified. This analysis was made using the maximum legal axle loads
of 20,000 1bs for single axles and 34,000 1bs for tandem axles. Tire
widths were based on the regulatory requirement of a maximum tire load
of 550 1b per inch of width for tires less than 12 inches wide and 660
1b per inch of width for tires 12 inches or‘greater in width.

Since the loaded area is a rectangle, the transverse dimension was
the tire width and the Tongitudinal dimension varied depending on the
axle load. The tire contact pressure was 80 psi.

The initial phase of the analysisconsisted of determining the magni-
tude of the horizontal stresses in the concrete pavement for single and
tandem axles at four separate load positions. The axle configurations
examined were: Case I, a single axle with dual 10-inch tires; Case II,
a single axle with single 16-inch tires; Case III, tandem axles with
10-inch dual tires; and Case IV, tandem axles with single 13-inch tires.

9



Four load positions were analyzed: (A) at the joint with the vehicle
centered in the lane; (B) at the joint with the right wheel at the
pavement edge; (C) at the midpoint of the slab with the right wheel at
the pavement edge; and (D) at the midpoint of the slab with the right
wheel 12 inches from the pavement edge. Since the program did not per-
mit skewed joints, the Toads were offset to simulate skewed joints for
A and B. The Cases are shown in Figures 5 through 8. The results
clearly showed that the mid-panel edge loadings were the most critical
cases. For single axles, the maximum tensile stresses for positions
A, B and D were approximately 30, 40 and 75 percent of position C,
respectively. While for tandem axles, the maximum tensile stresses
for positions A and B were approximately 40 and 65 percent of position
C, respectively. The maximum tensile stress for the critical cases
were Jocated at the bottom of the mid-panel edge of the slab.

The sensitivity of load related stresses to variations in tire pres-
sure, single tire width, and joint spacing were analyzed. This analysis
was made using a single axle, mid-panel edge load, 9-inch pavement and
a2 modulus of subgrade reaction equal to 100.

Tire pressures of 70, 80, 90 and 100 psi were analyzed for both
10-inch dual tires and 16-inch single tires. The results, shown in
Figure 9, indicate that the variation in edge stress is about one per-
cent for pressures between 70 and 100 psi. Therefore, within the range
of tire pressures normally encountered there is a negligible effect on
the resulting pavement stresses.

The effects of tire width were analyzed using a 20 kip axle load
with 10, 12, 14, 16 and 18 inch wide single tires. The results, shown
in Figure 10, indicate a definite relationship between tire width and
pavement stresses.

Joint spacings of 13, 15 and 20 feet were analyzed to determine the
effect of joint spacing on pavement edge stress. The results, presented
in Figure 11, indicate a maximum variation in calculated maximum edge
stress of less than three percent.

Based on the preceding analysis, the following decisions were made
relative to the computation of wheel load stresses:

10
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1. Mid-panel edge loadings, Cases IC, IIC, IIIC and IVC are the
most critical and were selected for used in this analysis. For
purposes of analysis, selection of the most critical condition
was considered reasonable. Darter reported [5] that there are
a significant portion of the loads near the pavement edge.

2. A constant contact tire pressure of 80 psi would be used.

3. The effects of 10, 12, 14, 16 and 18 inch wide single tires
would be considered.

4. A1l load stress computations would be made using a joint spac-

ing of 13 feet.

Figures 12 through 17 are plots of the maximum edge stresses for
single and tandem axles on 7, 9 and 12 inch thick concrete pavements.
Figure 18 shows the maximum stresses when the wheel is offset 12 inches
from the edge.

Analysis of Warping Stresses in Concrete Pavement
Differences in temperature between the top and bottom surfaces of
a concrete slab will cause the slab to warp. If the slab was free to move,

no stresses would develop. However, the weight of the slab and its inti-
mate contact with the subbase restrict its movement and stresses are developed.

Measurements by Teller and Southerland of the Bureau of Public Roads
[20] show that the maximum temperature differential that causes warping
is much larger during the day than during the night. Furthermore, during
the daytime the upper surface of the pavement is at a higher temperature
than the bottom of the pavement putting tensile stresses at the bottom
of the slab. This is important because the maximum load related tensile
stresses also occur at the bottom of the pavement slab.

To evaluate the tensile stresses which develop in the concrete slab
during the daytime, the temperatures at the top and bottom of the slab
must be computed. A procedure which is commonly used is to calculate
the mean monthly daytime gradient using Weather Bureau data [5, 11].

The pavement temperature calculations for this study were made using
a procedure developed by Barber [2]. The procedure uses the following

18
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relationship between pavement temperature and wind, precipitation, air
temperature, and solar radiation, as controlled by the thermal proper-
ties of the pavement.

where T

Ta

R

7. o B b T 4

W

TR

Ty * R4+

He-XC

[(H + )% + ¢°7*

(0.5 TR + 3R i i (1)

temperature of the pavement at a specified depth, °F
average air temperature, °F

average contribution to effective air temperature by solar
radiation

0.67 (b) (g

absorptivity of surface to solar radiation

b ~ 0.65 for portland cement concrete

b= 0.55 for black surface

mean daily solar radiation, BTU/sq. ft.

surface coefficient, BTU per sq. ft. per hour, °F
h Z 4.4 for exposed area

h/k

conductivity, BTU per sq. ft. per hour, °F per ft.
k = 0.9 for portland cement concrete

k <~ 0.7 for asphalt cement concrete

depth below surface in feet

(0.131/c)*

diffusivity, ft. sq. per hour = %
specific heat, BTU per pound °F

s 2 0.2 portland cement concrete

s ~ 0.22 dry stone plus asphalt
density of material, pounds per cu. ft.

= daily temperature range

Maximum pavement temperatures at the top and bottom surfaces of con-
crete slabs were calculated for 7, 9, 10 and 12 inch slabs for two loca-
tions in Washington State, for the mean day each month. Normal maximum,
minimum and average temperatures over a 30 year period were obtained
from weather data [15]. Solar radiation data was also obtained from
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data compiled by the National Oceanic and Atmospheric Administration
[10].

For calculation of pavement temperatures in Eastern Washington tem-
perature and solar radiation data gathered at Spokane Internation Air-
port was used. Western Washington pavement temperatures were calculated
using temperatures gathered at Olympia Airport and solar radiation data
collected at Seattle-Tacoma International Airport. It was felt the
temperatures at Olympia would be more representative of the I-5 corridor
than Seattle, which is more subject t a marine climate. However, the
only radiation data available on the west side was for Seattle. Table 1
gives the weather data used to compute the maximum pavement temperatures
for the mean day of each month. The temperatures calculated for the
pavement surface and at the bottom of 7, 9, 10 and 12 inch slabs are
listed in Table 2.

Temperature gradients were calculated using the following relation-

ship:
Ts -T

where G = thermal gradient, °F/in.

temperature at the surface of the slab, °F

Tb = temperature at the bottom of the sltab, °F

PCC slab thickness, inches

The maximum positive gradients for the mean day of each month are shown
in Table 3.

The computed pavement temperatures compare quite favorably with
measurements made by Teller and Southerland -[20] at Arlington, Virginia.
They found that during the summer when the effect of solar radiation is
greatest, the surface of the slab will be approximately 20°F higher than
the air temperature. The computed surface temperatures for July were
25°F and 19°F higher than the average air temperature for Eastern and
Western Washington, respectively. The maximum temperature differential
between the top and bottom surfaces measured by Teller and" Southerland

for a nine inch slab was 31°F. This compares with 23°F and 21°F calcy-
tated for Eastern and Western Washington, respectively.

Since the climates in Virginia and Washington State are different,
27
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Table 1. Glimatic Data Used to Calculate Temperature
Gradients in Concrete Pavements

Eastern Washington
Average Air Temperature for Normal Days Average

Daily Daily Monthly Solar Radiation
Month Maximum °F Minimum °F Average °F BTU/Sq. Ft.

January 31.1 19.6 25.4 315.0
February 39.0 25.3 32.2 605.6
March 46.2 28.8 37.5 1040.6
April 57.0 35.2 46.1 1493.0
May 66.5 42.8 54.7 1917.9
June 73.6 49.4 61.5 2082.8
July 84.3 55.1 69.7 2357.5
August 81.9 54.0 68.0 1942.0
September 72.5 46.7 59.6 1435.3
October 58.1 37.5 47.8 840.9
November 41.8 29.2 35.5 397.7
December 33.9 24.0 29.0 255.2
Western Washington
Average Air Temperature for Normal Days
7 Average
Daily Daily Monthly Solar Radiation

Month Maximum °F Minimum °F Average °F BTU/Sq. Ft.
January 45.1 3l.1 38.1 262.4
February 49.6 32.2 40.9 494.5
March 54.4 34.0 44.2 854.2
April 62.3 37.6 50.0 1295.3
May £8.6 41.6 55.1 1720.1
June 72.6 45.5 59.1 1797.4
July 79.7 48.0 63.9 1980.4
August 78.9 47.8 63.4 1607.3
September 72.6 44.4 58.5 1154.1
October 62.3 40.5 51.4 650.8
November 52.4 35.2 43.8 338.4
December 47.5 .9 40.7 212.6

28



2y £ £p £ 8t 1£3 1€ £ 2 e 43qued3Q
9% Ly Ly 8t £ 8¢ 8¢ 6¢ 6€ St J3qQUBAON
99 95 LS 85 (9 £ S s 5§ 59 4890320
99 L9 L9 69 28 89 69 0L 2L 98  |Jaquajdag
€L vL |- St LL €6 6/ I8 I8 8 101 1snbny
5L LL 8L 08 66 £8 58 98 88 601 ALnp
69 1/ 2L 174 16 €/ G/ GL 8L 96 aunp
59 99 19 69 58 99 {9 89 0L 98 Aey
85 6 6 19 74 S 9§ 95 85 2L [ Ltady
6 0§ £ 25 29 b 144 S 9 95 yadey
24 St 1/ 9% €5 9¢ 9¢ L€ 8¢ 2 Asenagay
ot 1) 187 187 9% L2 82 82 62 £ Adenuep
el w01 ub ul 92 44NG 2l 101 u6 ul | 99044ng Y uoy

SS3WyOLYy) qe|s SSauYdtyl qeys

qe|s 30 wojjog gelS 40 mojjog

NOLONIHSYM NYILSIM NOLONIHSYM NY3LSY3

"YIUOW yoe3 4o Aeg uesy Y3 404 3, SI4NIBJIAWI) wWNwiXe pale(nd (e 2 3|1q9e)

29



05°0 op° 05°0 G G5°0 Ly- 1270 Tl 43qua23(
850 Tl 09°0 29° £9°0 99° 1270 T JA3qudAON
26°0 10°1 01t y1°T 11 221 62°1 6€°1 42340390
G2'1 051 0§°T 69°1 £9°T 18°1 98" 1 90°2 J3quazdag
£9°1 98°1 06°1 01°2 00°2 2 62°2 95°2 3snbny
00°2 v1°2 02°2 YA A Vi 8572 12 56°2 ALnp
£8°1 68°1 00°2 60°2 I1°2 y2'2 £v°2 G52 aunp
£9°1 vL1 06°T 671 00°2 o012 622 0t°2 Aey
£e'1 a2 061 19°1 £9°1 €L°1 98°1 86°1 L Lady
801 90°1 02°1 61°1 221 £2°1 €71 S¥°1 youey
G0 0L 08°0 61° 680 68° 00°1 16" Adenagay
05°0 Ly 09°0 £g” 95°0 LS’ 1" §9° Aenuep
OPLSISIM | Spisise] | SpLSISAN | 9pLsISeq | aptSISaM | oplsisej | ophsisoM | oprsisey HLINOW
juswaaeqd 21 jusdAed 01 juswaaed .6 juawaaey ./

"91e3S UCIBULYSEM UL YIuOW Yde] Jo Aeq uRSW Y3 40y (UOU}/4,) SIUSLPEUD fewIdY] SAL11SO4 unmLXey € dLqe]

30



direct comparisons are not appropriate, however, the comparison does
give an indication that the calculated pavement temperatures are
reasonable.

A review of Table 3 indicates the average differences in the ther--
mal gradients between Western and Eastern Washington were approximately
five percent. Therefore, to reduce the amount of computations it was
decided to use only the Western Washington pavement temperatures for
analysis.

To determine the maximum combined load and warping tensile stresses,
the warping stresses were calculated at the center and the bottom of
the Tongitudinal pavement edge. This was the location where the maximum
Toad related edge stresses were found. Two methods for computing warp-
ing stress were considered. The first method was an analysis procedure
presented by Bradbury [4] which is based on the analysis of temperature
stresses in concrete pavements developed by Westergaard [28]. The
maximum edge stress for the Bradbury analysis is expressed by the general
formula:

5 150 2= (3)
t 2
where St = warping stress, psi
E = modulus of elasticity of the concrete, psi
e = thermal coefficient of concrete, 0.000005 per degree F
At = temperature differential between top and bottom slab, °F
C = a coefficient, the value of which depends upon slab Tength

and the radius of relative stiffness

A second method of analysis is a set of regression equations devel-
oped by Darter [5] using data developed from a finite element analysis.
The first equation determines the edge warping stress (STRC). His re-
sults indicated that the curl stresses could not be added directly to
the load stress to obtain the combined stress. Therefore, the second
equation provides an adjustment factor (R) to adjust the warping stress
so that it could be added directly to the load stress. R ranges from
about 0.8 to 1.5 depending on slab/foundation conditions. The following
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are the two regression equations:

Curl stress:

STRC = {{G){ET)/(5 x 10'6)][0.006712k + 79.07391 1og]0k + 11.72690L
- 0.00720kL - 3.22139L 1og]0k - 0.06883LES - 0.59539ES 1og1ok
- 204.39477H/K - 38.08854L/H - 8.36842H 10910k + 0.07151ESH
+ 0.95691LES 1og]0k + 0.20845LH 10910k + 0.00058LHk
- 0.00201LES Togy k] . ...viiieieeiininnnns e (4)
R adjustmeéent factor:
R = (.48039 + 0.01401H - 0.00427ES - 0.27278G -20 00403L........(5)

+ 0.19508 Togyqk + 0.451876 Tog,H - 0 oossza + 0.012466L
- 0.006226GL 1og]0k + 8,7872 10910 (H /k)/H + 0.00104GES
- 0.118466 1og10 (H /k)} + 0.07001 109y, (ES + 1.0) - 0.01331G

where H = PCC slab thickness, inches
G = thermal gradient through slab, °F/in.
k = modulus of foundation support (top of subbase, pci)
L = slab length, ft.
ES = erodability of support along slab edge, inches
ET = thermal coefficient of contraction of PCC/°F
Adjusted Curl Stress = R X STRC...vveiiin ittt iiiennnacennnns (6)

To compare the two methods of analysis, the calculated pavement tem-
peratures for Western Washington in July were used. July was chosen he-
cause this month had the highest average thermal gradient and therefore,
the highest predicted warping stresses. The following variables were
used in the analysis: modulus of subgrade reaction 50, 100, 200, 300;
pavement thicknesses 7, 9 and 12 inches. In the Darter equations an
erodability factor of zero was selected because very little pavement
pumping is observed in Washington. The stresses calculated by each
method are plotted in Figures 19 through 21. These figures indicate
that with higher values of modulus of subgrade reaction and greater
pavement depths, the Bradbury analysis gives much higher stresses than
the Darter equations. The warping stresses calculated by the Bradbury
procedure are generally considered to be higher than measured stress
because the effect of a moisture gradient through the slab causes
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stresses of an opposite sign to thermal curl stress. Also, slab settle-
ment will reduce the warping stress [5]. Macleod and Monismith [11] re-
duced stresses calculated using the Bradbury procedure by 33 percent

to account for these factors.

Darter [5] states "The computation of curling stresses using the
finite element (FE) program provides a much more realistic analysis
than the Westergaard/Bradbury analysis. The FE program allows the slab
to curl in a weightless condition, and then the restraining weight of
the slab is added. Hence, the slab is restrained by its weight. The
Bradbury model assumes full restraint of the slab which should give
higher stresses."

Based on the comparison of the two procedures and a review of pre-
vious work, the Darter procedure was selected to compute edge warping
stresses for this analysis. However, it was noted that above a modulus
of subgrade reaction of approximately 200 psi per inch the warping
stress tended to decrease. This decrease is most evident with de-
creasing pavement thickness and increased joint spacing. Traditionally,
it is believed that warping stresses increase as the modulus of sub-
grade reaction increases, because stiff subgrades do not yield [29].
Majidzadeh, Ilves, and McComb reported [12] that when analyzing warp-
ing stresses using a coupled finite element-elastic multilayer subgrade
program (RIGMUL), no appreciable differences in warping stresses were
noted for changes in subgrade support conditions. For this study it
was decided to use the warping stresses computed using the Darter equa-
tion for modulus of subgrade reactions of 200 and below. For modulus
values above 200 the warping stress versus modulus curve was kept flat.
This assumed, that for very weak subgrades, the subgrade ytelds as the
slab warps. This provides uniform support over the length of the slab
reducing stresses.

The mid-panel edge warping stresses calculated using Darter's equa-
tions are given in Appendix A.

Analysis of the calculated edge warping stresses reveals, that
decreasing the pavement thickness and/or increasing the joint spacing
can result in a significant increase in warping stress.‘rFor a 9 inch
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pavement with a K-value for the subgrade of 100, jncreasing the joint
spacing from 13 feet to 20 feet results in a 60 percent increase in
warping stress. A 7 inch pavement with a K-value for the subgrade of
100 will have a 25 percent higher warping stress than a 9 inch pave-
ment on the same subgrade.

Fatigue Analysis

There have been numerous studies which show that plain concrete
beams experience fatigue failure when subjected to high repetitive
flexural stresses. However, no correlation has been performed between
laboratory and field fatigue results [5]. Vesic and Saxena [26] com-
puted stresses for all rigid pavement slabs of the AASHTO Road Test,
for which the serviceability data was available. They found that if
the critical stresses for each loading case and slab were plotted
versus the number of load repetitions needed to reduce the servicea-
bility index to 2.5 the following relationship resulted:

N

2.5 = 225,000 (o)t 7))

where:

N2 5 = load repetitions to a serviceability index of 2.5
fc = tensile strength of concrete, psi
0 = tensile stress, psi

Macleod and Monismith [11] found, after detailed traffic analyses of
600 lane miles of pavement in the San Francisco Bay Area, a common fa-
tigue relationship for PCC pavements when Equation (7) is used. In
their analysis, fc was the modulus of rupture of the concrete and o
was the combined effects of load and thermal stresses.

Equation (7) was selected for use in this study. The tensile
stress used in the equation was the combined load and adjusted warping
stress. The tensile strength was assumed to be 750 psi. The fatigue
analysis was made by assuming that the load repetitions occurred during
the daytime, which was aiso the period of maximum warping stress. The
load stress was combined with the mean adjusted warping stress for each

month and the allowable axle repetitions to a serviceability level of
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2.5 calculated. Allowable repetitions for a specific axle load and
pavement section was based on the following relationship:

12
T ﬁ%-= 1 P e Cieeas e (8)

i=1
n=1/12 of the total load applications
Ni=the allowable number of load applications for each month

Axle Toad versus repetitions to a serviceability index of 2.5 were
developed for single axles with dual tires and 10, 12, 14, 16 and 18
inch wide single tires. Pavement thicknesses of 7, 9 and 12 dinches
with moduli of subgrade reaction of 100 and 300 were used to develop
these fatigue relationships. Figures 22 through 24 are the fatigue
curves developed. Fatigue curves were alsc developed for tandem axles
with dual tires and 13 inch wide single tires (Figures 25 through 27).

Equivalent Wheel Load Factors

Single Axles

The fatigue curves were used to determine the percent of a dual
tire axle load an axle with a specific width of single tires could
carry and have an equivalent number of repetitions to a serviceability
index of 2.5. It was found that each pavement depth and modulus of sub-
grade reaction had an individual relationship. These are shown in
Figure 28. This equivalency can also be modeled by the following re-
gression equation:

POL = 54.2 + 1.77 (STW)- 0.0116 (k) + .618 {D).e.evvvrunnnn.... (9)

where PDL = percent of dual tire axle load on an axle with single
tires which gives equivalent fatigue life

STW = width of single tire, inches
k = modulus of subgrade reaction, psi/in.
D = thickness of pavement slab, inches
R® = .987
o = .377
n =150

Equivalent wheel Toad factors were developed for dual tires on
38
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single axles and 10, 12, 14, 16 and 18 inch wide single tires on single
axles. The factors were developed for 7, 9 and 12 inch pavements with
moduli of subgrade reactions of 100 and 300 psi/in. These factors are
the equivalent 18-kip dual tire single axle loads for the load being
evaluated. The factors were developed using the following equation:

E o8 e (10)
i Ni
Fi = equivalency factor
N]B = repetitions to a serviceability index of 2.5 for an 18-kip

dual tire single axle load

repetitions to a serviceability index of 2.5 for the axle load
being evaluated '

=
[}

i
The equivalency factors for single axles are given in Tahle 4 - 10.
Tandem Axles D

Equivalency relationships were developed between 13 inch wide single
tires and dual tires on tandem axles. The percent of a dual tire tan-
dem axle load which can be carried on a tandem axle with 13 inch single
tires and give equivalent fatigue 1ife are given in Table 11. These
equivalencies were developed using fatigue curves (Figures 25 through
27).

Equivalent wheel Toad factors were developed for tandem axles with
dual tires and tandem axles with 13 inch wide single tires. These factors
are the equivalent 18-kip dual tire single axle loads and were developed
using Equation (10). The factors for tandems with dual tires aregiven in Ta-
bie 12 and tandems with 13 inchwide single tires are givenin Table 13.

Equivalent wheel load factor tables were not developed for widths
of single tires on a tandem axle other than 13 inches. However, the
equivalency tables for dual and single 13 inch wide tandem axles and the
appropriate equivalency tables for single axies were used to develop
factors for converting tandem axles to single axles. These factors
are presented in Table 14 and are used as follows: From Table 14 deter-
mine the appropriate factor based on pavement thickness and subgrade
modulus. Divide the tandem axle load by two, find the equivalence
factor for a single axle in the appropriate Table 4 - 10. Multiply
the single axle equivalence factor by the factor from Table 14 to
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Table 11, Percent of Dual Tire Tandem Axle Load
on 13-Inch Single Tire Tandem Axle for
Equivalent Rigid Pavement Performance

Pavement *Modulus of Subgrade Percent of
Thickness Reaction Dual Tire
Inches psi/in. Tandem
7 100 80.0
7 300 75.8
9 100 82.2
9 300 79.0
12 100 85.4
12 300 82.0

1 Percent of a dual tired tandem axle ioad which can be carried
on a tandem axle with 13-inch wide single tires and give
equivalent fatigue life.

54




A 1R A A3 X0 [§:2%:1: 864207 1574 /Y A 86S.v’¢
£8G9/°¢ 891etv"9 9/809°¢ 86¥02 "V Lbt9e 2 91260°¢
LECEE"E GL16G°9 6L6VE°2 6£02L°¢€ 50820°¢ SY9EL°2
L6LEG 2 €88V 92901 °2 862L2°¢ Stal18° L 26.0¥°2
99€£95°2 809491 °¥ 16££8°1 LE1987°¢ 8€919°1 99501 "¢
$292¢°¢ 692v5°¢€ 6t199° L 9Eb8y 2 65S0€h" 1 14828° 1
£ggLe’ L 98¢66°¢2 £L99F° L 190t1°¢ €8LS¢°1 FARTA' I
yE6ET "L £8506°¢ 9g1Be "L 84828° L 18460° | e69tt” |
6t/8t° L ¥8vL0°¢ goLLL-t ESLPSTL 82066 " PLObL L
9/191°1 LLL69° L 19v56° 6vs62°1 sevie’ LLVS6”
06096° E169¢° L oLy’ 821L0°1 25169° 1868L°
99¢8L" 086" L 08189° 8veL8” 896.G° €9’
9/829° 82Lv8’ 0895 ° §900L° LL6LY” 1691G°
0646t " 2299’ 8209¢%° EELSs” 8168t ”° 8690t "
tL08E° LE08Y” ¥8L9¢€” () 74 chole” LLELE”

00¢€ 001 00€ ool 00¢ 001

12d “NOILJV3Y 2avy¥98nsS 10 SATINACW
A ¢l 6 6 L L
SSANNJIHL av1s
speot d|Xy 3albuLs a4L) (eng diy-gl Jud|eatnbl
S9| Xy WopueRl “SaJL| |eng ‘jusudAed
ptbry ¢saojoeq ssualeAaLnbl oLjled] 2| 3lqel

‘8p

35



605¥0° L Live L1 8ELE0°G 8£099° £ 02458t 2986179
#0£82°9 9986°6 GES9G b 96££8°9 €L66E" T 2LEES"S
22285°S 68€L°8 oLl b £8590°9 98/96 € ZLSL6°Y
80626 "t 666G "L E¥669°E GZHSE"S 22195°¢€ 991bE b
0092€° ¥ £995°9 28%0€" ¢ 9vL69°V pv6L1°€ S6118°¢€
BELLLE §/29°S [25€6°2 G9€60° 1 112282 L19t2€ "€
96€92°€ £¥8L" Y 8E065°2 LOLYS € $888% "Z 028(8°2
98008°2 6620° % £1692°2 69/€0°€ £26/1°2 8eliv 2
8518€°2 £6GE°€ 062£6°1 61862 18268" | 9£201 "2
L6€00°2 9/9.°2 669" 1 ovLLL 2 91629°t G669.° 1
929991 86¥2°Z 688YY" L §5108° L 818t | 6v2Lib' L
¥999€° L L1og"t 610221 GZ6Lt" L 02891°1L £v802° L
y2€0L" L £9Ly°L £5¥10° 1 £heE6L" 1 68696 919.6°
9lbL8 £060" 1 99628° 106¥6° Q€26." oL
vyiL9 €618 65599" £81€L° L8YE9" 62009°

00€ 001 00€ 001 00€ 001

124 “NOILOY3IY 3avyoans 40 SNINAOW
Zl Al 6 6 L L
SSINMIIHL 9v1S
speoq a[xy albuls a4t |eng diy-gl Ju3LeALnb]

$3|Xy Wapue| sadLl 9|buls apiM youl €|

‘quaweAed pLbLY SJ03oeq 3juaieaLnbl diijed] ‘gl 3|qel

peo
aLxy

56



Table 14,

Equivalence Factors Between Tandem
Axle Repetitions and Repetitions of

One Axle in the Tandem Pair. Rigid
Pavements Single or Dual Tires.
Pavement Modulus of Equivalent*
Thickness, Subgrade Reaction (k) Single Axles
Inches psi/in. (Rigid Pavement)
7 100 1.6
7 300 1.3
9 100 2.1
9 300 1.5
12 100 2.9
12 300 1.9

*i.e. for a 9 inch pavement, k = 100 a 40 kip tandem is equivalent
to 2.1 20 kip single axles of similar tire configuration.
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determine the equivalent 18-kip dual tire axle Toads for the tandem
axle.
Example: Analysis to determine the 18-kip dual tire, single axle
equivalent repetitions for a tandem axle
Given: Tandem axle with a load of 44 kips, single 14
inch wide tires, pavement section - 7 inch PCC,
K = 300.
Caiculations: Load on each axle of the tandem pair
. tandem gx]e Toad _ %;_= 22 Kips
Equivalent single axle factor from Table 14
= 1.3
18-kip equivalent axle load repetitions for a
22-kip single axle with 14 inch wide single
tires, from Table 6
T = 2.9236
Equivalent 18-kip dual tire, single axle equi-

valent repetitions for the tandem axle
= 1.3 x 2.9236 = 3.8007
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CHAPTER 2
ASPHALT CONCRETE PAVEMENTS

Qverview

The analysis of single versus dual tires on flexible pavements pre-
sents an interesting problem if currently available analysis procedures
are to be used. This problem results because the various elastic layer
analysis and finite element procedures developed for flexible pavements
utilize uniform circular Toads. As a result, the width of the tire
being modeled is a function of tire pressure and load.

There are two previously reported studies where load equivalency
factors between single and dual tires were developed. 1In one study
reported by Deacon [6] an elastic layer analysis program developed by
Chevron Research Company was used to compute the maximum tensile strains
under various single and dual tired axle loads. -In his analysis, the
modulus of the asphalt pavement was 400,000 psi, which was representa-
tive of high-quality asphalt concrete at temperatures of 70°F, with a
time of loading between 0.1 and 0.01 seconds. Moduli of 20,000 psi and
6,000 psi were used for the base and subgrade, respectively. Poisson's
ratios of 0.35, 0.40 and 0.45 were chosen for the asphait concrete,
granular base and subgrade.

The load equivalency factors developed were based on fatigue dis-
tress, where fatigue life was described as:

K LI e ()
number of load repetitions to failure
maximum principal tensile strain

K and C are constants
The load equivalency factor (Fi) is defined as the ratio of the number
of load applications to failure of a standard load (Nb) to the number
of applications to failure of the axle load under study (Ni)

N
N
€



since Ni = K EE;
_r i4C
F_i - ['E—] ....... 1 s s e nseane P IS IR A R SR R R RN A (13)
b
where C = 5.5

The standard Toad was an 18,000 pound single axle dual-tired load.

Figure 29 shows the load equivalency between single and dual tires
for various pavement structural numbers. Deacon's analysis did not
attempt to model the widths of the single tires. Contact pressures were
a function of tire loads and the single tires were assumed to be the same
size as the tires used on the axles with dual tires.

Terrel and Rimsritong [25] compared the relative destructive effects
of various widths of single tires and dual tires. Elastic layer anal-
ysis was used to calculate the horizontal tensiie strains at the bottom
of the asphalt pavement. The maximum radial strain for each tire size
and Toad was used to calculate the load repetitions to failure using
the fatigue relationship shown in Figure 30, which was based on work
performed by Epps and Monismith. To simulate tire widths for various
wheel loads, the contact pressure was varied as shown in Table 15. The
relationship developed for repetitions to failure for various pavement
sections and tire widths is shown in Figures 31 and 32.

Flexible Pavement Study Approach

The development of flexible pavement equivalency factors for axles
with single tires to axles with dual tires is an extension of the
earlier study performed by Terrel and Rimsritong [25] for the Washington
State Highway Commission. In their study several thicknesses of pave-
ment structures were used: 3, 6 and 9.5 inches of asphalt concrete pave-
ment on 8 inches of crushed aggregate base. These sections represent

the range of flexible pavement structures generally constructed in Wash-
ington State and were used in the analysis beinq reported in this revort.

The calculation of stresses, strains and deflections in the pave-
ment resulting from various wheel loads was performed using layered
elastic theory. Where appropriate the values contained in Terrel and
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Table 15. Tire Contact Pressures Used by Terrel and

Rimsritong to Simulate Tire Widths
[From Reference 25]

Tire Width ContracE Wheel Contact
(in.) Area (in.c) Load (1b.) Pressure (psi)

8 50.27 4,000 79.58
6,000 119.37

8,000 159.15

10 78.54 4.000 50.93
6,000 76.40

8,000 101.86

10,000 127.32

15 176.71 6,000 33.95
8,000 45,27

10,000 56.59

12,000 67.59

18.5 268.80. 6,000 22.32
8,000 29.76

10,000 37.20

12,000 44.64
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Load Applications to Failure

Axle Load, Kips
9.5-1nch ACP

Load Applications to Failure

Axle Load, Kips
6-inch ACP

Figure 31. Equivalencies for Fatigue Behavior Developed by
Terrel and Rimsritong [25] for 9.5-inch and
6-inch Pavements
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Rimsritong's report [25] were used. For the additional cases analysed
in this study, the Multi-Layer Elastic Theory Iterative Method-Dual
Wheel Option {PSAD2A) computer program was used to calculate stresses,
strains and deflections in the pavement [8]. PSAD2A has the capability
of printing stresses and strains due to dual wheel configurations. In
addition, for layers with stress dependent resilient modulus values,
the modulus can be determined through an iterative process.

Material Properties

The use of an elastic layer program requires that a proper value
for the resilient modulus and Poisson's ratio be selected for each layer.
Asphalt Concrete
The resilient modulus of asphalt concrete is a function of its temp-
erature. It is obtained by testing over a range of temperatures from
40°F to 100°F at a time loading of 0.1 second. Resilient modulus
versus temperature relationships have been developed for Washington
State University Test Track pavements [25]. They are shown in Figure
33. Using an average temperature condition of 68°F a resilient modulus
of 400,000 psi was selected. The Poisson's ratioc was assumed to be 0.3.
Crushed Aggregate Base

The resilient modulus of untreated aggregates is a function of the
confining stress. Repeated load triaxial testing is used to develop
the following relationship:

_ K
MR = K1 0‘2 .................................................... (14)
where
MR = resilient modulus

D
]

bulk stress (0] + 203 in triaxial test)
K1, K2 = constants obtained from triaxial testing

The relationship developed for crushed aggregate base on a project at
the Washington State University Test Track was [24]:

My = 2843 00 0 (15)

This relationship and a Poisson's ratio of 0.4 were used for crushed
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aggregate base in the analysis for this stuay.

Subgrade |

A wide range of modulus values for subgrade materials are encountered
on highway construction in the State of Washington. Terrel and
Rimsritong [25] used an average value of 6,500 psi in their calculations.
For uniformity this value was used in this study. The Poisson's ratio
used was 0.45,

Fatigue Analysis

To compare axles with single tires to axles with dual tires, a
fatigue distress model was used. Fatigue distress is assumed to be
the cracking which results from repeated load applications and is a
function of the maximum horizontal strain at the bottom of the asphalt
concrete layer. Fatigue analysis was used because cracking is the prin-
cipal form of asphalt pavement distress in Washington State. [27] The

fatigue model used to calculate repetitions to failure was developed by
Finn et al. [7] Its development was based on shifting laboratory fa-
tigue curves to conform with ffe]d conditions, using AASHQ Road Test
data. The model used in this analysis prediéts repetitions resulting

in fatigue cracking equal to of Tess than 10 percent of the wheel path area is:

log Ne = 15.947 - 3.219 Tog (/107%) - 0.854 10g (1E*1/10%)....(16)

It

where Nf repetitions to failuyre

€ Taximum tensile strain at the bottom of the asphalt bound
ayer

|E*| = resilient modulus in psi
Modeling Techniques Evaluated

Terrel and Rimsritong modeled tire width by adjusting the contact
pressure. As shown in Table 15, this resulted in contact pressures

which are not representative of contact pressures encountered in the
field. Also, a large circle may not be representative of the shape of
a2 wide tire under heavy loading.

To see if contact pressure or shape would have a major effect on the
calculated tensile strains at the bottom of the pavement, two alternate
modeling techniques were used. One was to model the width of a single

tire using two adjacent circles with a constant contact pressure and
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fit a fatigue curve. The second method was to model the width of the
single tire using a single circle with a constant pressure and fit a
fatigue curve. The results of the three technigues were then compared
with the limited field data available.

When calculating the fatigue life for dual tires, Terrel and
Rimsritong used the maximum horizontal radial strain at the bottom of
the pavement. In analysing the strains under dual tires for various
pavement sections and wheel loads it was noted that the tangential
strain always exceeded the radial strain. For dual tires, these tangen-
tial strains are in the longitudinal pavement direction. Based on field
éxperience at a number of test roads, higher tangential strains would
be expected. Terrel reported [23] that the initial cracking at the
Brampton Test Road, Morro Bay Test Road and the Washington State Univer-
sity Test Track were short transverse cracks. Measurements of horizon-
tal strains at the bottom of the asphalt pavement, reported by Zube and
Forsyth [30], also indicated that the maximum was in the longitudinal
direction. Therefore, a decision was made to use maximum horizontal
tensile strain at the bottom of the asphalt concrete layer to calculate
fatigue life, which in all cases was tangential strain for dual tires.

The following is a description of the three analysis techniques used:

Constant Radius - Variable Pressure

This procedure is similar to the one used by Terrel and Rimsritong
[25]. Three single tire widths were evaluated, 10, 15 and 18.5 inches.
The width of each dual tire was 10 inches. The tire widths were main-
tained by varying the tire pressures as listed in Table 15. Equation
(16) was used to calculate the fatigue 1ife for various axle loads on
the three pavement sectijons being evaiuated. The horizontal tensile
strains reported by Terrel and Rimsritong [25] were used for the single
tires and maximum horizontal strains were calculated for the dual tires.
Figures 34, 35 and 36 show the relationship developed between axle loads
and repetitions to failure for the three pavement sections.

Double Circle - Constant Pressure

This method and the single circle - constant pressure method, to
be discussed next, use the assumption that the axle load versus
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repetitions to failure fatigue curves for various tire widths are
parallel for a given pavement section. This assumption appears reason-
able based on the analysis of concrete pavements described in this re-
port and the constant radius - variable pressure method for flexible
pavements. To determine the slope of the fatigue curves, curves were
developed for dual tires. Two methods were used to develop these curves,
applying the wheel load through a circle with constant radius and ap-
plying the load using a constant contact pressure of 80 psi. The slopes
of the two curves were very close for the 9.5 inch asphalt concrete
pavement section. The difference in slopes increased as the asphalt
pavement section decreased. Figures 37, 38 and 39 show the relation-
ships developed for 9.5, 6 and 3 inch asphalt concrete pavement sec-
tions on 8 inches of aggregate base. It was concluded that an average
of the slopes of the two curves would be an adequate representation of
the slope of the fatigue curve. For dual tires the average curve was
fit through the intersection of the constant contact pressure curve

and the constant radius curve. It is interesting to note that the con-
stant pressure and the constant radius curves intersected between the
20 kip and 25 kip axle loads. This indicates that, in the load range
generally used for elastic layer analysis of dual tire axle loads, the
size of the loading circle and contact pressure are close to actual con-
ditions.

To model tire width using the double circle method, two adjacent
Toading circles were used, with a constant contact pressure of 80 psi.
The radius of the circles was chosen so that four times the radius
equalled the desired tire width. The total area, of the two circles,
was calculated and multiplied by the contact pressure. This represented
the simulated Toad on the single tire and is illustrated in Figure 40,

The maximum horizontal tensile strain was determined using the
PSAD2A program and the repetitions to failure calculated using Equation
(16). The point representing axle load versus number of repetitions to
failure was plotted and a fatigue curve fit through the point. Calcula-
tions were made for simulated tire widths of 10, 12, 14, 16 and 18
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Simulated Wheel Load

r I
80 psi 80 psi
y ¢33 ¢t 3 4}

Tire Width - 4r |

Figure 40. Simulated Single Tires Using
Adjacent Circular Loads
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inches. The resulting relationships are shown for the three pavement
sections in Figures 41, 42 and 43.

Single Circle - Constant Pressure

This method is similar to the double circle method. In this case,
the diameter of the circle was chosen to equal the width of the tire
to be simulated. The wheel load was equal to the area of the circle
times the contact pressure, which was held constant at 80 psi. The
maximum horizontal strain at the bottom of the asphalt pavement sec-
tion was calculated and repetitions to failure determined. A fatigue
curve was then fit through the point using the same fatigue curve
slopes as those in the double circle method. Fatigue curves were de-
veloped for 10, 12, 14, 16 and 18 inch tires. The curves are shown in
Figures 44, 45 and 46.
Single Versus Dual Tire Equivalency

For each method and pavement thickness, the percent of dual tire
axle load that axles with single tires could carry and have an equiva-

lent fatigue life was determined. These equivalencies were determined
graphically using the fatigue curves in Figures 41 through 46. The
equivalency relationships for 9.5, 6 and 3 inch asphalt concrete pave-
ments are shown in Figures 47 - 49, Because of the wide range between
the double circle and two single circle methods, actual measurements of
the effects of single versus dual tires were needed.

There have been only a limited number of investigations to measure
the actual effects of dual tires versus single tires on pavement per-
formance. At the AASHO Road Test an investigation was conducted to
determine the performance and deflections for a number of pavement
sections under the loadings of several pieces of specialized units of
military highway and off-highway equipment: [9]. These included the
study of the use of low pressure - low Silhouette (LPLS) tires on
tractor and semi-trailer units and the effects of the use of the GOER
a self-propelled cargo or fluid transporter resembling a conventional
two axle tractor scraper. '

The LPLS tire was designed for a 6,000 1b wheel load at a 35 psi
inflation pressure. The contact print for the'LPLS tire is
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Percent of Dual Tire Axle Load
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Figure 47. Percent of Dual Tire Axle Load Which an

Axle with Single Tires Can Carry for
Equivalent Fatigue Life. 9.5-inch
Asphalt Concrete Pavement.
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Percent of Dual Tire Axle Load
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Percent of Dual Tire Axle Load Which an
Axle with Single Tires Can Carry for
Equivalent Fatigue Life. 6-inch Asphalt
Concrete Pavement.
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Figure 49. Percent of Dual Tire Axle Load Which an Axle

with Single Tires Can Carry for Equivalent
Fatigue Life. 3-inch Asphalt Concrete
Pavement.
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approximately rectangular with a width of approximately 21 inches.
The width of the LPLS tire was comparable to the width of military
tread dual tires used for comparison, Figure 50.

Comparison studies were made on Loop 2 of the AASHO Road Test be-
tween tractor and semi-trailer units equiped with LPLS tires and units
with conventional dual (standard military tread) tires. For both flexi-
bie and rigid pavements, the loss in serviceability for the sections
subjected to the LPLS tires was generally less than for sections sub-
Jjected to conventional tires.

Figure 51 shows the serviceability trends for a section with 3 inches
of asphalt concrete pavement, 6 inches of aggregate base and 4 inches of
subbase. This section had the thickest flexible pavement section in
this study and is close to the 3 inch ACP section used in the elastic
layer analysis. The plot of serviceability trends indicates approxi-
mately 1.25 more applications of the LPLS tire axles than the conven-
tional tires were required to reach, a present serviceability index of
2.5. Based on the fatigue curve for a 3 inch asphalt concrete pavement,
the LPLS axle could carry 115 pércent of a dual tire axle and achieve
the same repetitions to a psi of 2.5. However, prior to these studies
Lane 1 of Loop 2 had been subjected to over one million 2 kip axle
loads and Lane 2 to an equal number of 6 kip axle loads. The influence
- of this traffic is not known. Since the LPLS tired vehicles were
operated in Lane 1, it probably influenced the results in favor of the
LPLS tires.

The GOER was equiped with 29.5 x 25/16 inch tires inflated between
25 and 35 psi. The contact width of these tires is approximately 25
inches. Relationships were developed for flexible pavement deflection
and axle load for conventional dual tires and GOER tires. This rela-
tionship for a section with 5 inches ACP over 9 inches base and 16
inches of subbase is shown in Figure 52. This figure indicates that a
wheel load on the GOER tire equals approximately 125 percent of a dual
tire load which woyld cause a similar deflection for a 10 kip wheel
load {20-kip axle load).

Based on the studies of the LPLS and GOER tires, it appears
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realistic to assume that an axle with single flotation tires with a
width equal to a set of dual tires (approximately 25 inches) should be
able to carry a load equal to 120 percent of the dual tire axle load to
give an equal fatigue 1ife.

Zube and Forsyth [30] reported on a study made by the California
Division of Highways in 1963 to determine the single wheel - single
axle loading which would produce the same destructive effect as a dual
wheel single axle loading of 18,000 1b. The size of single tire evalu-
ated was an 18.00 - 19.5 tire with a 16 ply wide base casing inflated
to 75 psi. The approximate contact width for this tire was 12 inches.
They concluded that based on pavement deflections as a criterion, the
destructive effect of a flotation tire with a single-axle loading of
12,000 1b equals or exceeds that of a dual-wheel configuration at an
axle loading of 18,000 1b.

At one test site, it was possible for them to obtain both transverse
and longitudinal strain measurements from the bottom of the asphalt sur-
facing. They found that the longitudinal strain was higher than the
transverse strain. The longitudinal strains measured are shown in
Figure 53. There is very little information on the thickness of a pave-
ment section or its material properties. They do indicate that the sec-
tion consisted of 3 inches of new ACP over 2 inches of old ACP over
a variable asphalt treated base. Based on the measured strain of 380
micro inches/inch for dual tires, structurally the section would Tlie
close to the 3 inch ACP sections used in the elastic layer analysis
for this study.

The measured strains were used in a fatigue analysis. This analysis
indicated that the 12 inch flotation tire could carry 62 percent of the
dual tire axle load and have an equivalent destructive effect.

Based on the AASHO Road Test data, an axle with 25 inch wide tires
on a 3 inch asphalt concrete pavement should be able to carry 120 per-
cent of a dual tire axle load and have an equivalent destructive effect
in fatigue. The California study indicates that an axle with 12 inch
wide tires, on a pavement with a section equivalent to 3 to 4 inches of
asphalt concrete on an 8 inch aggregate base, should be able to carry
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62 percent of a dual fire axle Toad. Figure 54 shows these points on a
plot of the egquivalency relationships developed for single versus dual
tires on a 3 inch pavement. Connecting these points indicates that the
field data falls approximately midway between the Tines developed using
single circles and the line developed using double circles. Therefore,
an average relationship was developed between the single circle methods
and the double circle method. This was accomplished by first developing
an average single circle relationship and then combining this with the
double circle relatjonship. The results are shown in Figure 55. Figure
55 indicates that the average single tire to dual tire equivalency is
very close to the equivalency developed using field data. For this rea-
son, it was decided to use an average between the single circle and
double circle equivalencies for all three pavement sections. These are
shown in Figure 56.

Equivalent Wheel Load Factors

The average fatigue curves for dual tires, Figures 37, 38 and 39
were used to develop traffic equivalence factors for single axles with
dual tires. For singie axles with single tires, fatigue relationships
were developed by applying the dual tire equivalencies in Figure 56 to
the dual tire fatigue curves. For example, if the single axle with
single tires could carry 80 percent of the dual tire axle load and have
an equivalent fatigue life, the axle with single tires would have the
same fatigue 1ife at a 16 kip axle Toad as an axle with dual tires and
an axle load of 20 kips. Equivalency factors were developed for sections
with approximate AASHO structural numbers (SN) of 2, 4 and 6 [1]. The

equivalency factors represent 18-kip single axle dual tired axle repeti-
tions where:

N

_ 18
Py = W
Fi = equivalency factor
N18 = repetitions to failure for an 18-kip single axle dual tire load

=
-y
]

repetitions to failure for the axle load and tire configuration
in question

The equivalency factors are listed in Tables 16, 17, 18 and 19.
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Figure 56. Average Equivalency of Single Axles with
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Table 16. Traffic Equivalence Factors for Single Axles
with Dual Tires - Asphalt Concrete Pavement

Single Axles - Dual Tires Traffic Equivalence
Factors (18-kip single axles dual tires)

Approximate Structural Number

* * *

Load 2 4 6

10. .35301 .20683 71

12. .48759 .33721 . 2958

14. .64069 .50978 .4700

16. .81168 .72922 .7020

18. 1.00000 1.00000 1.0000

20. 1.20520 1.32640 1.3723

22. 1.42687 1.71257 1.8272

24, 1.66467 2.16252 2.3730

26. 1.91827 2.68014 3.0180

28. 2.18738 3.26923 3.7705

30. 2.47175 3.93348 4,6388

32. 2.77113 4,67651 5.6312

34. 3.08531 5.50186 6.7560

36. 3.41408 6.41300 8.0215

38. 3.75725 7.41334 9.4361

40. 4.11465 8.50623 11.0080

*where SN = 2 represents 2 to 4 inches of ACP over aggregate base
SN = 4 represents 5 to 8 inches of ACP over aggregate base
SN = 6 represents 9 inches or more of ACP over aggregate

base.
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Table 17. Traffic Equivalence Factors for Single Axle with
Single - Asphalt Concrete Pavement, SN = 2

ACP SN = 2*

Single Axles - Single Tires Traffic Equivalence
Factors (18 kip single axle dual tires)

Tire Width

Axle

Load _ 10" 12" 14" 16" 18"
10. 1.2437 .8656 .64083 .49635 . 39599
12. 1.7179 1.1956 .88514 .68557 .54696
14. 2.2573 1.5711 1.16308 . 90084 .71870
16. 2.8597 1.9904 1.47347 1.14125 .91051
18. 3.5232 2.4522 1.81535 1.40604 1.12176
20. 4.2462 2.9553 2.18786 1.69457 1.35194
22. 5.0272 3.4989 2.59027 2.00625 1.60061
24. 5.8650 4.0820 3.02196 2.34061 1.86736
26. 6.7585 4,7039 3.48232 2.69718 2.15184
28. 7.7066 5.3638 3.97086 3.07556 2.45372
30. 8.7085 6.0611 4.48708 3.47540 2.77271
32. 9.7633 6.7953 5.03057 3.89634 3.10854
34, 10.8702 7.5657 5.60091 4.33809 3.46098
36. 12.0286 8.3719 6.19775 4.80036 3.82978
38. 13.2376 9.2134 6.82073 5.28288 4.21474
40. 14,4968 10,0898 7.46953 5.78540 4.61565

*where SN = 2 represents 2 to 4 inches of ACP over aggregate base.
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Table 18. Traffic Equivalence Factors for Single Axles with
Single Tires - Asphalt Concrete Pavement, SN - 4

ACP SN = 4*

Single Axles - Single Tires Traffic Equivalence
Factors (18 kip single axle dual tires)

Tire Width

Axle " I " " "
Load 10 12 14 16 18
10. .6309 .4790 L3731 .2969 .24050
12. 1.0286 .7809 .6082 .4840 .39210
14. 1.5549 1.1805 .9195 7317 .59277
16. 2.2243 1.6887 1.3153 1.0466 .84793
18. 3.0502 2.3157 1.8038 1.4353 1.16279
20. 4.0458 3.0715 2.3925 1.9038 1.54232
22. 5.2237 3.9658 3.0891 2.4580 1.99136
24, 6.5962 5.0077 3.9007 3.1038 2.51455
26. 8.1750 6.2064 4.,8343 3.8468 3.11643
28. 9.9718 7.5705 5.8969 4.6923 3.80141
30. 11.9979 9.1087 7.0951] 5.6457 4.57379
32. 14,2643 10.8293 8.4353 6.7121 5.43778
34. 16.7818 12.7406 9,924 7.8968 6.39749
36. 19.5610 14,8505 11.5675 9.2045 7.45695
38. 22.6123 17.1670 13.3719 10.6403 8.62014
40. 25.9458 19.6978 15.3432 12.2089 9.89093

*where SN = 4 represents 5 to 8 inches of ACP over aggregate base
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Table 19. Traffic Equivalence Factors for Single Axles with
Single Tires - Asphalt Concrete Pavement, SN = 6

ACP SN = 6*

Single Axles - Single Tires Traffic Equivalence
Factors (18 kip single axle dual tires)

Tire Width

Ax]e |1} 11 13 1] [ 1]
Load 10 12 14 16 18
10. .3014 .2696 .2420 .2183 L1974
12. L5211 .4662 .4185 .3774 .3413
14. .8280 .7407 .6650 .5997 .5423
16. 1.2366 1.1062 .9932 .8856 .8099
18. 1.7615 1.5758 1.4148 1.2758 1.1637
20. 2.4174 2.1624 1.9415 1.7508 1.5832
22. 3.2187 2.8793 2,5851 2.3312 2.1081
24. 4.1802 3.7394 3.3574 3.0276 2.7378
26. 5.3164 4.7558 4.2699 3.8505 3.4819
28. 6.6420 5.9415 5.3346 4.8106 4.3501
30. 8.1716 7.3098 6.5630 5.9184 5.3519
32. 9.9198 8.8736 7.9671 7.1846 6.4968
34. 11.9012 10.6461 9.5585 8.6197 7.7945
36. 14.1305 12.6403 11.3490 10.2343 9.2546
38. 16.6224 14.8694 13.3504 12.0391 10.8866
40, 19.3914 17.3464 15.5743 14.0446 12.7002

*where SN = 6 represents 9 inches or more of ACP over aggregate base
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Tandem Axles with Single Tires
An analysis was made to determine if it was reasonable to model a

tandem axle with single wheels as two single axles with single wheels.
The BISAR (Bitumen Structures Analysis in Roads) elastic layer analysis
program, developed by Koninklijke/Shell-Laboratorium, Amsterdam, was
used for this analysis [16]. Three cases were considered: Case 1, 4.2
inches of asphalt concrete over 12 inches of aggregate base; Case 2,
8.4 inches of asphalt concrete over 8.4 inches of aggregate base; and
Case 3, 9.6 inches of asphalt concrete over 8.4 inches of aggregate
base. These cases are based on several pavement sections constructed
by the Washington Department of Transportation which were being analyzed
in a related study.

The maximum strain was determined for a 17-kip single .axle load
and a 34-kip tandem axle load. The repetitions to failure were then
calculated using Equation (16). 1In all cases for the tandem axles,
the maximum strain occurred under the wheel. Therefore, it was assumed
that each pass of a tandem axle resulted in two applications of this
strain. The results of this analysis are given in Table 20.

These results indicate that the damage effect of tandem axles would
be underestimated by using two single axles to model tandem axles. How-
ever, the traffic equivalency factors for tandem dual tires on flexible
pavements developed from the AASHO Road Test data [1] indicate that the
damage resulting from a tandem axle is less than that caused by two
single axles.

Barker, Brabston and Chou [3] noted that for tandem aircraft gear
the strain-time curve has two peaks. At shallow depths the ratic of
the peak strain to the strain between peaks is large, but approaches
unity as the depth increases. They concluded that in estimating
strain repetitions for the asphalt pavement a tandem gear would result
in two repetitions. However, when considering subgrade strain criteria
a tandem gear would result in one strain repetition.
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CRAPTER 3
FIELD VERIFICATION

Introduction

A method of assessing the relative destructive effects of traffic
loadings involves analysis of pavement structures in terms of traffic
induced stresses, strains, or deflections. Utilizing this approach,
the magnitude of these pavement response variables under different
loading conditions are compared to those caused by standard load.
From these comparisons and appropriate pavement distress criteria,
destructive effects of loads are expressed in terms of an equivalent
number of applications of the standard load, or load equivalency
factors. Field measurements of the response of pavements to moving
traffic loads have been limited and therefore, the majority of these
analyses have been based on theoretically determined parameters.

As part of this study, field measurements were made to enhance
the theoretical development presented in Chapter 1 and 2. The field
study was ‘'divided in three parts: 1) truck survey at the weigh
stations, 2) deflection measurements under actual truck loads at
the weigh station, and 3) utilization of field data from Transporta-
tion and Surface Water Engineering Division of Alberta Research
Council.

Truck Survey

A truck survey was conducted at a weigh station near Fife (I-5
northbound) with the purpose of determining axle loads, tire sizes,
tire pressures, contact areas, and to observe the frequency of use
of single axle single tires. Appendix C contains the data for each
truck type surveyed. Axle loads were measured on the scale at the
weigh station in the static mode. Tire sizes were obtained from
the manufacturer's designation on the side wall of the tire. Tire
pressures were measured with a heavy duty pressure gage, and tire
width and contact length on the road was measured by a tape.




Analysis of the truck survey showed that:

1. Total trucks in the sample was 80.

2. There were only six percent of trucks with single tires
on single and tandem axles {(axles other than steering axles).

3. There was one truck which exceeded the criteria of 550 1b/in.
(the tireswere10 in. wide). However, there were at least 15
percent of trucks which had one of the dual tires flat or had
a very low tire pressure.

4. There were only two trucks with single tires of 16.5 and 18
inches width.

5. From Figure 57, it appears that the actual contact area is
generally more than the assumed contact area (when calculated
as a circular area). The assumed contact area was calculated
by use of a circular contact area and knowledge of the tire
pressure and load.

6. From Figure 58, one can see that the average tire pressure
on the highway is about 95 psi compared to the generally
accepted assumption of 80 psi. There appears to be no cor-
relation between higher axle load and higher tire pressure.

In Situ Deflection Measurements at Fife {I-5)

In order to verify theoretically derived load equivalency factors,
it was necessary to measure in situ deflections for actual truck
loadings and tire sizes and to calculate load equivalency factors
based on measured deflections. The concept used to calculate load
equivalency factors from field data was to measure deflections due

to a standard 18 kip single axle dual tire load and compare with
those for other axle loads and tire sizes.

Field Instrumentation. To obtain pavement surface measurements,
an extensometer was designed to measure in situ deflections. The
extensometer is six feet long and consists of two one inch diameter
bison coils placed parallel to each other in a PVC tube (shown in
Figure 59). The change in voltage between the coils was measured.
This voltage change is related to the actual movement through a
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calibration process. Calibration was achieved by using a fixture shown
in Figure 60, where two coils are mounted parallel to each other and
one of the coils is moved with a micrometer. Curves are developed
relating micrometer readings to the change in the voltage. These
curves are then used to interpret the voltage measured in the field

to determine actual deflections. Refer to Reference 31 for a com-
plete description of the original calibration process.

Site Location. The weigh station near Fife {I-5 northbound) was
chosen for the extensometer location. The deflections were measured
Jjust after the axle loads were measured on the scales. The location
of the extensometer relative to the test site is shown in Figure 6]
and photographs of the extensometer in Figure 62. The drilling re-
quired for installation was done by the WSDOT Office of Maintenance,
District 1, with a six inch auger (shown in Figure 63). The pavement
section consisted of eight inches of dense asphalt concrete, i2 inches
of gravel base and at least 12 feet of glacial gravel till.

The €i11 material appeared to be dry of optimum moisture content.
There were no surface cracks visible at the time of installation.

The boring was backfilled with the same material with the addition
of portland cement. This was done to preclude settling of the ex-
tensometer under repeated truck Toads.

Data Collection and Analysis. The objective of the data collec-
tion was to find a relationship between axle load, tire size and de-
Tlection. Hence, each axle of a given truck was weighed, tire sizes
noted and deflection readings recorded. A sample of the data is
shown in Appendix C. Of the 150 trucks weighed, only 60 were con-
sidered in the development of the load deflection relationship as
not a1l trucks passed over the extensometer. Next the load-deflection
relationship was established for front axles with single tires, single
axles with dual tires, and tandem axTes with dual tires. There were
only four trucks that had tandem axles with single tires and hence‘
not considered.

Figure 64 illustrates the three relationships. The coefficient
of determination (RZ) for single axle dual tire and tandem axle with
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Figure 62. Two Extensometers (12 ft. and 6 ft. long)
and Bison Instrument to Measure Amplitude.

Figure 63. Location of Drill Hole in the
Wheel Path for the Extensometer.
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DEFLECTION (1072 in.)

Pavement Section

8" AC
12" Gravel Base
© Gravel Subgrade
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O B. Single Axle Dual Tire
O C. Tandem Axle, Dual Tire

JAN D. FWD Simulating Single Circular
Hheel Load
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Figure 64. Load Deflection Relationship
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dual tires exceeded 0.96 which is considered excellent. The coef-
ficient determination for front axles with single tires is only 0.60.
One reason for this low R2 is that most of the Toads measured ranged
between 8,000 to 12,00 1bs, which is not a large range. Also, the
single tire did not always center directly over the extensometer
giving rise to a large variation in deflections.

In addition, falling weight deflectometer (FWD) deflections were
measured at four locations near the extensometer. The purpose of
the FWD deflections was to correlate deflections with the extensometer
and to determine the elastic material properties of the pavement
layers. The material properties were determined by using FWD deflec-
tion basins and a layered elastic computer program, (BISDEF) [32]
the results of which are shown in Figure 65. These material properties
were then used to calculate surface deflection and maximum horizontal
tensile strains for loads ranging from 6,000 to 22,000 1bs for single
axles with dual tires (summarized in Table 21). The calculated and
measured deflections were then plotted are shown in Figure 66.

Discussion. The data collection and analysis presented above
supported the fact that calculated and observed deflections can be
made to agree with each other within statistical bounds for single
and tandem axle dual tire loads. However, for single axles with
single tires more data was needed for the development of significant
relationships between tire size, axle load, and tire pressures. As
the objective of this study was to determine the effects of single
tires on pavement structures in comparison with standard dual tire
loads, it became necessary to find a location to generate such data.
From a 1iterature search, it was determined that the Alberta Research
Council had developed large amounts of data from field instrumentation
and this data was used to verify the theoretical findings and is pre-
sented in the next section.

Utilization of Field Data from Alberta

The data from three reports published by the Transportation and
Surface Water Engineering Division of the Alberta Research Council
[33, 34, 35] were used to present results in this section. In 1973
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Load = Tbs d

10.276 9.213
(mils)

Asphalt Hy = 8" E, = 2.5x 10% psi v = 0.15 (Temp.=32°F)
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Gravel Base H2 = 12" E2 = 31,000 psi v = 0.35

Subgrade H3 = @ E3 = 25,000 psi v = 0.35

Gravel {glacial till)

Figure 65, FWD Deflection Basin and Derived
E-values from BISDEF Program
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Table 21. Calculation of Surface Deflection and Horizontal
N Tensile Strain for the Fife Test Site
Mioss peflection  10°0 n. | Calculated Moximn
Single Axle Calculated Measured Strain
Dual Tire (x 10-6)
6 1.97 1.60 17.6
8 2.57 2.24 22.3
10 3.17 2.90 26.7
12 3.75 3.56 30.7
14 4,32 4.20 41.0
16 4.89 4.80 38.1
18 5.45 5.50 41.5
20 6.00 6.14 44,7
22 6.54 6.70 47.8
Tandem Axle
Dual Tire
8 1.86 1.42 11.3
12 2.73 2.25 15.9
16 3.58 3.086 20.1
20 4.42 3.90 23.9
24 5.25 4.73 27.4
28 6.07 5.568 30.7
32 6.89 6.38 33.8
36 7.69 7.21 36.6
40 8.49 8.04 39.3
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a test facility capable of recording stresses, strains, and deflections
under static and moving traffic loads was incorporated in two full-
depth asphalt pavements. Later a third site was instrumeted in the
thinner section. Since completion, pavement-subgrade interfacial
strains and surface deflections have been recorded under moving

wheel loads ranging from 1,000 to 33,000 1bs and various loading con-
figurations. A1l three test sites are located near Edmonton, Alberta.
The pavement structure at these sites consist of:

1. Three inches asphalt concrete, 12 in. gravel base, subgrade.

2. Four inches asphalt concrete overlay over 7.7 in. asphaltic

" concrete, subgrade.

3. Four inches asphalt concrete overlay over 11 in. asphaltic
concrete, subgrade.

Material Properties at the Test Sections. To determine material
properties at the three test sites, FWD deflection basins were obtained
at four stress levels and every 50 feet for a 500 feet total Tength.
The test sites with corresponding instrumentation can be seen in
photographs shown in Figure 67. The deflection data is shown in
Table 22.

Resilient modulus of the layers for each pavement section were
then calculated with the use of the BISDEF Computer Program. This
program is a reverse elastic layered BISAR Program which back cal-
culates elastic moduli for flexible pavements with a maximum of four
layers by satisfying observed and calculated deflection basins. The
resilient modulus values so calculated are shown in Table 23.

In order to facilitate calculations of tensile strain and surface
deflections at these sections for various loads and tire configurations,
stress sensitive material properties were derived and are shown in
Table 24." In all cases, the subgrade materials exhibit a negative
slope indicating a clay type material.

Method of Analysis. The main objective in this section is to
compare theoretically derived load eouivalency factors for 10, 12,
16.5 and 18 inch wide tires on single axles to those measured in
the field at the Alberta test sites. The method to do this is briefly
summarized below.
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Figure 67a. Instrumentation on the Alberta 3-Inch Section.

Figure 67b. Instrumentation on the Alberta 3-Inch Section.
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Figure 67c. Instrumentation and Rutting on the
Alberta 15-Inch Test Section.

Figure 67d. Truck Used for the Measurement Standard
Single Axle, Dual Tire 18,000 1b. Load.
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Table Z3. Resilient Modulus Calculated from FWD
Deflection Basins for ATberta Test Section.

: Resilient Resilient Resilient | Base |Subgrade

Section Stress Modulus Modutus Modulus Butk Bulk
(psi) ACP Base Subgrade {Stress | Stress

(psi) (psi) (psi) (psi) (psi})

3 inch 46.02 541,806 13,932 10,089 9.150 5.896
87.54 595,701 15,190 9,945 17.596 | 10.682

114.12 596,520 15,659 9,606 23.332 | 13.600

140.10 596,631 15,285 9,908 28.246 | 17.030

20.22 360,181 16,224 10,209 8.400 5.534

39.51 447,950 16,090 9,736 15.634 | 10.290

51.41 494,486 15,613 9,910 19.484 | 13.430

62.11 472,094 16,345 9,486 24.530 | 15.770

11.7 inch 44.72 75,405 12,887 8.163
88.15 70,780 11,822 15.932

113.76 68,209 11,862 20.926

136.67 67,826 11,837 25.178

20.44 81,247 13,128 7.346

39.64 78,230 12,685 14.270

51.11 75,746 12,521 18.530

61.48 75,683 12,438 22.250

15 inch 46.06 136,481 13,499 4130
90.21 123,739 13,360 8.433

115.83 122,633 13,444 10.906

138.86 125,042 13,427 12.946

20.17 159,128 13,447 3.552

40.48 147,434 13,613 7.426

52.25 150,000 13,500 9.474

62.74 126,319 13,506 12.305
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Table 24.

Material Properties Derived from FWD
Deflection Basin at Alberta Test Sections.

Base 2
Section of MR"Versus © Regression Equation r
Subgrade
3 inch Base Mg = 11,449 o009 0.86
Subgrade My = 10,826 0™0-0% 0.56
11.7 inch | Subgrade My = 14,855 0™0-074 0.71
15 inch Subgrade My = 13,550 070-005 0.29
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Theoretical and Field Approaches. As described in Chapter 2 of

this report, three analytical modeling methods are used to calculate
tensile strain at the bottom of asphait concrete and surface deflec-
tion. The three modeling methods are 1)} constant radius - variable
pressure, 2) double circle - constant pressure, and 3) constant pres-
sure - radius equal to the width of the tire. As stated in Chapter 2,
the average of the values of the constant radius and double circle
methods were used to generate load equivalency factors. These
average values were calculated for the Alberta test sections using
the material properties described above and the PSAD2A Computer
Program. The results of the calculations are shown in Table 25,
26, 27 and 28.

Longitudinal interfacial strains and surface deflections caused
by each loading condition in the field were recorded at vehicle
velocities ranging from 2 to 25 miles per hour. The pavement response
variables caused by 18,000 1b single axle-dual tire load of a standard
Benkelman Beam test vehicle were recorded immediately prior to/or
following each test series. Employing this test procedure, compari-
sons between the magnitude of the response variables measured under
the various loadings to those caused by the standard load were made
at similar vehicle velocities and pavement temperatures.

After calculating the strains and deflection ratios from measured
strains and deflections, load equivalency factors were calculated.
The approach to calculate load equivalency factors involved the use
of established asphalt concrete fatigue life tensile and Timiting
pavement surface deflection - anticipated traffic relationships.
These relationships indicate that pavement life (expressed in terms
of equivalent standard load applications, N} can be approximated by
the expression:

-IC -]C
N-(E-;) and N-(S;)

where £; and 6i equal the magnitude of the induced tensile strain
and deflection, respectively. Combining these expressions with
the definition of a load equivalency factor, the factors, F for
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Table 25.

Surface Deflection and Tensile Strains Calculated for

Single Axle Single Tire Loads for PSADZ2A Computer

Program for 16:50 x 22.5 and 18:00 x 22.5 Tires Using

Three Models.
) Axle Tire Tire Surface Tensile
Section Model Load Pressure | Radius Deflection Strain
(Tbs) {psi) (in.) (x 107% din.} | (x 107%in/in)
3 inch | constant pres} 11,700 80 2.312 393.3
ACP 1 sure for 1637 17,000 80 3.149 455.2
tire 20,600 80 3.675 485.1
constant radi+ 11,700 8.25 1.922 195.9
us for 16:50 : 17,000 8.25 2.765 280.5
tire 20,600 8.25 3.333 337.3
constant presi 15,600 80 2.936 441.3
sure for 18:0Q 18,000 80 3.298 464.3
tire 21,800 80 3.844 493.5
constant radi{ 15,600 9.00 2.450 224.5 !
us for 18:00 { 18,000 9.00 2.816 257.5 |
tire 21,800 9.00 3.392 309.4
|
double circle| 17,106 80 8.25 3,078 529.0 |
20,357 80 9.00 3,532 568.5 |
11.7 inch constant presi 11,700 80 1.629 242.3
ACP sure for 16:50 17,000 80 2,108 324.7
tire 20,600 80 2,406 373.7
constant radiH 11,700 8.25 1,173 178.0
us for 16:50 | 17,000 8.25 1,704 258.7
tire 20,600 8.25 2,065 313.5
constant presq{ 15,600 80 1.987 304.2 |
sare for 18:00 18,000 80 2:192 338.9
tire 21,800 80 2.503 389.0 |
constant rad+| 15,600 9.00 1.487 220.1 ‘
us for 18:00 | 18,000 9.00 1.715 254.0
tire 21,800 9.00 2.077 307.6 |
|
double circle| 17,106 80 8.25 2.026 331.5 }
20,357 80 9.00 2.296 378.2 }
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Table 25. Continued
Axle Tire Tire Surface Tensile
Section Model Load " |Pressure | Radius Deflection Strain
(1bs) (psi) (in.) (x 1072in.) [ (x 10~%in/in)
15 inch | ¢onstant pres-| 11,700 80 1.031 108.8
sure for 16:50f 17,000 80 1.351 151.3
tire 20,600 80 1.522 177.7
constant radi-{ 11,700 8.25 0.7702 90.3
us for 16:50 17,000 B.25 1.119 131.3
tire 20,600 8.25 1.356 159.0
constant pres-| 15,600 80 1.269 140.5
sure for 18:00{ 18,000 80 1.408 158.8
tire 21,800 80 1.618 186.2
constant radi-| 15,600 9.00 0.9832 114,7
us for 18:00 18,000 9.00 1.134 132.3
tire 21,800 9.00 1.374 160.3
double circle | 17,106 80 8.25 1.327 151.0
20,357 80 9.00 1.511 176.0
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Table 26. Theoretical Average Strain and Deflection Ratios
Calculated for Single Axle Single Tire Loads from
Constant Radius and Double Circle Methods.
- 4)
Axle Tire . (3) Average( . (5)
Section Load Diameter 3:;?;" Strain De;;:$§1on
(Tbs) (in.) Ratio
3 inch 11,700 CR\T}16.50 0.490 0.800 0.745
ACP 17,000 CR 16.50 0.701 1.005 1.072
20,600 CR 16.50 0.843 1.150 1.292
15,600 CR 18.00 0.561 0.905 0.950
18,000 CR 18.00 0.644 0.990 1.091
21,800 CR 18.00 0.724" 1.120 1.315
17,106 0¢$2) 16.50 1.322 1.012 1.193
20,357 DC 18.00 1.421 1.068 1.369
11.7 inch| 11,700 CR| 16.50 0.627 0.746 0.800
ACP 17,000 CR 16.50 0.911 1.039 1.162
20,600 CR 16.50 1.104 1.232 1.408
15,600 CR 18.00 0.775 0.933 1.104
18,000 CR 18.00 0.894 1.049 1.169
21,800 CR 18.00 1.083 1.236 1.416
17,106 DC 16.50 1.167 1.042 1.381
20,357 DC 18.00 1.332 1.180 1.565
15 inch 11,700 CR 16.50 0.638 0.699 0.757
ACP 17,000 CR 16.50 0.927 0.989 1.100
20,600 CR 16.50 1.123 1.186 1.333
15,600 CR 18.00 0.810 0.904 0.966
18,000 CR 18.00 0.934 1.024 1.115
21,800 CR 18.00 1.132 1.222 1.350
17,106 DC 16.50 1.066 0.996 1.304
20,357 DC 18.00 1.243 1.144 1.485%
Note: (1) CR: constant radius
(2) DC: double circle
(3) Strain ratio is defined as z (L)

(4) Average strain ratio is average of strain ratio for
radjus and double circle models

(5) Deflection ratio is defined as %Téé%
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Table 27. Theoretical Strain Ratios for Constant
Pressure - Single Axle Single Tire Loads.

Axle Tire . {3)
Section Load Pressure 3:2?;"
(1bs) (psi)

3 inch 11,700CP(D 80 (.983
ACP 17,000CP 80 1.138
20,600 CP 80 1.213

15,600 CP 80 1.103

18,000 CP 80 1.7161

21,800 CP 80 1.234

17,106 DC(Z’ 80 1.012

20,357 DC 80 1.068

11.7 inch 11,700 CP 80 0.853
ACP 17,000 CP 80 1.143
20,600 CP 80 1.316

15,600 CP 80 1.071

18,000 CP 80 1.193

21,800CP 80 1.370

17,106 DC 80 1.042

20,357 DC 80 1.180

15 inch 11,700 CP 80 0.768
ACP 17,000 CP 80 1.068
20,600 CP 80 1.255

15,600 CP 80 0.992

18,000 CP 80 1.121

21,800CP 80 1.315

17,106 DC 80 0.996

20,357 DC a0 1.144

(1) CP: constant pressure
(2) DC: double circle

(3) Strain ratio = ell) where
£(18)
tensfle strain at axle load with single tire.
tensile strain at standard axle with dual tire.
129
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Table 28. Single Axle Single Tire - Comparison of Field
and Theoretical Load Equivalency Factors.

Axle Tire . Field
Section Load Diameter Theor§t1cal F
(1bs) (in.) ' (F3.219)(1,3)
3 inch 11,700 16.50 0.488 0.332
ACP 17,000 16.50 1.016 1.399
20,600 16.50 1.568 2.270
15,600 18.00 0.725 0.593
18,000 18.00 0.968 1.032
21,800 18.00 1.440 1.998
11.7 inch 11,700 16.50 0.389 0.332
ACP 17,000 16.50 1.131 1.399
20,600 16.50 1.957 2.270
15,600 18.00 0.800 0.593
18,000 18.00 1.166 1.032
21,800 18.00 1.978 1.998
15 inch 11,700 16.50 0.316 0.332
AcCP 17,000 16.50 0.965 1.399
20,600 16.50 1.732 2.270
15,600 18.00 0.723 0.593
18,000 18.00 1.079 1.032
21,800 18.00 1.907 1.998
(1) F = Load Equivalency Factor = 2(%%

(2) Theoretical F calculated by combining constant radius
and double circle strain ratios.

(3) Field F calculated by measured horizontal strain from
Alberta test sites.
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single axle loads were predicted using the expressions:
F = ifidc and (Eidc
€ %
where €5 and 61 are the tensile strains and deflections measured
under the various single axle loads and £y and éb equal those
caused by the standard 18,000 1bs single axle dual tire load. In
Chapter 2, the exponent ¢ was assumed equal to 3.219 and hence this
value was used for comparison. Refer to Table 28 for a comparison
of the theoretical and field derived load equivalency factors.

Discussion of Results. The following summarizes the further
analyses related to defining changes in the magnitude of the measured
interfacial tensile strains and surface deflections with respect to
axle load variations. From these results, predicted load equivalency
factors are presented and the relative potential damaging effect of
single tire loadings are assessed and compared.

Single Axle Loads on Dual Tires. In Table 29 are presented cal-
culated surface deflections and tensile strains for the standard
10:00 x 20 dual tires on single axle. The axle loads shown are
the same as those used for the field measurements. Theoretical and
field strain and deflection ratios are shown in Table 30. It appears
that for single axle loads on dual tires the simulation using the
constant radius method is adequate to predict field results. Hence,
the strain values calculated for 3, 11.7 and 15 inch sections under
a standard load of 18,000 1bs are considered accurate for use in
comparing results with other axle loads on single tires, which are
presented next.

Single Axle Loads on Single Tires. In Figures 68 through 70
are presented tensile strain versus axle loads measured and calculated
from the three test sections in Alberta. The single tire sizes
reported are 10, 12, 16.5 and 18 inches wide tires. Effects of each
tire size is discussed:

1. Tire Size 10:00 x 20. In Figures 68, 69 and 70 are plotted

Tines of calculated tensile strains for constant radius -
variable pressure double circle constant pressure. Measured
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Table 29. Single Axle Dual Tire Loads - Surface
Deflection and Tensile Strain Calcu-
lated from Alberta Test Sections.

Axle Tire Tire Surface Tensile

Section Load Pressure Radius Def1ec§ion Stgain

(1bs) (psi) (in.) (x 107%in.) | (x 107%n/in.)

3 inch 18,000 80 4,23 2.580 400.0
ACP 14,900 66.22 4.23 2.146 333.0
22,400 99.56 4.23 3.7190 494.5

24,000 106.67 4.23 3.412 528.7

11.7 inch | 18,000 80 4.23 1.467 284.0
ACP 14,900 66.22 4.23 1.214 23571
22,400 99.56 4,23 1.825 353.4

24,000 106.67 4,23 1.956 378.6

15 inch 18,000 80 4.23 1.017 141.6
ACP 14,900 66.22 4,23 0.842 117.2
22,400 99.56 4.23 1.266 176.2

24,000 106.67 4.23 1.357 188.8

Table 30. Single Axle Dual Tire, Comparison of Theoretical
and Field Strain and Deflection Ratios.

Axle Theoretical Field Theoretical Field

Section Load Strain Strain Deflection | Deflection
{(1bs) Ratio Ratio Ratio Ratio
3 Inch 14,900 0.83 0.82 0.83 0.88
ACP 18,000 1.00 1.00 1.00 1.00
22,400 1.24 1.24 1.24 1.14
24,000 1.32 1.27 1.32 1.17
11.7 Inch 14,900 0.83 0.82 0.83 0.88
ACP 18,000 1.00 1.00 1.00 1.00
22,400 1.24 1.24 1.24 1.14
24,000 1.33 1.27 1.33 1.17
15 Inch 14,900 0.83 0.82 0.83 0.88
ACP 18,000 1.00 1.00 1.00 1.00
22,400 1.24 1.24 1.24 1.14
24,000 1.33 1.27 1.33 1.17

132




— 10,0004

Axle Load (1bs

(O Constant Radius
A Double Circle

{ Yariable Radius, Variable Pressure

_..[JField Data

|

100 200 300 400 500 600
Tensile Strain (x 10'6 in/in)
Figure 68. 10:00 x 20 Tire Size, 3 Inch ACP Section.
| ™ T i

18,000 — |
%)

£ | —]

© -

= _
S

a) - . - —
=

< — —

5,000 - O Constant Radius ]

& Double Circle
| . O variable Radius, Variable Pressure -
/ (J Field Data
" _
\ | | L
0 100 200 300 _ 400 500
Tensile Strain (x 108 in/in)
Figure 69. 10:00 x 20 Tire Size, 11.7 Inch ACP Section.

133



10,000+

")
=)
-U -
o
o
—
° |
=
& =
Constant Radius
5,000 © .
O Double Circle
= (O Variable Radius, Yariable Pressure
O Field Data
- } ]
0 160 200

Tensile Strain {x 107 in/in)
Figure 70. 10:00 x 20 Tire Size, 15 Inch ACP Section.

134



strains in the field are also piotted and as one can see that
for a 3 inch asphalt concrete section (Figure 68}, the modeling
techniques correlate poorly with the fiéld data. However,

for thicker sections (i.e. 11.7 and 15 inches (Figure 69 and
70)), the theoretical models fit the field data well.

In order to improve upon the models discussed thus far,
yet another model was considered. The model uses a variable
radius and variable pressure. This model makes use of manu-
facturer's recommendations of tire pressure and load for single
tires (Reference 35) arid is shown in Tables 31 and 32. The
radius was calculated for each tire pressure and the suggested
Toad 1imit for that tire at that pressure. Tensile strains
were calculated using this method are shown in Table 33 and
plotted in Figures 68 and 79. Overall, this model fits the
field data better for the thin ACP section than the thicker
sections.

Tire Size 12700 x 22.5. Figure 71, 72 and 73 are used to pre=
sent results for the 12 inch wide tire. Variable radius and
variable pressure models are presented in these figurés and

as can be seen for the limited data available for this size
tire, for thin sections the fit is excellent while for the
thicker sections the variations are greater.

Tire Size 16:50 x 22.5 and 18:00 x 22.5. Figures 74 through
79 show results for wide tires. In these figures, no one
method appears to work well although it seems that the variable
radius and variable pressure model better fits the 16.5 inch
wide tires for all three of the ACP sections. While the aver-
age strain model {mean of the double circle and constant
radius models), as described earlier seems to better fit

the 18 inch wide tire.

Alberta Data Summary. Effects of single tires were studied and

the modeling techniques were compared with those measured in the field.
The four models studied were 1) constant radius variable pressure.

2) double circle constant pressure, 3) constant pressure and radius
equal to the width of the tire and 4) variable presssure variable
radius as per manufacturer's recommendations. Comparing the four
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Table 33.

Single Axle, Sinale Tire Loads - Variable Radius, Variable
Pressure as per Manufacturer's Designation.

Axle . Tire - . Tensile .
Section | Load g}:g Pressure ?§f185§1?:) ~ Strain agg?gn (1)
(1bs) (psi) 10-6 in/in)
3 inch 4,530 10: 20 65 1.809 314.0 0.785
5,430 85 2.182 392.1 0.980
6,040 100 2.436 447.7 1.119
6,610 115 2.675 501.2 1.253
4,940 | 12:22.5 65 1.946 325.9 0.815
5,920 85 2.348 407.4 1.018
6,590 100 2.624 465.6 1.164
7,200 115 2.878 521.2 1.303
7,410 [16.5:22.5 65 2.717 380.4 0.951
9,230 90 3.423 502.1 1.255
8,220 | 13:22.5 65 2.953 393.5 0.984
10,970 100 4.005 569.2 1.423
11.7 inch| 4,53c 10:20 65 1.281 189.3 0.666
6,610 115 1.985 285.2 1.004
4,940 | 12:22.5 65 1.360 203.2 0.715
7,200 115 2.105 306.5 1.079
7,410 [16.5:22.5 65 1.798 278.0 0.979
9,230 90 2.314 355.7 1.252
8,220 | 18:22.5 65 1.931 299.8 1.056
10,970 100 2.693 415.7 1.464
15 inch | 4,530 10:20 65 0.809 84.62 0.598
6,610 115 1.247 125.2 0.884
4,940 | 12:22.5 65 0.861 91.57 0.647
7,200 115 1.326 135.6 0.958
7,410 [16.5:22.5 65 1.155 130.5 0.522
9,230 90 1.481 165.1 1.166
8,220 | 18:22.5 65 1.245 142.3 1.005
10,970 100 1.728 194.3 1.372

(I)Strain Ratio = %%%%T
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models, it appears that there are two models which describe the field
behaviour adequately and those two models are:

1. Variable pressure variable radius as per manufacturer's
recommendations.

2. Average values of strain for constant radius and double
circle.

Of these two methods it appears that the variable pressure variable
radius method works well for tire sizes ranging from 19 to 16:5 inches
wide and for thin and thick ACP pavements, while the average value
method works well for 18 inch wide tires and thicker ACP sections.
Other Factors. The other factors which are of interest to this
study are results reported by the Alberta Research Council for effects
of bias ply and radials on the load equivalency factors. Such dif-
ferences in the tire types are difficult to model analytically;
however, it is possible to measure field strain and deflections under
actual loading conditions. Figure 80 shows such differences. Equiva-
lency factors for single axle - 10:00 x 20 radial and bias ply dual
tire loads indicate that, at comparable loads, one application of
the bias ply tire configuration is approximately equivalent in des-
tructive effect to 1.25 applications of the radial tire load. The
Alberta authors warn that more tests are necessary to verify apparent
differences in the magnitude of the strains and deflections measured
under these two tire types.

145



Load Equivalency Factor

2.0

1.0

0.8

0.6

0.4

10:00 x20 _ <"
(Bias Ply)

~Z_10:00x 20
(Radials)

Axte Load {kN)

Figure 80. Load Equivalency Factors for

120

Single Axle Loads on Dual Tires

(after Ref. 34).

146



CHAPTER 4
CONCLUSIONS AND RECOMMENDATIONS

Conclusions

The traffic equivalence factors, Tables 4, 5, 6, 7, 8, 9, 10, 12, 13,
16, 17, 18 and 19, developed in this research study can be used to deter-
mine the effects of axles, with dual tires and various widths of single
tires on both rigid and flexible pavements. These factors can be used
to evaluate regulations relating to tire and axle loading configurations.
They also permit conversion of mixed traffic, including axles with single
tires, to equivalent 18 kip single axle load applications, for use in
pavement design and evaluation. Appendix B contains an example analysis
using the traffic equivalence factors developed for flexible pavements.
This example also demonstrates the complexities of the analysis of axle
configurations with single and duatl tires.

The fatigue curves, Figures 22 to 27, also can be used to design the
thickness of concrete pavements in Washington State. Figure 81 is a
comparison between pavement thickness and repetitions of an 18 kip single
axle with dual tires calculated using Equation D-15 in the AASHTO Interim
Guide for Design of Pavement Structures, 1972 [1] and the results in
Figures 22, 23 and 24. This comparison indicates that the analysis
procedure used in this study results in predicted pavement thicknesses
within 1/2 inch of the AASHTO method. The advantage of using the fatigue
curves is that non-standard axle loadings can be evaluated. Since these
curves were developed using warping stresses calculated for Washington,
use in other geographic areas is possible only if the warping stresses
are approximately equal.

Recommendations
1. Single tires with widths of 10 to 18 inches were analyzed in this
study. It was found that for equivalent axle loads, the pre-
dicted damage to pavements was greater for axles with single
tires than axles with dual tires. Also, the relative damage
effects of single tires was dependent on the width of the tire.
The relative damage effects of single versus dual tires were
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Table 34. Comparison of Tire Width Regulations for
Various States.

Tire Size
States Factor
- (1b/in)
Alaska 500
Connecticut 600
Florida 550
Idaho 800
Indiana 800
Kentucky 600
Louisiana 450
Maine 600
Massachusetts 800
Michigan 700
New Hampshire 600
New Jersey 800
New Mexico 600
New York 800
North Carolina 600
North Dakota 550
Ohio 650
Oregon 550
Pennsylvania 800
South Dakota 600
Texas 650
Vermont 600
Virginia 650
Washington 550

average = 642
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compared with the requirements of the revised code of Washing-
ton (RCW) 46.44.042 for a 20,000 1b dual tire, single axle load.
RCW 46.44.042 specifies that the maximum gross weight upon a

tire will be 550 1bs per inch width of tire for tires less

than 12 inches, with a 20 percent tolerance above 550 1b per

inch width (660 1bs) for a tire having a width of 12 inches or
more. This comparison supported the code requirement of a
maximum gross tire load of 550 1bs per inch width of tire.
However, as illustrated in Figure 82, the 20 percent tolerance
for tires having a width of 12 inches or more was not supported.
For example, an axle with 14 inch single tires on a 9 inch
concrete pavement with a subgrade K - 100 pci can carry approxi-
mately 82 percent of a dual tire axle load (16,400 1bs when the
dual tire axle load is 20,000 1bs) for an equivalent fatigue
life. While the regulations permit 660 1bs per inch width of
tire or a maximum axle load of 18,400 1bs which equals 92 percent
of the maximum allowable dual tire load. These results indicate
that applying this tolerance will result in single tires causing
more pavement damage than dual tires for all classes of highways,
particulariy as the tire widths increase.

However, the truck survey conducted during this study re-
vealed no significant evidence that the trucking industry is
taking advantage of the 20 percent tolerance. Even in the ex-
ampie of SR 542 presented in Appendix B, Lynden Transport Co.
could not take advantage of the 660 1b/inch width allowance
as the gross weight requirements and number of axle requirements
governed the allowable wheel loads.

Also presented in Table 34 is the summary of state that .
use tire width regulations. The range of tire size factors
are from 450 1b/in used by Maine to 800 1b/in used by Pennsyl-
vania, New Jersey, New york, Michigan, Indiana and Idaho.

The average value used by all states is about 640 1b/in,
which is close to the upper Timit allowable in Washington.
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Load on Single Axle with Single Tire that will Give
the Same Life as Single Axle with Dual Tires Weigh-

ing 20,000 1bs

20,000

18,000

16,000

Pounds

14,000

H ] |

Figure 82.

12 14 16 18

Width of Single Tire, Inches

Comparison of the Regulation Requirements for
Maximum Tire Loads with the Dual and Single "
Tire Relationships for Equivalent Fatigue Life.
Dual Tire Axle Load Equals 20,000 1b
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Recommeéndations: Consideration should be given to ehecking
tire pressure on dual tires as the resulting tire pressures
can violate the current, existing RCW and result in adverse
pavement Toading conditions.

Washington State RCW 46.44.095 provides for issuing permits
which increase the maximum gross wéight of vehicles from
80,000 to 105,500 1bs. The vehicle must comply with axle
load and spacing requirements and tire load regulations.
However, as jllustrated by the analysis contained in Appendix
B, there may be several tire axle configurations which meet
the regulations, but which have very different effects on
pavement performance.

Recommendations: RCW 46.44.095 should be revised to require
the proposed tire and axle configurations be submitted with
the permit application for review and approval prior to re-
ceiving an extra tonnage permit. A comparison of the cost of
pavmeent damage versus cost to the carrier should serve as a
basis for determining a satisfactory tire-axle configuration.
However, in no case shouTd the maximum axle loads of 20,000
1bs for a single axle and 34,000 1bs for a tandem axle be
exceeded.

The analysis of rigid pavements indicated that the combined
load and temperature warping edge stresses may exceed the
tensile strength of concrete in 7 inch or thinner slabs as
shown in Figure 83. This is an important factor to consider
when designing low volume urban streets, farm to market roads
and parking lots with thin slabs. It may take a relatively
few passes of heavily loaded garbage trucks, transit vehicles
or devlivery trucks toinitiate cracking, particularly if these
vehicles travel near the pavement edge.

Recommendations: Design procedures should incorporate a com-
plete load and temperature-stress analysis when concrete
pavements of less than 8 inches are designed. The ILLI-SLAB
program and the procedure used in this study to calculate
warping stresses would be suitable for such an analysis.
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Combined Load and Warping Stress, psi

700

600

500

400

300

200

1
2
3
4
5
6

10" Single Tires
12" Single Tires -
14" Single Tires
16" Single Tires
18" Single Tires
- 10" Dual Tire

K= 100
Joint Spacing = 13!
Western Washington - July

1 ] | 1 I |

7 8 9 10 1 12

q§7 Pavement Thickness, Inches

Figure €4 Total Load and Warping Edge Stress During

Month with Maximum Thermal Gradient in
Western Washington

153



Previous studies have found that the use of uniformly loaded
circles for elastic layer analysis is satisfactory for normal
width single and dual tires. However, the analysis performed
for this study with the inclusion of field data from the Fife
weigh station and three sites near Edmonton, Alberta indicates
that the use of uniformly loaded circles may not be entirely
satisfactory for modeling wide single tires. The analysis
showed that the model consisting of circles calculated from
increasing load with increasing pressure as recommended in
the tables provided by the tire manufacturer fits the field
measured strains the best for tires up to 16.5 inch width.
For tires greater than this width, the average value of
constant radius and double circle fits the data best.
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APPENDIX A

Calculated Warping Stress for 7, 9, 10 and
12 Inch Pavements in Washington State



Modulus of
Subgrade
Reaction

50

100

200

Table A.1.

Pavement Depth - 7 Inches
Joint Spacing - 13 Feet

Month

January
February
March
April
May

June
July
August
September
October
November
December

January
February
March
April
May

June
July
August
September
October
November
December

January
February
March
April
May

June
July
August
September
October
November
December
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Calculated Warping Stresses.

Temperature Stress, psi

Eastern
Washington

o
(o)
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Washington

34.
48.
69.
96.
111.
118.
131.
111.
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Modulus of
Subgrade
Reaction

50

100

200

Table A.2.

Month

January
February
March
April
May

June
July
August
September
October
November
December

January
February
March
April
May

June
July
August
September
October
November
December

January
February
March
April
May

June
July
August
September
October
November
December

Calculated Warping Stresses.

Pavement Depth - 7 Inches
Joint Spacing - 15 Feet
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Temperature Stresses, psi

Eastern
Washington

35.
b2.
79.
108.
132.
140.
162.
140.
113.
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Western
Washington

38.6
24,
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102.
126.
133.
149,
126.
102.
70.
38.
38.
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Modulus of
Subgrade
Reaction

50

100

200

TabTe A.3.

Pavement Depth - 7 Inches
Joint Spacing - 20 Feet

Month

January
February
March
April
May

June
July
August
September
October
November
December

January
February
March
April
May

June
July
August
September
October
November
December

January
February
March
April
May

June
July
August
September
October
November
December
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Calculated Warping Stresses.

Temperature Stresses, psi

Eastern
Washington

45.
67.
102.
140.
171.
182.
211.
182.
147.
98.
52.
37.

49,
74.
113.
155,
188.
201.
232,
201.
162.
- 108.
58.
4].

48.
71.
109.
149.
181.
193.
223.
193.
156.
104,
56.
40.
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Hestern
Washington

49.
69.
100.
132,
163.
173.
194.
163.
132.
90.
49.
49.

54,
77.
111,
145.
180.
191,
213.
180.
145.
100.
54.
54.

52.
74,
107.
140.
173.
184.
205.
173.
140.
96.
52.
52.
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Modulus of
Subgrade
Reaction

50

100

200

Table A.3.

Month

January

February

March
April
May
June
July
August

Calculated Warping Stresses.

Pavement Depth - 9 Inches
Joint Spacing - 13 Feet

September

October

November
December

January

February

March
April
May
June
July
August

September

October

November
December

January

February

March
April
May
June
July
August

September

October

November
December
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Temperature Stresses, psi

Eastern
Washington
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Modulus of
Subgrade
Reaction

50

100

200

Table A.5.

Month

January

February

March
April
May
June
July
August

Calculated Warping Stresses.

Pavement Depth - 9 Inches

Joint Spacing - 15 Feet

September

October

November
December

January

February

March
April
May
June
July
August

September

QOctober

November
December

January

February

March
April
May
June
July
August

September

October

November
December
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Temperature Stresses, psi

Eastern
Washington

27.
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110.
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Modulus of
Subgrade
Reaction

50

100

200

Table A.6.

Calculated Warping Stresses.

Pavement Depth - 9 Inches

Joint Spacing - 20 Feet

Month

January
February
March
April
May

June
July
August
September
(ctober
November
December

January
February
March
April
May

June
July
August
September
October
November
December

January
February
March
Aprii
May

June
July
August
September
October
November
December

Temperature Stresses, psi

Eastern
Washington

41.
62.
94.
130.
159,
170.
198.
171.
136.
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Reaction
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Table A.7.

Month

January
February
March
April
May

June
July
August
September
{ctober
November
December

January
February
March
April
May

June
July
August
September
October
November
December

January
February
March
April
May

June
July
August
September
October
November
December

Calculated Warping Stresses.

Pavement Depth - 10 Inches

Joint Spacing - 13 Feet
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Temperature Stresses, psi

Eastern
Washington

15.7
23.5
35.7
49.0
59.7
63.7
73.9
63.9
51.2
34.2
18.3
13.2

24.3
36.5
55.6
76.6
93.7
100.0
116.4
100.3
80.1
23.3
28.3
20.3

27.0
40.7
62.3
86.2
105.7
113.0
131.8
113.2
90.2
59.7
31.6
22.6

Western
Washington

17.
23.
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Modulus of
Subgrade
Reaction
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Table A.8.

Month

January

February

March
April
May
June
July
August

Calculated Warping Stresses.

Pavement Depth - 10 Inches
Joint Spacing - 15 Feet

September

October

November
December

January

February

March
April
May
“June
July
August

September

October

November
December

January

February

March
April
May
June
July
August

September

October

November
December
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Temperature Stress, psi
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Washington
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Subgrade
Reaction
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100
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Table A.9.

Month

January
February
March
April
May

June
July
August
September
October
November
December

January
February
March
April
May

June
July
August
September
October
November
December

January
February
March
April
May

June
July
August
September
October
November
December

Calculated Warping Stresses.

Pavement Depth - 10 Inches

Joint Spacing - 20 Feet
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Temperature Stresses. psi

Eastern
Washington

37.
56.
86.
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146.
156.
181.
156.
124.
82.
44,
31.
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67.
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216.
186.
148.
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Modulus of
Subgrade
Reaction
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Table A.10.

Month

January
February
March
April
May

June
July
August
September
October
November
December

January
February
March
Aprii
May

June
July
August
September
October
November
December

January
February
March
April
May

June
July
August
September
October
November
December

Calculated Warping Stresses.

Pavement Depth - 12 Inches
Joint Spacing - 13 Feet
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Temperature Stresses, psi

Eastern
Washington
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Table A.11.

Month

January
February
March
April
May

June
July
August
September
October
November
December

January
February
March
April
May

June
July
August
September
October
November
December

January
February
March
April
May

June
July
August
September
October
November
December

Calculated Warping Stresses.

Pavement Depth - 12 Inches
Joint Spacing - 15 Feet
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Temperature Stresses, psi
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Washington
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Modulus of
Subgrade
Reaction

50

100

200

Table A.12.

Pavement Depth - 12 Inches
Joint Spacing - 20 Feet

Month

January
Feburary
March
April
May

June
July
August
September
October
November
December

January
February
March
April
May

June
July
August
September
October
November
December

January
February
March
April
May

June
July
August
September
October
November
December
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Calculated Warping Stresses.

Temperature Stresses, psi

Eastern Western
Washington Washington
29.6 31.3
44 .5 47.5
68.0 69.5
94.1 86.5
115.2 110.0
123.1 121.3
143.7 133.3
123.5 110.0
98.4 81.0
£5.1 58.8
34.5 36.5
24,7 31.3
37.7 39.9
56.6 60.5
86.5 88.3
119.4 109.8
146.1 139.6
156.1 153.8
182.0 165.0
156.5 139.6
124.9 102.9
82.8 74.7
449 46.4
31.5 39.9
40.0 42.3
60.0 64.1
91.5 93.5
126.3 116.2
154.4 147.5
164.9 162.5
192.1 178.4
165.4 147.5
132.1 108.9
.7 2
6 .2
4 2
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Analysis of Lime Rock Haul On Washington
Route 542, Mt. Baker Highway



Analysis of Lime Rock Haul on Washington
Route 542, Mt. Baker Higher

This is an analysis of a pavement deterioration problem in Washing-
ton State, which illustrates the complexities of the analysis of axle
configurations with single and dual tires. In 1979, as a result of the
barkruptcy of the Milwaukee Railroad, transportation of lime rock be-
tween a quarry near Kendall, Washington and a cement plant near Belling-
ham shifted to trucks. A major portion of this haul is made over State
Route (SR) 542,

Based on discussions with State DOT maintenance personnel, it ap-
pears that SR 542 was a dirt road which over the years receijved various
011 and asphalt treatements and thin asphalt concrete overlays. An aver
age section assumed for analysis was 3" of asphalt concrete pavement on
a subgrade with an AASHTO soil support value of 4.

The trucking contractor is using a truck trailer combination in
which he can haul 105,500 pounds gross weight., The maximum axle loads
permitted are 20,000 pounds for single axles and 34,000 pounds for tan-
dem axles. The maximum tire loads are 550 pounds per inch of width for
tires less than 12 inches wide and 660 pounds per inch of width for
tires 12 inches wide or greater. The tire and axle configuration se-
lected by the contractor is shown in Figure B.1. The contractor elec-
ted to use tandem axles with single tires rather than single axles
with dual tires because this permitted him to have up to 31,680 pounds
on four tires. This loading was controlled by the 660 pounds per inch
of tire. If he had used single axles with dual tires, the maximum
load on four tires would have been 20,000 pounds as controlled by the
maximum single axle load regulation. Using dual wheel tandem axies
would have reduced the payload that could be hauled by the weight of
the 8 additional tires and wheels without providing any advantage to
the contractor.

The trucks are making approximately 95 to 105 trips per day. The
results of this hauling operation has been to increase the pavement

172



and shoulder maintenance costs for this section of highway from an
average of approximately $28,000 per year for the years 1977 - 1979 to
approximately $51,000 per year for the years 1980 and 1981. [13]

The 18-kip dual tire equivalent axle loads per truck were calculated
for the tire and axle load configuration currently being used. In addi-
tion, 3 other potential tire axle configurations were analyzed. These
are described in Figure B.1. The equivalency factors used for axles
with single tires and single axles with dual tires were those developed
as part of this report, Tables16 - 19. The equivalency factors for
dual tire tandem axles are those contained in Table C2 - 4, "AASHTOQ
Interim Guide for Design of Pavement Structure," 1972 [1]. Tandem
axles with single tires were treated as two single axles.

The initial calculation of 18 kip EQAL repetitions for each truck
was made using the factors for a pavement with an AASHTO Structural
Number (SN} of 2 to simulate the existing pavement section, Table B.1.
The 18 kip EQAL repetitions for the existing pavement section were cal-
culated for a 10. year period for the four tire/axle configurations.

They are listed in Table B.2. Using the design chart for flexible pave-
ments, Pt = 2.0, Figure II-2, "AASHTO Interim Guide for Design of pave-
ment Structures,” 1972 [1], it is obvious that any of the configurations
would cause severe distress. To evaluate the effects of increased pave-
ment depth, the 18 kip EQAL repetitions for each tire/axle configuration
were calculated for a pavement SN of 4, Table B.3., and a pavement SN of
6, Table B.4. These are summarized in Table B.5. A review of this
table indicates the complexity of the analysis of tire/axle configura-
tions. The table indicates that changing the single tire tandems to
dual tire tandem would result in the least damage for all thicknesses ‘of
pavement studied. However, the existing axle configuration would be

the worst case only for the condition of a thin pavement as now exists.

To illustrate the effects of a tire/axle configuration on a thicker
pavement the 18 kip EQAL repetitions over 10 years were calculated for
an SN = 4, which would represent the approximate pavement thickness re-
quired. The 10 year 18 kip EQAL repetition are shown in Table B.6.

This illustrates how reducing the gross truck loading can actually
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result in an increase in 18 kip EQAL repetitions. Case D represents
a maximum gross of 97,000 pounds with dual tire single axle replacing
the single tire axle loads. This results in a lower 18 kip EQAL per
truck, however, an increased number of trucks would be required to move
the same amount of rock per day.

Table B.7, shows the approximate overlay that would be required
for each of the tire axle configurations. As can be seen, a substantial
overlay is required for any of the configurations. If the contractor
replaced the single tandems with dual tandems, this would result in
a reduction in the required overlay thickness by 20 percent or a
savings of approximately $27,000 per mile over a 10 year period.

CONCLUSIONS
1. The contractor is permitted to increase his gross load from
80,000 pounds to 105,500 only by a permit issued by the State
Department of Transportation. Ideally, as part of this permit
process the state should be able to evaluate the tire configur-
ations which could reasonably be used and specify the configura-
tion which would result in the least damage to the highways.

2. The pavement section on SR 542 is grossiy substandard for the
truck traffic it is carrying. Thus, it is doubtful if any
axle configuration would result in a reduction in the mainten-
ance effort required on this section.
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=2 I v A v A

22|_2II ]6"_6" 22!_8" ~

Axle No. 1 2 3 4 5
Tire 11.00 x 11.00 x 12.00 x  11.00 x 12.00 x
Size 22.5 22.5 22.5 22.5 22.5
Approx.
Axle
L oad 10 27 24 20 24
(Kips)
Configuration

TIRE

AXLE
A. (Existing)

SINGLE DUAL SINGLE DUAL SINGLE

SINGLE TANDEM TANDEM SINGLE TANDEM

B. (A1l single tandems converted to dual tandem)

SINGLE DUAL DUAL DUAL DUAL
SINGLE TANDEM TANDEM SINGLE TANDEM

€. (A1l single tandems converted to dual singles and 20,000 1b axle
load exceeded)

SINGLE DUAL DUAL DUAL DUAL
SINGLE TANDEM TANDEM SINGLE TANDEM

D. (Single tandems converted to dual singles and 20,000 1b axle load
no exceeded) Gross = 97,000 1b

SINGLE . DUAL DUAL DUAL ~ DUAL
SINGLE TANDEM SINGLE SINGLE SINGLE

Figure B.1. Tire Axle Configuration of the Limerock Trucks
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APPENDIX C

Truck Survey Data



Table C-1.

Results of Truck Survey at Weigh Station Near Fife on I-5.

Axle . . Tire Pressure | Tire Width| Contact Length
Type [Sample Load (K) Tire Size (psi) (in) (in)
1 5.9 8.25-20 62 7
8.4 8,25-20 65D
4+ 8.25-20 65
I+ 50D
10 11-22.5 92 8 1/2
16.3 11-22.5 40, 90D
2 6.9 10-20 80
16.8 10-20 70D
16.7 9x20 90D 7 1/2 7 1/2
8.3 10-20 94 9 6 1/2
12.1 10-20 1in 94D (in)
10-20 out 70D {out) 8
7 10-22 70D 8 . \
24 825-20 64 #2 w/trailer
8.3 9-20 74 71/4 0 0
9.5-16.5 70 0 0 ¥trailer
9.5-16.5 42 0 0
9.5-16.5 63
3 8.5 10R20 96 8 1/2
19.6 10R20 92D 8 1/4
15.0 11-24.8 70D 8 -
11-24.5 45D 7.1/2
10 10R20 106 8 1/2
13 10R20 ~ 80D
17.3 11-22.5 84D, (80 inside)
11-22.5 60, (no pressur
inside)
90 outside othe)
0 ipside s1 e
5 10-20 N 81/2 7
14 10-20 60D
é4 10-20 74D
10-20 74D
6 6.5 10-20 64
11.4 10-20 64D
i 10-20 )] 8 1/2 4 1/2
17.8 18-22.5 92
27.8
16.5-22.5 72 concrete mixer
10x20 80 12 1/2 w
Note: = dual tire

184




Table C-1. Continued

Axle . , Tire Pressure | Tire Width| Contact Length
Type Sample Load (k) Tire Size (psi) (in) (in)
8 1 11.6 11R22.5 100 9
31.4 11R22.5 30D
3.4 11R22.5 80D
11R22.5 94D
11R22.5 30D
2 5.7 11R24.5 100
35.9 11R24.5 70D
21.0 11R24.5 80D 8
10R22 80D 8
10R22 94D 8
3 10 10-22ML 110 9 1/2 8
31.4 10-22ML 95D 9 1/2 8
4.7 10-22ML 30D
10-22 95D 8 8
10-22 90D 8 9
4 11.2 11-24.5 85 9 8 1/2
32.8 11-24.5 80D 8 9
31.0 11-24.5 80D 8 9
11R24.5 35D 8 1/2 7
11R24.5 80D 8.1/2
5 12.4 11R24.5 94 8 12
29.4 D
31.2 11R24.5 30D
10R22 36D 8
< (94 inside]
10R22 100D
6 8 11-22.5 80
32 11-22.5 90D 7 9
31+ 11-22.5 70D
10-15TR 700 8 6 1/2
10-15TR 65D
7 7.9 11-22.5 98S
29.8 10-20 radial 88D
20.7 10R20 106D
9R22.5 82D
9R22.5 85D
3 11.9 11R24.5 104
35.6 11R24.5 108D
35.1 11R24.5 120D (Tumber truck}
11R24.5 100D
11R24.5 108D
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Table C-1. Continued

Axie . . Tire Pressure Tire Width | Contact Length
Type Sample Load (K) Tire Size (psi) (in) (in)
9 1 9.8 10R22 108 8 1/2 8
30 10R22 100D
19.6 10R22 100D 8 1/2 9
19.9 10-22 920
10-22 82D 8 1/2 9
2 10 11R24.5 100 8 ]
33.5 11R24.5 100D 8
19.2 11R24.5 100D 8
19 11R24.5 100D 8 1/2
11R24.5 96D 8 1/2 7
3 10 11R22.5 114
31.8 11R22.5 /104D
18.5 T11R22.58 110D
18.1 11R22.5 122D
11R22.5 70D
(90 other side}
4 11.5 12R22.5 98
33.1 10R22.5 100D
18.4 10R22.5 100D
17.3 10R22.5 98D
10R22.5 96D
11 1 10.6 11R24.5 110 8 1/2 9
- 16.2 11R24.5 110D 8 1/2
14 11R24.5 100D 7 1/2
8 11R24.5 90D 71/2 5
9.8 11R24.5 82D 7 1/2 5 1/2
2 9.8 10-22 96
18.5 10-22 90D
16.8 10-22 90D
16.3 10-22 80D
15.4 10-22 90D
3 10.3 10-20 8 1/2 9
19.7 10-20 100D
17.9 10-20 80D
16.1 10-20 80D
17.5 10-20 80D
4 9.2 11R22.5 108
20.5 11R22.5 105D (grain truck
- -21.1 11R22.5 112D tandem trailer)
19.4 11R22.5 108D
20.0 11R22.5 110D
12 Tt 1TRZ22.5 100
29.6 11R22.5 <
24.4 11R22.5 98D
16.5 12R22.5 112 balloon
20.7 12R22.5 114 balloon
11R22.5 110 balloon
12R22.5 110 balloon
12R22.5 60 balloon
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Table C~1. Continued

Axle . . Tire Pressure Tire Width |Contact Length
Type Sample Load (k) Tire Size (psi) (in) (in)
16 1 15.4 12R20 130 10 8
42.8 10-20 96D 3 8
39.7 10-20 100D
17.7 10-20 80D
10-20 100D
10-20 850
2 12 18-195x 84 14
39 11-22 92D
27 11R22 94D 8
14 10R15 <SOD 7
10x15
10x15 86D
17 1 10.9 11R24.5 100
24.9 11R24.5 100D 8
20.8 11R24.5 90D 8
12.3 11R24.5 104D 71/2 6
13.5 11R24.5 106D 9
11-24.5x 62D 7 1/2
- 11R24.5x 112D 9
2 1 12R22.5 100
25 12R22.5 100D 8 9172
24 12R22.5 102D 8 1/2
19.4 12R22.5 110 balloon
19.2 12R22.5 112 balloon 8 1/2
TOR20 112D
10R20 114D 8 10
B train 1 10 11R24.5 90
(Canada) 26 11R24.5 92
19.3 11R24.5 102
18.1 11R24.5 76
11R24.5 84
11R24.5 90
T11R24.5 88
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Table €-2. Assumed Contact Area and Actual Contact Area Calculation

. Assumed Actual Contact | Actual Contact
%?gg) T1re(P£$§sure Contact Area2 Tire Width Length Area PEr Tire
P per Tire (in%) {in.) {in) {(in%)

16,700 20D 46 .39 7.5 7.5 56.25
8.300 94 44.15 9 6.5 58.5
5,000 60 41.67 8.5 7 59.5
10.000 110 45,46 9.5 8 76

. 95D 56.3 8 8 > 64
41,700 90D 56.35 8 9 72
11,200 85 65.88 9 B.5 76.5

80D 48.2 8 9 72

32,800 90D 48.2 8 9> 72
12,400 94 65.96 8 12 96
9,800 108 45.37 8.5 8 68
10,000 100 50 8 g 72
10,600 110 48.18 8.5 9 76.5
8,000 90D 22.22 7.5 5 37.5
9,800 82D 29.88 7.5 5.5 41.25
16,400 130 59,23 10 8 80
12,300 104D 29.57 7.5 6 45
19,200 1140 42 .11 8 10 80

Assumed contact = load/tire pressure
Actual contact area
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Table C-3. Data from I-5 Weigh Station.

Truck Axle Tire Axle Volts Def]ecFion
Type Load- {1hs){ Size Type (x10-3 in.}
1 9,200 11 FS 0.8 1.158

18,400 11 SD 2.3 3.328
15,900 10 SD 1.65 2.388
11,700 10 SD 1.4 2.026
6,800 10 SD 0.55 0.796
2 9,000 11 FS 1.3 1.880
14,700 11 0 2.0 2.894
11,200 11 TD 1.4 2.026
3 7,400 10 FS 1.65 2.388
11,500 10 SD 2.05 2.966
4 9,000 " FS 1.4 2.026
28,900 11 D 3.6 5.208
13,900 11 0 1.6 2.314
5 11,000 11 FS 2.9 4.196
27,500 11 D 3.7 5.354
14,300 11 1D 2.0 2.894
6 12,000 11 FS 1.2 1.736
34,200 1 TD 3.3 4.774
25,800 11 TD 2.3 3.328
7 9,500 n FS 4.6 6.656
17,500 11 SD 3.9 5.642
17,900 11 SD 3.9 5.642
14,100 11 SD 3.2 4.630
14,100 11 SD 3.0 4.34
8 8,700 10 FS 1.1 1.592
8,600 10 SD 1.7 2.46
8,800 10 TD 0.8 1.158

FS: Front single axle with single tire
3D: Single axle with dual tire
TD; Tandem axle with dual tire
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Table C-3. Continued

Truck Axle Axle Tire Volts Deflecting
Type Load (1bs) | Type Size (x10=3 1in.)
10 11,700 FS 10 2.1 3.038

34,000 D 11 4.6 6.656

32,000 D 11 4.6 6.656

12 10,700 FS 11 2.2 3.184
31,900 TD 11 4.6 6.656

28,100 T 11 3.6 5.208

28,100 D 11 3.5 5.064

10,600 FS 1 2.0 2.894

29,900 D 11 3.9 5,642

30,200 i) 1 4.0 5.788

28,800 ™ 1 3.6 5.208

14 12,500 F$ 1 1.6 2.304
33,400 T 11 4.4 6.366

19,200 SD 11 4.2 6.076

18,900 SD 11 3.9 5.642

15 9,400 FS 10 1.5 2.170
17,000 D 10 2.2 3.184

10,300 TD 8.25 1.3 1.880

8,000 FS 1.0 1.446

12,800 SD 8.25 2.65 3.836

19 8,800 FS 10 1.8 2.604
14,300 TD 10 1.8 - 2.604

19,700 0 10 2.7 3.906

11,100 SD 10 2.7 3.906

17,900 1) 10 2.6 3.762

20 9,200 FS 11 1.3 1.880
31,300 10 9 4.4 6.366

23,800 D 1 3.4 4.920

21 14,100 FS 15 2.5 3.618
28,700 T 10 4.3 6.222

16,200 SD N 2.8 4.052




Table C~-3. Continued
Truck Axle Tire Axle Volts Deflecting
Type Load (1bs} Size Type (x10"3 in.)

22 11,300 11 FS 1.9 2.750
17,600 N SD 3.4 4.920

23 11,000 11 FS 4.1 5.932
33,900 1 D 4.35 6.294

31,200 1 D 4.35 6.294

26 5,100 10 FS 0.7 1.012
11,100 8.25 SD 2.6 3.762

27 11,600 11 FS 4.0 5.788
27,600 R 7D 3.85 5.570

26,300 11 D 3.85 5.570

29 12,000 n FS 1.7 2.460
33,500 1 TD 4.4 6.366

20,200 11 SD 4.6 6.656

19,800 11 SD 3.8 5.498

30 10,300 N FS 2.0 2.894
28,200 11 D 4.3 6.222

19,900 11 D 2.8 4.052

31 10,600 11 FS 1.9 2.750
34,400 11 v 4.9 7.088

31,600 11 TD 4.5 6.510

33 10,900 12 FS 1.4 2.026
29,300 11 D 4.6 6.656

9,000 1 sD 1.9 2.750

9,000 1 sD 2.0 2.894

34 8,500 11 FS 0.9 1.302..
10,500 1 D 1.3 1.880

5,500 11 SD 0.8 1.158

5,300 11 SD 0.8 1.158
6,400 11 SD 0.9 1.302

35 10,400 n FS 1.6 2.314
21,300 11 D 2.9 4.196

12,500 11 SD 2.9 4.196
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Table C-3. Continued
Truck Axle Axle Tire Volts Deflecting
Type Load (1bs) Type Size (x10-3 in.)
35 13,300 SD 11 2.8 4,052
36 9,600 FS 11 1.5 2.170
21,800 T 11 2.9 4.196
17,200 TD 11 2.1 3.038
7,600 SD 11 1.6 2.314
11,700 TS 1 1.75 2.532
37 9,700 FS 1 1.4 2.026
27,000 TD 10 3.9 5.642
13,000 SD 10 2.25 3.256
15,500 SD 10 3.4 4.920
38 11,400 FS 13 1.8 2.604
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Figure C-1. Truck Types Used in the Truck Survey.
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Figure C-1. Continued
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10.

11.
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Figure C-

1. Continued
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Figure C-T. Continued
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