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INTRODUCTTON
. This report presents a summary of a series of iﬁvestigations related to

design considerations for asphalt pavements and is divided into three sections:

Part 1 - Additional Fatigue Considerations

A summary of recent research pertaining to the fatigue

response of asphalt paving mixtures.

Part 2 - Analysis of In-service Pavements

Studies of three in-service pavements to evaluate the
applicability of layered elastic theory to represent

pavement response.

Part 3 — Permanent Deformation Considerations

Development of a subsystem to predict permanent deforma-

tion in asphalt concrete pavements.

The subsystem to predict fatigue developed in an earlier report, Fig. 1,
igs used as a basis for a portion of the analyses presented in Part 2 and the
information contained in Part 1 provides additional data to make the subsystem
more useful.

Fig. 2 contains a format for a subsystem to permit estimation of permanent
deformation in asphalt concrete pavement structures. Part 3 describes methodology
which permits rutting to be estimated within this framework. While this sub-
system does not have the extensive research associated with the fatigue sub-
system, it does have the potential to assist engineers in achieving the goal
of improved design.

- Portions of this investigation have been reported in References (20), (56),

and (29). Those results will not be included in this fimal report.
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PART 1: ADDITIONAL FATIGUE CONSIDERATIONS

INTRODUCTION

Since the publication of earlier reports (e.g., TE 70-5 (1)), a number
of questions have been raised as to which fatigue criteria for asphalt concrete
should be used for design purposes (2, 3). In this section some consideration
is given to the problem, and alternative solutions are suggested based on a
survey of recent literature.

The effects of air void content and asphalt content on fatigue life of
asphalt concrete have also been discussed in earlier reports (1). Recent re-
search by Pell has suggested an improved method for considering the effects of
both of these variables. Discussion of this approach is also included.

A brief discussion of cracking in thick asphalt-bound layers and its sig-
nificance relative to design has been incorporated since evidence has been pre-
sented to indicate that under some circumstances cracking may be different

than that assumed in the fatigue subsystem.

FATIGUE CRITERIA FOR USE IN PAVEMENT DESIGN
Deacon (2) has indicated that a crucial aspect of fatigue life estimation
ig the development of suitable distress criteria. Such criteria can be es-

tablished in at least four different ways (2):
(1) £from theoretical analyses of existing design curves,

(2) from an analysis of the performance of in-service pave-

ments, particularly road tests operated under rigid control,
{3) from laboratory fatigue testing,
(4) from a combination of two or more of the above procedures,

Finn, et al (§), have shown that care must be exercised in the development

www . fastio.com
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of such criteria since, for example, contradictory results may be obtained
for the influence of mix variables on pavement performance. This point is -_
illustrated in Fig. 3 . In this figure, results of analyses show that fatigue -
damage decreases with increase in asphalt concrete stiffness if either the
criteria developed in TE 70-5 (1) or those developed by Heukelom and Klomp (4 )
are used; on the other hand, if the criteria developed by Kingham (5) are
" used, damage increases with increase in mixture stiffness. (For informatiomn,
comparison of these three criteria are shown in Figs, 4 and5 ).
Generally, fatigue criteria determined from laboratory controlled stress
tests will provide the most conservative results since such tests include rela-
tively few repetitions for crack propagation. In-situ, on the other hand, it
is possible that, after imitial cracking, the asphalt bound layer will sustain
a large number of additional repetitions (associated with a slow rate of crack
propagation) before the pavement is considered unserviceable. Such considera-
tions lend support to the suggestion by Deacon (2 ) that distress criteria
derived from the analysis of the performance of in-service pavements would
appear most suitable at this time. However, to develop such criteria from
analyses, appropriate materials characterization data together with detailed
traffic and environmmental information are required for the specifiec projects
being analyzed.
Since considerable laboratory fatigue data are available, an alternative
approach is to combine methods (2) and (3) above to arrive at interim criteria
and to check the reasonableness of pavements designed with these criteria by
comparing thicknesses so selected with those obtained using appropriate
existing methodology.
In some instances this may involve the shifting of the curves determined
from laboratory testing by some reasonable factor (e.g., Pell (é)). Santucecl —

(7) has used this approach in establishing fatigue criteria for full-depth
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asphalt pavements containing emulsion-treated as well as asphalt concrete base
courses. His recommended criteria, shown in Figs. 6 and 7 were obtained by
increasing the number of repetitions for the laboratory determined curves by a
factor of three,

Recently van Dijk (8 ) has presented fatigue data oBtained from a wheel
tracking test. His results indicate that controlled-strain data may be more
appropriate to define pavement cracking than coﬁtrolled—stress data since the
former include the influence of crack propagation on the numwber of repetitions
associated with unserviceability. In his tests van Dijk has defined various
stages of cracking as shown in Fig. 8 and has compared these results with
laboratory tests. 1If one considers the NZ stage, shown in the figure, as
the damage measure, then the use of criteria less conservative than those based
on controlled-stress tests appear reasonable as in Fig. 9 .

The shifting of the laboratory curves obtained from controllgd stress
testing as done by Santucci thus appears to be a suitable procedure (so long
as the resulting designs agree with existing field performance data).

Finally, while still not well documented, it is possible that the use of
both controlled-stress and controlled-strain laboratory fatigue data provides
an alternative approach to reasconably recognize the influence of crack propa-
gafion time on pavement service life. The procedure whereby this might be
accomplished is illustrated in a subsequent section describing the Blythe
projectland involves the concept of the mode factor., Such a procedure has

already been described in an earlier report (1) and thus will not be included

in this sectiocn.

INFLUENCE OF ASPHALT AND VOID CONTENTS (N FATIGUE LIFE
A number of reports (9, 1 ,10) have demonstrated the influence of both

asphalt content and void content on fatigue life. Recently Pell and Cooper (11)
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have suggested that a useful way to incorporate the influence of both of these

variables on fatigue life is by means of a correction factor proportional to:

RN (1)

where:

VB = gsphalt volume®*, percent

Vv = air void volume, percent

Santucci (7) has analyzed the data of Pell and Cooper and developed the re-
gression curve shown in Fig. 10. The data obtained by Epps (12) and reported
in TE 70-5 has been analyzed in this manner and the results are shown im Fig. 11.
It should be noted that the data of Pell and Cooper are based on fatigue lives
associated with strains of 100 x 10_6 in. per in. (mm per mm), while those of
Fig. 11 are based on.mixture strains in the range of 400 to 600 x 10“6 in. per
in. (mm per mm). Iﬁterestingly, the slope of the regression line developed
from Pell's data appears reasonable for the data developed by Epps.

To use the fatigue data shown in Fig., 11 (California mixes), it is necessary
to adjust the fatigue life at a particular strain level for the corresponding

stiffness by the ratio:

V_. determined from the expression

B
v = PWaspGagg(l - V)
B 100 - GaSp + Pwasp . Gagg
where:
PW sp percent by weight of asphalt
asp (dry weight of aggregate)
= i i halt
Gasp specific gravity of aspha
G = gpecific gravity of aggregate

agg
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‘o - v 4.84
VB
‘I' __VV + VB__
1 el @)
VB
-+
. dVﬁ VB_ J
0
where:
condition 1 corresponds to the actual place-
ment of field conditions
and

condition O corresponds to the laboratory

mix design based on the State of Califormia

method with 5 percent air voids.
The exponent 4.84 of equation (2) was determined by a regression analysis (7)
of available data.

Recently Pell has demonstrated how such data can be used to assess the in-
flience of field compaction on the fatigue performance of asphalt pavements (13),
illustrating again how available data together with theory can assist the engi-
neer in assessing the consequences of design decisions and construction in-
fluences. Pell's analyses are shown in Figs. 12 and 13.

Fig. 12 illustrates the results for an analysis of a pavement containing
a dense bituminous macadam base (D.B.M.), In the analysis the stiffness of
the macadam base was varied according to its variation in both asphalt content
and void content (as computed by the Shell procedure (14)). Maximum tensile
strains were computed at the underside of the asphalt-bound base layer and the
nomograph recently developed by Pell, Fig, 14, used to estimate fatigue life.
Pell notes that for this situation the effect of void content is extremely
important. However, the influence of asphalt content may be more important
. than shown since the procedure used to estimate stiffness may overestimate

. somewhat the effect of void content. The data do, howewver, stress the
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imporfance of good compaction.

Fig. 13 illustrates the results fof a pavement structure containing a
comparatively thin asphalt-bound layer -~ termed hot rolled asphalt (H.R.A.,).
In this case the influence of void content is not as significant since stiff-
ness does not play as predominant a role for the structure of Fig. 12. The
importance of higher asphalt contents at higher void contents is emphasized.

In general, as noted earlier, this data indicates how one can analyze the

influence of construction wvariables on performance. Moreover, it emphasizes

. the point that such variables must be examined in the context of a particular

pavement structure!

CRACKING DEVELOPMENT IN THICK ASPHALT-BOUND LAYERS (SOME THOUGHTS)

In the design methodology which has evolved from the research to date in
this investigation as well as others (15, 16, 17, 1) to minimize fatigue
cracking, it has been assumed that cracking will initiate on the underside of
the asphalt-bound layer and is associated with the magnitude of the principal
tensile strain repeatedly applied resulting from traffic loading. The Morro
Bay project (1), for example, indicated thig to be a reasonable assumption.
Some recent studies of the performance of thick asphalt-bound layers indicate
that cracking may not necessarily start on the underside of the layer and
progress upwards (18, 19). Examination by Witezak of crack patterns in some
in-situ pavements, e.g., some sections of taxiways at Baltimore-Washington
International Airport (18), indicate that cracking may be confined to the upper
part of the pavement structure when it is first observed.

Ag Witczak has noted, cracking near the surface may result from a com~
bination of wvertical and horizontal forces associated in the specific.instance
of the Baltimore-Washington taxiway pavement with turning aireraft, It is
also possible that because of temperature gradients in the asphalt concrete,

particularly when the surface is warmer than the lower portion, that the
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principal strains resulting from conbined stresses may be relatively large

tensile strains.
Dehlen (19) in his analyses of the San Diego Test Road pavement indicated
that such a possibility may exist, Nunn (20) has made a fairly detailed

analysis of stresses and strains in thick asphalt pavements for the conditions

"of (1) constant temperature throughout the layer and (2) temperature gradients

representative of those in Great Britain. Fig. 15 illustrates radial strain
distributions for constant temperature conditions. At elevated temperatures
it will be noted that high tensile strains are cbtained, While this may not
be a completely realistic situation, it is not difficult to envision circum-
stances wherein the upper part of the asphalt-bound layer is at a relatively
high temperature with the result that such a distribution might be repre-
sentative of the upper part of the pavement structure, When such conditions
occur, it is possible that some fatigue cracking may thus cccur in this por-
tion of the pavement. Whether or not this will influence the thickness de-
sign procedures is another questdion.

Witczak has indicated, based on his analysis of the Baltimore-Washington
International Airport, that the thickmess design procedure which includes
consideration of the ténsile strain on the underside of the pavement provides
a reasonable thickness for this site even though some surface cracking has
been observed.

| As will be seen in the section containing the analysis of the Indio pave-
ment, when the temperatures are high large tensile strains are computed near
the surface.

Thus far, however, there is no indication that the concept of considering
the maximum tensile strain in the underside of the asphalt-bound layer as the
damage determinant should be revised, e.g., Witczak (18). It is possible,

however, that some cracking may occur in thick structures and may have some
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influence on design thicknesses. Until further evidence becomes available,
however, it is recommended that the present concepts used for design, i.e., -
-
maximum strain at bottom of layer, be continued.
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PART 2: ANALYSIS OF IN-SERVICE PAVEMENTS

. INTRODUCTION
As a part of the evaluation program to assess the validity of the use of
layered elastic analysis in the design of asphalt concrete pavements, the
California Tramsportation Laboratory selected three "full-depth" pavements for

detailed study. These included:

(1) A full depth section of a widening portion of Interstate 10

near Indio, California.

(2) Two 1,000 £t. (305 m) long experimental full depth sections

on Interstate 10 near Blythe, California.

(3) A full depth widening project om U, S. 101 in the city of

Willits, California.

In this section will be summarized the studies associated with these proj-

ects conducted at the Soil Mechanics and Bituminous Materials Laboratory.
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INDIO PROJECT
The pavement section fof the Indio project consists of a layer of asphalt A
concrete 1.0 ft. (300 mm) in thickness placed on 0.25 ft. (75 mm) of Class II -
aggregate base introdﬁced as a working table, both layers, in turn, resting on
a sandy subgrade. Fig. 16 illustrates the pavement cross section including the
1ift thicknesses placed to achieve the 1.0 ft. (300 mm) thick asphalt concrete
layer. The surface course* 0.25 ft. (75 mm) in thickness, contains 4.9 percent
of a 60-70 penetration asphalt cement while the base course, 0.70 ft. (215 mm)
in thickness contains 4.4 percent of an 85-100 penetration asphalt cement.
Instrumentation consisting of strain gages, LVDT's, pressure cells, thermo-
couples, and moisture movement devices were installed in a section of the
project by the staff of the Tramsportation Laboratory. Fig, 16 also shows
locations of the various types of instrumentation.
While the original intent of this phase of the study was to prepare an
estimate of the service life of the pavement, studies at the University have
been limited to prediction of some of the measured strains and deflections for

specified load and environmental conditions.

Material Characteristics

The subgrade soil for the project is a sand. Results of repeated load

triaxial compression tests on this material are shown in Figs. 17 and 18 for
a condition representative of that in-situ, i.e. water content of 5.1 percent
and a dry density of 110 1b per cu ft.

Stiffness results of the usual form (1) were obtained, i.e.:

0.73

M, = 3,160 - 03' (3

% . ) .
The open graded mix placed at the surface, 0.05 ft. (15 mm) in thickness was
not considered in the structural analyses to be presented herein.
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where
MR = regilient modulus, psi
Oq = confining pressure, psi
and
M_ =971 » g°*70 (%)
R
where:

© = sum of principal stresses, + 303 » psi

%4

o4 deviator stress (Gl - 03) , repeatedly applied, psi

Resilient Poisson's ratios have been plotted as a function of the prinecipal
stress ratio, 01/03 in Fig. 19, More recent studies have indicated that the
resilient Poisson's ratio may not vary as much with principal stress ratio as
shownn in Fig. 19 if the confining pressure as well as deviator stress is re-
peatedly applied. This should permit some simplification in any detailed
analysis, e.g., a finite element analysis of a particular sectionmn.

Tests were not performed on the Class II aggregate base; rather, this

material was assumed to have the same characteristics as the Folsom project
base aggregate (1)
Stiffness and fatigue tests were performed on 12 in. (300 mm) diameter cores

of the asphalt concrete section obtained by the staff of the Transportation

Laboratory. Appendix A contains a summary of the procedures used to obtain
the beam specimens as well as a detailed summary of the test results. In the
analysis reported herein, only the stiffness measurements have been used.
Fatigue data have been included in Appendix A, should additional analyses

be desired at some subsequent time.

Tests were also performed on the asphalts recovered from both base and
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surface courses. Properties of the recovered materials are shown in Table 1.
To estimate the stiffness using the Shell procedure (lé), i.e., in the

equation:

3 =l+n'1—cJ (5
v

The quantities shown in Table 2 were determined. In this equation it is
necessary to use a modified volume concentration of aggregate, C; for air
void contents greater than 3 percent. These values are shown in the table.

In addition, according to the Shell investigators, this expression is valid

so long as the volume concentration of the asphalt, Bv s 1s greater than

2/3 (1 - C;) . It Will be noted that these mixes are within the range; accord-
ingly, estimated stiffnesses were determined and comparisons between computed
and measured values are shown in Figs. 20a and b.

These comparisons indicate that the computational procedure can reasonably
estimate stiffnesses, although the measured stiffness values at 81°F (27°C) are
somewhat less than the estimated values, particularly for the base course. This
difference may be due in part to cross section irregularities resulting from
sawing. While the irregularities occurred in the specimens tested at the lower
temperatures, their influence was more severe at the elevated temperature.

To analyze the pavement under moving traffic, stiffnesses were also esti—
mated at a time of loading of 0.015 sec. These values are shown in Figs. 2la
and b. In the high temperature range the computed values may be lower than those
which might ocecur in-situ necessitating some adjustments in the computed values
based on comparisons between calculated and measured deflections at these

temperatures.

Structural Section Response

As noted earlier, only a few analyses were performed to estimate the pave-~

ment response to load for comparison with measured values. For these computations
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TABLE 1. -~ RECOVERED ASPHALT PROPERTIES, INDIO CORE SAMPLES

' Date
Test Property Sampled Base Surface
Penetration, 77°F, 100 gm, July '71 30 36
5 sec. — dmm Dec. '71 26 29
Ring and Ball Softening July '71 128 127
Point °F : Dec. '71 139.5 138

TABLE 2 - PARAMETERS TO PERMIT ESTIMATE OF STIFFNESSES OF INDIO

BASE AND SURFACE COURSES BY SHELL PROCEDURE

Air
Asphalt Void
Content Content ' o
Percent Cv Percent Cv Bv 2/3 Cv)
Base 4.4 0.893 8.0 0.853 0.107 0.100
Surface 4.9 0.884 8.0 0.841 0.116 0.106

ClibPD www . fastio.com



http://www.fastio.com/

28

the pavement was represented as a 5-layer elastic system as shown in Fig. 22.
Results of the analyses are shﬁwn in Tables 3 and 4. -
Table 3 summarizes the deflections obtained in December 1971 when the air -~
temperature was estimated to be about 60°F (15°C). Stiffness moduli for the as-
phalt concrete surface and base were estimated to be in the range 600,000 to
700,000 psi (4,150—4,900 MN/mz). Comparison of the computed deflections with
the measured values indicates that the system can be modeled so long as appropriate
stiffness values are selected. Interestingly, the LVDT's show a slight increase
in deflection below the pavement surface, the same as that indicated by the com-
putations.
Similar data are contained in Table 4 for measurements taken in Jume 1972
when the air temperature was estimated to be about 120°F (49°C). Comparisons
between measured and computed values indicate the reasonableness of the elastic
analysis so long as appropriate stiffness values are used.
A few analyses were also made for strain distributions when the pavement
was loaded at an elevated temperature; these results are shown in Figs. 25 and
26. For this analysis the BISTRO program (21) was used to analyze the pavement
configuration shown in Fig. 23. This computed program permits examination up to
10 layers; in this case the large number was considered desirable in order to
model the stiffness characteristics of the asphalt concrete in the upper portion
of the pavement due to a steep temperature gradieant, Fig. 24.
For these conditions it will be noted that large tensile strains occur
in the upper part of the pavement section. As discussed earlier, strains of
this magnitude could lead to cracking at the surface. Unfortunately, strain

measurements were not available for comparison with these analyses,

Summary

With the data presented in this section it is possible to develop analyses
for the response of the Indio pavement to traffic loading. It must be empha~ -

sized that appropriate stiffness values must be used and that if results
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such as strains under high temperature conditions are to be examined, care must
. be given to selection of an appropriate model for the pavement, TFor the
limited data available, the analyses appear to provide ''reasonable" estimates

of pavement response even at elevated temperatures,

BLYTHE PROJECT
This project is the second of two constructed in the desert area of

Southern California by CALTRANS to study the respomse of thick 1ift asphalt

concrete pavements to traffic loading and to assess the validity of the analysis

procedures dévelopedrin this program. While analyses were directed primarily

to estimations of stress, strain and deflection for the Indio project, an

attempt has been for the Blythe project to assess its service life -~ in this

case as measured by cracking from repetitive traffic loading,

This portiqn of the report describes the test and analysis program together

with service life estimates for the two Blythe pavement sections, cross sectlons
- for which are shown in Figs. 27a and 27b. Test Section A consists of 0.80 ft

(~ 10 in.) (250 mm) of asphalt concrete resting directly on the sandy subgrade while

Test Section B contains 1.5 ft. (455 mm) of asphalt concrete onthe sandy subgrade.

These figures also illustrated the location of instrumentation; no comparisons

between predicted and measured response have been included in the report.

Materials and Specimen Preparation

Laboratory prepared specimens for both the asphalt concrete and subgrade

soil were used to define the material response to load,

Asphalt Concrete. The aggregate for the asphalt concrete was obtained £rom

- the project stockpiles. This material was separated into individual size
fractions and recombined as shown in Fig. 28 to meet the State of California
. specifications. 4An 85-100 pen. asphalt cement representative of materials used

on the project was supplied by the Chevron Asphalt Company.
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From an analysis of field test data, beam specimens of asphalt concrete
were prepared using the Triaxial Institute Kneading Compactor. To obtain an
air void content of about 6 percent at an asphalt content of 4.75 percent (i.e.,
the field conditions) the following procedure was utilized (similar to that re-

ported earlier (1)).

No, of Compaction Pressute -
Compaction schedule: Layer tamps psi (KN/m?)
1 20 145 (1,000)
. , 25 375 (2,700)
2 20 145 {(1,000)
35 375 (2,700)
3 20 145 {1.,000)
50 375 (2,700)

Leveling pressure: 375 psi; applied at rate of 0,25 in. min per.

Subgrade. The subgrade was a sandy material. Data for modulus vs., confining
stress and modulus vs., the sum of principal stresses are shown in Figs. 29
and 30. There appears to be a slight effect of both water content and dry

density on the resilient modulus.

Fatigue Testing

Both controlled-stress and controlled-strain fatigue tests using procedures
reported earlier (1) were made on the laboratory prepared beam specimens. Be-
cauze of the high temperatures encountered at Blythe, it was believed desirable
to include the controlled-strain tests since it is possible that this condition

might be approached at very low stiffnesses (high temperatures).

Controlled-stress Tests., Controlled-stress tests were performed at 68°F (20°C)

www fastio.com

at three stress levels—— 75, 100, and 150 psi (520 to 1,040 KN/mz) Initial strains
were determined from flexural stiffnesses using deflections corresponding to 200

stress repetitions. Test results of initial strain vs. stress applications to
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fracture,'TNf > are shown in Fig. 31. The regression equation:

3.73
® N, = 4.68 < 1070() (6)

when compared to that developed in TE 70-5 (1) for a number of mixes designed
according to the State of California procedure exhibits a flatter slope and is
displaced to the left of the general curve. 'For the asphalt content and wvoid

content for this particular mixture, however, the data appears reasonable,

The basis for this comment has been discussed earlier.

Controlled-strain Tests. Controlled-strain tests were performed at both 68° (20°Q)

and 90°F (32°C). Services lives in these tests were defined as the number of stress

applications corresponding to a 50 pefcent reduction in flexural stiffness.
Test results together with the resulting regression equations are shown in
Fig. 323 equations for the test results are:

. ' 2.97

At 68°F: N_ = 1.83 x 1070 %] (7
- | 3,54 ‘
At 90°F: N_ = 9.8 x 10 D ®

Fig. 33 contains a comparison between the controlled-stress and controlled-

strain fatigue data.

Fatigue Life Determination

Both pavement sections have been analyzed according tc the flow diagrams

of Fig. 1 and results will be presented in that format,

Environment and Traffic Data (Inputs). Climatic data required to estimate

pavement temperatures are summarized in Table 5, The temperatures represent
- a 12-year average for the period 1961-72.
Truck traffic data used in the analysiswere furnished by CALTRANS from a
. 1971 truck traffic count at Lovekin BL, in Blythe (PM 152,98): the observed

average daily truck traffic are summarized in Table 6.
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TABLE 53 - CLIMATIC DATA, BLYTHE, CALIFORNIA

Daily*®
Average® Adr Average Sk
Month Air Temperature Wind Insolation Covzr
Temperature Range Velocity
°F °F mph
Jan. 52.7 26.2 7.0 305 4,9
Feb, 58.6 27.1 3.0 405 3.4
March - £3.6 28.8 8.0 515 3.5
April 70.4 29,8 9.0 610 2,8
May 79.1 30.8 9,0 700 2.3
June 87.5 31.1 9.0 720 1.5
July 95.6 26.7 10.0 670 2.8
Aug. 94.4 24.9 9.0 650 2.5
Sept. 86.7 27.4 7.0 560 1.5
Oct. 74.8 28,1 7,0 430 i.5
Nov. 62.0 25.8 7.0 325 2.8
Dec. 52.5 24.3 6.0 270 3.8
xaverage - 12 year period, 1961-1972.
TABLE 6 - TRUCK TRAFFIC DATA -~ BLYTHE, CALIFORNIA, 1971
ADTT
Classification
Number Percent
2 axle 387 35,0
3 axle 107 9.7
4L axle _ 53 4.8
5 or more axles#® 558 50.5
1,407 100.0

=
From TE 70-5 (1) an estimate was obtained for breakdown between 5
and 6 axle vehicles; in this case the 50,5 percent value was dis-

tributed 31.5 percent to 5 axle and 19,0 percent to 6 axle vehicles.
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The Blythe pavement was opened to traffic in October 1973. To arrive at

the ADTT using the facility at this time, the data of Table 6 were increased,

‘assuming the rate of growth for traffic in this area to be 3 percent per year.

Traffic distribution throughout the day was assumed to vary in the manner
repeated earlier (1) and as shown in Table 7. To relate the axle load groups
to operations in each classification, the data of Table 8§ were utilized; these
factors were determined from the W-4 loadometer studies by the Trénsportation

Laboratory Staff for the 1969-72 period.

Stiffness Characteristics of Asphalt Concrete. To estimate the stiffness charac-

teristics of the asphalt concrete in the twe pavement sections, the Shell pro-
cedure was utilized*,

Tests on recovered asphalt from the pavement cores were performed by the
staff of the Tranmsportation Laboratory. Table 9 contains a summary of asphalt
characteristics as well as other data obtained from tests in the cores.

Average reported thermal characteristics (in English inches) were used for

this mix, i.e.:

thermal conductivity 0.70 {0.12 watt/meter -~ K)

]

specific heat capacity = 0.20 (0.8 joule/Kg/K)

surface coefficient 0.95

to permit solution of the heat conduction equation (1) to in turn estimate
temperature profiles for a range in conditions.

A time of loading of 0.02 sec was assumed to be representative for moving
traffic at this location.

Using the computer program TEMPS 2 (1) the average stiffnesses for each

%
Measured values from the fatigue tests provided comparative values at 0.1 sec
loading time and at a temperature of 68°F (20°C).
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TABLE 7 - ANNUAL AVERAGE DATLY TRUCK TRAFFIC,

STATEWIDE SURVEY~1967

Hour Percent Hour Percent

Traffic Traffic
12-1 2,8 12-1 5.2
1-2 2.7 1-2 5,6
2-3 2.9 2e3 5.7
3-4 3.1 3-4 5.7
4--5 3.5 4~5 5.4
P.M. 5-6 4.1 P.M, 5-6 4.5
67 4.2 67 3.8
7-8 4.3 7~8 3.5
8-9 4.8 8-9 3.3
9-10 5.0 9-10 3.2
10-11 5,2 10-31 3.3
11-12 5.2 11~-12 3.0

TABLE 8 - MONTHLY WHEEL LOAD FACTORS BASED ON W~4 LOADOMETER STUDIES

CALIFORNIA -~ 1969-1972

A?;:pi§ad 2-Axle 3-Axle 4-hxle s-axie | & OF More
Under 3 8.823 0.407 1.140 0,726 1.552
3-6.999 16.029 16.869 20.107 17.222 21,568
7-7.999 1.445 6,613 7.780 5,886 7.168
8-11.999 2.481 13.094% 20,994 19,204 32,948
12-15.999 0.879 6.195 7.327 17,525 19,145
16-16.250 0.057 0.415 0.621 2,830 1.423
16.251-17.999  0.169 1,006 1.433 9,093 4,101
18-18.5 0.049 0.232 0,341 1.422 0,516
13.501-19.999  0.048 0.163 0.330 0,593 0.486
20-21.999 0.012 0.049 0.049 0.126 0,661
22-23.999 0.004 0.011 0 0.052 0,685
24-25.99 0.001 0.006 0 0.035 0,338
26-29.999 0.001 0.021 0 0.018 0.081
30 or over 0 0 0 0.005 0

ClihPDE - www fastio.com
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TABLE 9 - IN-SITU CHARACTERISTICS OF ASPHALT CONCRETE
IN BLYTHE PAVEMENT

Recoverad asphalt penetration, dmm

77°F, 5 sec, 100 gr 41,
Ring and Ball Softening Point, °F 122 (50°C)
Unit Weight of Mixture, ib per cu ft 155 (2423-Kg/m3)
- Percent Air Voids 6.0

Volume Concentration of Aggregate, Cv 0,85
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hour in a representative day for each month of the year (Table 5) are determined.

These values were then grouped to obtain the frequency matrices shown in Table 10

for the 0.8 £t (244 mm) section and in Table 11 for the 1.50 £t (457 mm) sectiomn.

Structural Analysis. Using the ELSYM 5 program together with the stiffness

moduli shown in Tables 10 and 11, a representative subgrade stiffness (resilient
modulus) of 25,000 psi (173 MN/mz), and a range in axle loads, tensile strains
on the undersides of both pavement sections were computed. Results of these

computations are summarized in Tables 12 and 13.

As a part of the analyses, mode factors (l) were also determined. Whileboth
sections can be considered as relatively thick, because of the low stiffnesses
resulting from the high temperatures, it‘is possible that for a considerable por-
tion of the year, mode~factors intermediate between the controlled-stress and
controlled-strain values will be obtained. Moreover, even in the 1.5 ft. (457 mm)
section the controlled strain mode might be approach for the condition of low
stiffness and'heavy load. This point is illustrated in Fig. 34.

An examination of the influence of the magnitude of stiffness reduction on
the mode factor was made since this assumption might influence the result of
analysis. 8tiffness reductions of 20, 25, and 40 percent were used in the com-
putational process. Table 14 summarizes these results for selected axle loads.
As noted in this table, for the range of stiffnesses considered, there is little
influence of the amount of stiffness reduction on mode factor. For the fatigue

analysis reported sﬁbsequently, a 40 percent reduction was used.

Fatigue Anélysis. In an earlier section it was indicated that the actual number

of repetitions associated with cracking will be larger than the number estimated
from laboratory controlled-stress tests, in part due to differences in crack
propagation in the actual pavement as compared to laboratory specimens.

One alternative is to shift the laboratory determined curves by some factor —
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TABLE. 12 - STRAIN ON UNDERSIDE OF ASPHALT CONCRETE AS A FUNCTION OF ASPHALT

CONCRETE STIFFNESS - 0.8 FT. (244 MM) PAVEMENT: IN. PER IN. x 107
Asphalt Concrete
Sifiness L f1x 10% 8.0 % 10° [5.0x 10° [3.0% 0% [1.4 x 10 [6.0 x 10* [3.5 % 10% 2.5 » 10*
Wheel load -1bs.

750 .1094 | .1398 .2032 | .2997 | .5028 | .7903 | .976 | 1.081
1,250 .1740 | L2260 .3279 | .4786 | .7868 | 1.218 | 1.495 | 1.652
1,875 2522 | .3263 4691 | .6771 | 1.098 | 1.684 | 2.058 | 2.267
2,500 23224 | L4145 .5902 | .8441 | 1.356 | 2.059 | 2.503 | 2.749
3,500 (5256 | .5435 .7668 | 1.088 | 1.729 | 2.596 | 3.132 | 3.425
4,250 .4938 | .6279 .8814 | 1.244 | 1.963 | 2.918 | 3.502 | 3.818
4,750 .5358 | .6798 .9515 | 1.339 | 2.102 | 3.106 | 3.713 | 4.041
5,250 5761 | .7205 | 1.018 | 1.430 | 2.233 | 3,280 | 3.908 | 4.245
5,750 6146 | .7770 | 1.082 | 1.515 | 2.355 | 3.441 | 4.086 | 4.431
6,250 .6506 | .8211 | 1.141 | 1.593 | 2.465 | 3.580 [ 4.237 | 4.586
7,000 .7028 | .8853 | 1.226 | 1.706 | 2.621 | 3.777 | 4.450 | 4.818
8,125 7752 | L9737 | 1.343 | 1.857 | 2.825 | 4.042 | 4.799 | 5.208

TABLE 13 - STRAIN ON UNDERSIDE OF ASPHALT CONCRETE AS A FUNCTION OF ASPHALT

CONCRETE STIFFNESS - 1.5 FT (457 MM) PAVEMENT; IN. PER IN. x 10~
Asphalt Concrete
ifiness & 11 10%08.0%10%[5.0 ¥ 10%|3.0% 10° | 1.4 x 10° 6,0 x 10%| 3,5 % 10*| 2.5 x 10*
Wheel load -~ 1bs.

750 .04054 | .05079 | .07052 | .1003 | .1661 | .2674 | .3364 | .3761
1,250 .06159 | .07824 | .1115 | .1631 | .2750 | 4424 | .5515 | .6130
1,875 .08843 | .1137 | .1645 | .2425 | .4093 | .6485 { .8031 | .8903
2,500 1150 | .1490 | .2168 | .3185 | .5342 | .8371 | 1.033 | 1.143
3,500 .1578 | .2049 | .2080 | .4366 | .7215 | 1.121 | 1.378 | 1.523
4,250 .1890 | .2454 | .3557 | .5184 | .8504 | 1.314 | 1.613 | 1.781
4,750 .2093 | .2715 | .3026 | .5702 | .9316 | 1.436 | 1.760 | 1.941
5,250 .2293 | .2971 | .4284 | .6204 | 1.010 | 1.553 | 1.901 | 2.096
5,750 .2488 | .3220 | .4632 | .6689 | 1.086 | 1.665 | 2.036 | 2,243
6,250 .2678 | .3460 | .4965 | .7152 | 1.158 | 1.771 | 2.163 | 2.381
7,000 .2956 | .3812 | .5450 | .7825 | 1.262 | 1.925 | 2.346 | 2.580
8,125 .3354 | .4311 | .6136 | .8772 | 1.408 | 2.138 | 2.507 | 2.852

- www fastio.com

* -
To obtain stiffness in MN/m2 multiply values shown by 6,9 x 10 3
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TABLE 14 - INFLUENCE OF STIFFNESS REDUCTTON IN ASPHALT
CONCRETE LAYER ON MODE FACTOR*

Mode Factor

Axle 10.2 in. (259 mm) Pavement | 18.0 in. (457 mm) Pavement
Load % Stiffness Reduction % Stiffness Reduction
- 1b 1

20 - 25 40 20 25 40

Asphalt Concrete Stiffness — 500,000 psi (3,450 MN/mz)

14,000 -0.39%0 -0.390 ~0.494 -0,500 -0.515
17,000 -0.344 -0.370 -0.478 -0.481 ~0.496
19,000 -0.331 -0.358 -0.462 ~0.468 ~0.484

21,000 -0.31 ~-0.333 -0.357 -0.452 -0.472

Asphalt Concrete Stiffness — 25,000 psi (173 MN!mz)

14,000 0.883 0,880 0.881 0.897 0.874
17,000 0.91 0.888 0.878 0.888 0.907 0,898
19,000 0.886 0.883 0.888 0.910 0.909
21,000 0.888 0.885 0.854 0.912 0.912

. ‘
Computations made for the subgrade modulus of 25,000 psi (173 MN/mz)

ClibhPDE “wivw fastio.com
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(e.g. 3, as was done by Santucci (7)). Alternatively both controlled-stress and
controlled-strain tests could be performed and use made of the mode factor. This .

-
latter was the procedure followed for the Blythe project.

In Fig. 33 some difference in fatigue response between the two modes of

loading is observed. At this temperature the mixture stiffpness is about 300,000
psi (4,140‘MN/m2). From an examination of Tables 10 and 11 it will be noted
stiffnesses as low as 25,000 psi (173 MN/mz) have been estimated, At such low
stiffnesses it is expected that the differences between controlled-stress and
controlled-strain tests will be even larger tham those occurring at 68°F (20°C).
Since it is difficult to test mixes at such low stiffnesses with the equipment
used to develop the fatigue data in all of the investigations thus far (L, it
was necessary to prepare an estimate of the location of the controlled strain
curves relative to the controlled stress curves. Data developed for the Folsom
project (1) as ﬁell as the data developed in this study were used to prepare the
estimates.

A schematic diagram of the procedure is shown in Fig. 35. At high stiff-
ncesses (or 1 % 106 psi (6,200 MN/mz)) it is assumed that there will be no dif-
ference in fatigue response between the two modes of loading. As the stiffneés
decreases, the difference will increase as seen in Fig. 35.

For a particular stiffness it is possibly using this approach to estimate the
controlled-strain curve from the controlled-stress relationship. While controlled-
stress tests were only performed at 68°F (20°C), the data presemted in earlier
reports (1) permitted estimation of the relationships at other temperatures.

With curves so.constructed an& mode factor estimates like those made for
the Indio project, the applications to failure for the various loads and stiff-
nesses were estimated and are summarized in Tables 15and 16 . These data provided
the necessary input to ascertain when the pavements would exhibit distress using -

the linear summation of cvele ratios cumulative damage hypothesis (PROGRAM FATIG2 ).
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63 >€2>€,

AN = number of stress applications
in controlled - siress test minus

number of applications in
controlled-strain test

wp——— =
Y

log Stiffness

(a) Influence of stiffness on difference between controlled-
stress ond controlled- strain faligue curves.

at Stiffness S,

Conlrolled €

Confro//eb’ o

log Ny

(b) Controlled-strain fatigue curve determined from
data in (a), above, and conlrolled- stress fatigue curve.

Fig. 35 - Schematic representation of estimation of controlled strain
to fatigue data at Tow stiffness values,
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TABLE 15 -~ FATIGUE LIFE ESTIMATE - 0,8 FT, SECTION
BLYTHE PAVEMENT

Wheel APPLICATIONS TO FAILURE — N
Load AT STIFFNESSES VARYING FROM 1.1 * 106 to'2.5 x 10% psi%

1bs Stiffness Group of Table 10

750{ = - - - » 3.0 x107|5.2 x10%] 2.2 x10°
1,250] - w @ = {5.0x10% 4,6 x107|1.6 x10®
1,875| @ w = |2.4 x108/1.3 x10% 7.8 x10%| 2.0 x107
2,500| « @ = [2.3x10%/1.0 x10%/4.6 x10%] 2.3 x10%] 5.4 x10°
3,500| = w = 19.0x10°|3.5 x10°|2.0 x10°| 6.4 x10%] 1.2 x10°
4,250 @ 11.01x10%4.8 x10°[2.0 x10°|1.1 x10%] 2.9 x10% 4.9 x10°
4,750| = 8.0 x10°|3.7 x10°|1.5 x10°|8.6 x10%(2.0 x10°| 3.3 x 105
5,250| @ (6.0 x10°]2.7 x10°|1.1 x10°|6.4 x10%] 1.4 x10%|2.3 x10°
5,750| = = 4.2 x10°[2.1x10°[8.8 x10%|4.8 x10%| 1.0 x10%| 1.6 x 10°
6,250| = |1.03x10%3.6 x10°|1.6x10°]7.0 x10%[4.0 x10%|8.0 x 104/ 1.1 x 10°
7,000 = |8,4 x10°12,7 x10°|1.1x10%(5.5x10%|2.9 x10%|5.4 x 10% 7.6 x 10%
8,125{ = |5.9 x10°|1.07 x10°|8.2 x10%[3.6 x10%|2,1 x 10%(3.6 x 10%|4. 4 x 10

% -
MN/m2 = 6.9 x 10 3 5 (stiffness in psi).
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TABLE 16 — FATIGUE LIFE ESTIMATE - 1.5 FT, SECTION

BLYTHE PAVEMENT

55

Wheel APPLICATIONS TO FAILURE - N

Load AT STIFFNESSES VARYING FROM 1.1 x 106 to72.5 x 10% pei%

1bs Stiffness Group of Table 11

750] = w e o0 w o m o

1,250| o o e w - m m
1,875 = @ - o - @ 1.4 x 10°|2.5 x 10°
2,500| = w w ® @ 6.6 x 107|3.6 x 10%(5.8 x 108
3,500| m ® e w 1,9 x 107]6.6 % 107|1.1 x 10°
4,250| o o w 7.0 % 10519.2 x 108]3.0 x 107]5.4 x 107
4,750 @ . - = 5.0 x 10%]6.4 x 10%|1.8 x 107{3.3 x 107
5,250 w - = [3.5 x 10%4.2 x 10%)1.1 x 107]2.0 x 10’
5,750 « m o = |2.6 x 10%3.1 x 10%]7.6 x 10%|1.3 x 107
6,250 « o ® « 2.0 x 16%2.3 x 10%(5.4 x 10%(8.6 x 10°
7,000| - w = 11.3 x 10%(1.5 x 10%]3.6 x 10%]5.2 x 10°
8,125 « - = 2.3 % 10°]9.0 x 10%(1.0 x 10%]2.0 x 10%]3.7 x 10°
*MN/mz = 5.9 x 10_3 x (stiffness in psi).
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Acéording to the analysis Both pavements should exhibit fatigue lives

greater than 50 years.

From an examination of the controlled-strain curves, however, it would appear
that the values so obtained might provide an upper bound. Accordingly, analyses
were performed in which the resulting fatigue curves were adjusted by a factor
of 107 and 1072 in fatigue life; this is, the estimated curves were shifted by
factors of 10 and 100 to the left (shorter lives)

These adjustments had no measurable effect in the service life of the 1.5
ft. (457 mm) thick section in that its estimated life remained in excess of 50 years,

For the 0.8 ff. (244 mm) thick pavement, on the other hand, the lO—ladjust—
ment reduced the fatigue life to about 21years while the ].0—2 adjustment re-—
duced the fatigue 1ife to about three years.

While one cannot provide a definitive recommendation at this as to specific
fatigue criteria to use, analysis of the type described in this section should per-
mit the development of design criteria for California conditions. The fatigue tests

performed to date provide useful data to assist in the development of such criteria.

WILLITS PROJECT
This project consisted of an instrumented full depth asphalt concrete sec-
tion as a portiom of the widening of U.S. 101 through the city of Willits in

Northern California. The 1.0 ft. (305mm) thick pavement was placed directlyon

the subgrade as shown in Fig. 36.

Only limited testing was performed om the materials of this project.
Tests included resilient moduli determinations on the silty sand subgrade
for a range in water contents and repeated load triaxial compression tests
on two cores of the asphalt concrete.

Results of repeated load triaxial compression tests in the silty sand

subgrade* are shown in Fig. 37. Interestingly, the modulus of this material

*
R value = 60; liquid limit = 24; plasticity index = 3; percent passing
No. 200 sieve = 33 percent.
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appeared to be sensibly independent of stress state, this in contrast to the data
reported for the Blythe and Indio projects.

One of the majof purposes‘of this project was to examine the reproduci-
bility of the repeated load triaxial compression test as performed by laboratories
with membership in the Triaxial Institute for Structural Pavement Design. The
results of this cooperative study are described in the Transportation Labora-
tory Report.

In addition to comparing the results of the laboratory tests, an estimate
of the design of the pavement were made utilizing the laboratory results and a
fatigue criterion for the asphalt concrete layer. The Transportation Laboratory

Report also summarizes the various estimates.

SUMMARY
In this section of the report, studies associated with three State of
California Transportation Laboratory in-situ pavement investigations have been

briefly described. These studies suggest the following:

1. Elastic layer theory predicts reasonably well the response
of thick asphalt pavement to load using laboratory measured
response parameters, e.g., resilient moduli for repeated load
triaxial compression tests. Comparison of predicted and
measured response of the Indio pavement at high temperatures
substantiates this conclusion since the deformation pattern
computed within the layer is similar to that as measured by

LVDT's so long as appropriate stiffness moduli are used.

2. The analysis of the Indio pavement as well as the results
of analyses presented by a number of other investigators
(e.g., Witeczak and Nunn) suggest that for high temperatures

large tensile strains may be developed in the upper part
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of the pavement structure contributing in turn to surface

cracking,

Prediction of the service life of the Blythe pavement
demonstrates a procedure whereby fatigue criteria might
be evolved for California conditions using the fatigue
results developed from the University studies over the
vears in conjunction with tﬁe analysis of the performance
of in-situ pavements for which detailed material charac-
teristics, envirommental conditions, and traffic loading

are known.
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PART 3; PERMANENT DEFORMATION CONSIDERATIONS

INTRODUCTION

A part of the investigations has been concermed with the problem of
estimation of or miniﬁizing permanent deformation (or distortion) in asphalt
concrete pavement systems. Table 17 contains a summary of the various forms
of distortion resulting from both traffic and non-traffic causes. In this
report only distortion resulting from traffic associated causes will be

~ examined.

As seen in Table 17 traffic-—caused permanent deformation can result from:
(1) a2 single or comparatively few excessive loads, (2) a large number of repeti-
tively applied loads, or (3) long term (or static} loads. While all three
loading conditions will be discussed, the research effort has been concerned
with deformation resulting from comparatively large numbers of repetitively
applied loads.

Little attempt has been made to predict the rutting resulting from plastic
flow or shear distortion associated with a éingle or comparatively few exces-
sive loads since the concern of the engineer has been to "design" the material
to resist such loads with materials design being predicted on shear strength
characteristics, sometimes expressed in terms of the Mohr-Coulomb parameters
$ and C (e.g., 22, 23). This approach has also been applied to the design
of pavements to resist rutting from repetitive traffic loading and tests such
as the "R" value (24), the CBR (25), or triaxial compression to determine ¢ and
C under specific conditions (e.g., specific time of loading and temperature for
asphalt concrete) (26, 27) have been widely utilized. Both TE 71-8 (28) and refer-
ence (27) contain recent summaries of such methodology.

The general framework used to either predict or minimize permanent de-

formation from repeated loading is shown in Fig. 2. As noted earlier, this
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TABLE 17 ~ EXAMPLES OF THE DISTORTION (PERMANENT DEFQRMATION)
MODE OF DISTRESS FOR ASPHALT PAVEMENTS

General Specific Causative Example of
Cause Factor Distress

Single or compara-— Plastic flow
tively few excessive {shear distortion)
loads

Traffic—load Long term (or static) Creep (time dependent)

associated load deformation
Repetitive traffic Rutting (resulting from
loading (generally accumulation of small
large number of repe- permanent deformations
titions) " | associated with passage

of wheel loads

Expansive subgrade Swell or shrinkage
soil*®
Non~-traffic Compressible material Consolidation
associated underlying pavement settlement
structure
Frost-susceptible Heave (particularly
material differential amounts)

%
Soils in this category exhibit high shrinkage as well as swell characteristics.,
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has the same format as the system developed for fatigue, Also, as with fatigue,
it will be assumed that a pavement seﬁtion will be available, having been
"designed" by a procedure such as the State of California "R" value method.

Two approaches are available to consider rutting from repeated traffic
loading; both have been examined as a part of this study. In one method the
vertical compressive strain at the subgrade surface is limited to some tolerable
amount assoclated with a specific number of load repetitions (e.g. Shell (1)),
By contrelling the characteristics of the materials in the pavement section
through materials design and proper comstruction procedures (unit weight or
relative compaction requirements) and by insuring that materials of adequate
stiffness and sufficient thickness are used so that this strain level is not
exceeded, permanent deformation equal to or less than some prescribed amount
is thus assured,

The other procedure involves an estimation of the actual amount of rutting
which might occur using appropriate materials characterization information
together with an analysis procedure assuming the pavement structure to be repre-
sented as a layered elastic or viscoelastic system. In this investigation
emphasis has been placed on the elastic rather than the viscoelastic methodology,

reasons have been detailed in Report TE 73-3 (29),

LIMITING SUBGRADE STRAIN CRITERTA

A number of limiting subgrade strain criteria have been developed for
highway pavements. The Shell investigators (15) were the first to suggest
this approach and their criteria are summarized in Table 18, These limiting
strain values were developed by elastic analyses of pavements designed according
to the CBR procedure and pavements in the AASHO Road Test. Considering the
performance results of the AASHO Boad Test in terms of rut depth, the strain
criteria listed in Table 18 are probably associated with ultimate rut depths

of the order of 3/4 in. (1.9 cm).
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TABLE 18 - ALLOWABLE SUBGRADE COMPRESSIVE STRAIN VALUES

CORRESPONDING TO DIFFERENT LOAD APPLICATIONS

Weighted Load Compressive Strain
. : on Subgrade
Applications X -
in. per in.
10° 1.05 x 107°
10° 6.5 x 107
107 4.2 x 10"4
108 2.6 x 107

%
From Reference (13).
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As a part of this investigation pavement structures designed according to
the State of California procedure were analyzed by the procedure described in _—
-

Report TE 71-8 (28), that is the pavement structure was assumed to behave as a
While a range in limiting subgrade strain values were

layered elastic solid.

obtained depending on the stiffness characteristics assigned to the varicus com-
ponents, a specific set of values could be defined for stiffness conditions similar
These values are shown in Fig, 38,

to those used to establish the Shell criteria.
For comparison the values used in the Shell design procedure {(Table 18) are also

In Fig. 38 it will be noted that the computed values are less than those

shown.

suggested by Shell; it is probable that smaller limiting values of permanent de-
formation occur in pavements designed by the California procedure¥®.

Hicks and Finn (30) have analyzed the various sections of the San Diego Test
Road in the same manner, and the results of their asmalyses are shown in Fig. 39a.

The resulting strain values tend to be more conservative than those shown in

Fig. 38 obtained from an analysis of pavements designed according to the California
In this test road, however, relatively small values of permanent de-

procedure.

formation were obtained at the time that the criteria were developed, Fig. 39b.
It would appear that the limiting subgrade strain criteria developed as a

part of this project are reasonable values to use to minimize permanent surface

deformation contributed by the subgrade and are recommended should the State com-—
Santucci has already incor-

sider pavement design using elastic layer theory.
porated these criteria in a new design procedure for pavements with asphalt con-

crete or emulsion—treated bases (Z).

While precise values are not available, it should be noted that some engineers

who have observed the performance of asphalt pavements in California have stated

that ruts were relatively small in the failures which they have observed.

prior to rutting appeared to be the major mode of distress.
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RUTTING ESTIMATION FROM REPEATED TRAFFIC LOADING
. A number of procedures have been suggested to estimate the amount of

rutting from repeated traffic loading, They may be categorized as:

(1) Use of elastic layered system to represent the pavement

structure and materials characterization by:

(a) repeated load triaxial compression tests

(b) creep tests (particularly for asphalt-bound layers)

(2) Use of viscoelastic layered system to represent the pavement
structure and materials characterization by means of creep

tests.

In this investigation efforts have been directed to determination of rutting
by method 1(a) above.

Since the dnception of this study, a number of investigators have
published research results concerned with rutting; these will be briefly

summarized also.

Rutting Prediction with Pavement Represented as an Elastic Layered System

Based on Laboratory Repeated Load Tests., A number of investigators, including

Heukelom and Klomp (31), Barksdale (32) and Romain (33), have suggested that

rutting estimates can be obtained by:

(1) assuming the pavement to be represented as a layered elastic
system to determine the state of stress and/or strain resulting

from surface loading: and

(2) using appropriate constitutive relationships defining permanent
strain as a function of stress state to estimate the amount of
. rutting corresponding to some specified number of load

repetitions.
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General Procedure. More specifically, relationships between the plastic strain

and applied stress must be available for each of the pavement components; i.e,, —
‘ -_

P _
g = f (Uij) (8)

where:

m
i}

plastic or permanent strain

g stress state

ij

For a particular layer it is then possible to estimate the permanent deforma-
tion occurring in that layer. This is done by computing the permanent strain

at a number of points within the layer, the number being sufficient to reasonably
define the strain variation with depth., Permanent deformationm is then deter-
mined by summing the products of the average permanent strains and the corre-
sponding difference in depths between the locations at which the strains were
determined, Fig. 40, i.e.:

0 .
Gi(x s ¥) = 'izl(eiAzi] €))

where:

AN

rut depth in the ith position at

point (x,y) in the horizontal plane.

il

P
ai(x » Y)

Az,
e® = average permanent strain at depth [zi +-—§3ﬁ

Az difference in depth,

Total rut depth may be estimated by summing the contributions from each layer,

With the knowledge of plastic strain at various numbers of load repeti-~
tions, the development of rutting with increased traffic loading can thus be
estimated. —-—

—

Cumulative Loading Considerations. Normally in the laboratory the comstitutive
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relationship of equation (8 ) will be defined for a specific material by
application of stresses of a single magnitude, Since the actual stress
sequence is not known in the field, it is desirable to have a cumulative
loading hypothesis similar to that for fatigue in which the effects of
mixed traffic could be predicted from the results of simple loading tests.

In Report TE 73~3 (2%) such methodology was suggested and can be
briefly summarized as follows:

At least two methods are available to obtain the cumulative
permanent strain from the results of simple loading tests: (1) a
"time-hardening" procedure, and (2) a "strain-hardening’ procedure;
both are illustrated schematically in Fig. 41 .

In the "time-hardening" method, if the specimen is loaded for
Nl repetitions of stress state Ei s the resulting permanent strain
will be E?(N) . The equivalent number of repetitioms, Ni , at
stress O, which would have given the same permanent strain is

2

obtained as shown in Fig. 41 . If further N2 applications of 9y

are applied, the total strain will following the path as showm in
Fig. 4la,

The "strain-hardening" procedure, also illustrated in Fig, 41,

requires determination of eP after W repetitions of stress o

1 1 1’

The number of repetitions at stress Eé is then taken equal to Nl,
and a further N, application is applied. Total permanent strain

2
P 2
1 and 32 .

is the sum. £
While neither method provides a solution which agrees quantitatively with
experimental results (for the limited data reported in TE 73=5) it would appear

that the time~hardening procedure provides better agreement if the stress levels

are successively increased, whereas the strain-hardening method provides closer
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agreement if the loads are successively decreased, Moreover, the procedures
appear to provide "bounds” for the amount of permanent deformation to be ex—
pected (also as noted in TE 73-3),

The time hardening procedure has also been suggested by van de Loo (34)
as a means of developing equivalent wheel loads to simplify rutting estimates,

Appendix B contains a summary of this methodology.

Summary of Previous Investigations. A number of investigators have used this

approach to predict permanent deformation in either a portion of or in the
total pavement structure including Barksdale (32), Morris, et al (35), McLean
and Monismith (36), Freeme and Monismith (37), Smaith (38) and Brown and
Snaith (39). |

Brown, et al (40) and Monismith, et al* (41) have reported the results of
repeated load triaxial compression tests on subgrade type materials, Water
content, dry density, stress state as well as number of load applications in-
fluence the development of permanent strain. Results of repeated load testing

can be expressed in equations of the form:

e? = ANb (10)

Ao = ——— (11

where:

ef = permanent strain
Ao = applied stress
N = number of stress applications

A, b, L, m = experimentally determined coefficients

*
Described in detail in Report TE 73-3,
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For granular materials, Barksdale (32 has developed considerable data.

An equation of the following form appears to represent the test data:
n
=P 1/Ko -
. 3 e o (N (12)
S ERf(l - sin ¢) NO

1

T 2(C cos ¢+ 0. sin ¢)

3
where!
ch = relationship defining the initial tangent modulus
as a function of confining pressure
C = cohesion
¢ = angle of internal friction
Rf = constant relating compressive strength to an asymp—
totic stress difference; 0.75 ;;Rf <1
and these parameters are determined at a specific numbexr of stress repetitions,

No .

For asphalt concrete a number of approaches have been suggested including

those developed by Morris, et al (35), McLean and Monismith (36), and Snaith (38).
Morris, et al (§§) have developed regreésion equations for the laboratory
test data over a range in temperatures and for a range in stresses, both ten-

sile and compressive. The functional form of their expressions 1s as follows:
Ep=f(ol,03,T,N)+E (13)

where:
E = estimate of error
Similarly, McLean and Monismith (36) have fitted to their test data a

third order polynomial of the form:

log ef = C_ + Cl(log N + Cz(log N)2 + C3(log N)3 (14)

0
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with the influence of stress state, time of loading and temperature reflected

0 Cl R C2 , and C3 .

Snaith (38) has expressed his data by an equation of the form:

. in the coefficients C

log ef = (a+b log t) (15)

In this expression a and b are functions of temperature énd applied stress
directly estimated_from laboratory tests.

Some attempts'have been made fo predict the accumulation of rutting in
various pavement structures using these constitutive relationships together
with the process illustrated in Fig, 40 and described earlier,

Morris, et al (35), have prepared aﬁ estimate of the rutting occurring
in one of the sections of the Brampton Test Road as a funection of time, Their
estimate is shown in Fig. 42. While the overall results are encouraging, as
evidenced by the reasonable correspondence of the measured and predicted values,
they suggest that much of the permanent deformation results from accumulations
in the lower part of the asphalt bound layer and is a result of the compara-
tively high temsile stresses occurring near the underside of the sectiom.

McLean and Monismith (36) have compared the form of accumulation of
permanent deformation with that reported by Hofstra and Klomp (42) from ob-
servations of rufting in a laboratory test track. Comparisons of estimated
results with those measured are contained in Fig.43 *. While the mixtures are

different (as moted in the footnote), the shapes of the curves are similar,

*It should be noted that the mix tested by Hofstra and Kiomp (42) contained a
40-50 penetration asphalt cement and would be considered an over-—asphalted

mix with less than 2 percent air voids. The mix, used to make the analysis
shown in the figure, by comparison contained an 85-100 penetration asphalt

cement and had a void content in the range of 4 to 6 percent. At the 86°F (30°C)
temperature and time of leading regorted by Hofstra and Klomp, this mix

exhibited a stiffness of 2.5 % 10° psi (1,725 MN/m2), Accordingly, it should be kept
. in mind when comparing the results that the form of the load deformation

relationship is more important than the absolute magnitude of the deforma-
tions.
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indicating the potential applicability of such a procedure.

Snaith (38), using the same approach and the equations which he developed,
predicted accumulation of rutting.with load applications of the same form as
shown in Fig, 43 .

* Barkedale (32) has used this methodology to provide a relative indication
of the ruttinglpotential of different granular materials when used in a par-
ticular pavement structure, His results are illustrated in Fig. 44 in which
the rutting potential is shown in terms of a rut index rather than in terms of
actual-ruttiﬁg.which might be associated with the different materials,

McLean and Monismith (36) have also used this procedure to examine the
influence of certain designer controlled variables on the rutting which might
occur in thick asphalt bound layers. Results of these analyses are shown in
Figs.45, 46, aﬁd 47.

The influence of the stiffness of the asphalt concrete on rut depth is
illustrated in Fig. 45. Reducing the stiffness by a factor of two increases

. the permanent deformation more than proportionally, indicating, at least from

the calculations presented, that the influence of stiffness modulus of the
asphalt concrete is substantial.

Fig. 46 illustrates, at least for this set of circumstances (hl==12imu(3051mn»
that the subgrade stiffness has practically no effect on the accumulation of
permanent deformation in the asphalt concrete layer. It must be recognized,
however, that subgrade stiffness will influence the total permanent deformation
at the pavement surface (a factor not considered in this analysis), and for a
given thickness, hl » total deformation will increase as the stiffpness is
reduced.

The influence of layer thickness on permanent deformation within the

. asphalt-bound layer is shown in Fig,47 to be minimal. This same result was

reported by Hofstra and Klomp in their laboratory test track study,
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This 1aﬁter'comparison as well as those illustrated earlier indicate that
the use of elastic theory for stress and strain distribution together with a
constitutive relationship determined from laboratory repeated load tests has
the pofential to assist in the estimate of permanent deformation accumulation
in thick asphalt-bound layvers.

Based on Laboratory Creep Tests. The use of creep tests on asphalt concrete

together with elastic layer theory to represent the response of the pavement
structure to load is an alternative approach proposed by the Hills, et al (43),
van de Loo (44, 34), and Chomton and Valayer (45) to estimate the amount of
rutting occurring in the asphalt bound layer(s) of a pavement structure.
Observations of the development of rut depth with load repetitions in
laboratory test tracks® provide data which, when suitably transformed, exhibit
the same shape as test results for lsboratory creep tests in uniaxial compres-—
sion; Fig 48 illustrates such data. In this figure the quantities are estimated

as follows:

= 15
(L S 4% (laboratory creep) U/Emix (15>

where:

g = applied creep stress, T (temperaturs) = constant

€ , = axial strain at particular time ¢t
mix
SmiX = corresponding mix stiffness at specified

temperature T , and time, t

. = 16
) S ir (laboratory creep) G/Ebit (16)

where:

F3 .
Two layer pavements consisting of asphalt concrete resting directly on
subgrade,
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S, .. = asphalt stiffness (estimated using Shell procedure
bt (14)),

S . (rutting test on field pavement =
mix

Zo
17)

where:

radius of loaded area Esubgrade ]
e

Z=£ . 2
{}hlckness of asphalt bound layer, Ho Easphalt concret

Q
ik

tire contact pressure

total rut depth at pavement surface

L
li

o
i

proportion of total rut depth in asphalt bound layer
Sbit {rutting test) —— only the viscous component of Sbit is
estimated, termed [Sbit]v

1 = (18)

. sbit] | (19)

For the time of loading in the rutting test
t = at
w

where:

number of wheel bases

j=]
1

t
H]

time of loading for one wheel passage.

Recognizing different temperature conditions:
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3
Spe) T
[ bit v ot EF%
LARUPP

To use this methodology requires: (1) measuring Smix in the laboratory; (2) esti-

mating S by the Shell procedure; (3) estimating (Sbit)
v

traffic and temperature conditions and the nomographic procedure; and thence de-

bit from a knowledge of

termining the rut depth, r, from ZGOIB%%~ for the specific pavement conditionms.
o
Comparisons between estimated and computed values are shown in Fig. 49.
While this procedure is applicable only for asphalt bound materials, that

should not be considered a limitation, however, since as suggested by van de

Loo (21), the creep test may have been described by Ugé and van de Loo (49).

Rutting Prediction with Pavement Represented as a
Layered Viscoelastic System

A number of investigatioms, e.g., Barksdale and Leonards (47) and Elliott
and Moavenzadeh (48, 49) have suggested that rutting can be estimated by assuming
the pavement to be represented as a viscoelastic layered system and using creep
tests to represent the response characteristics of the various materials in the
pavement structure.

Using the procedure terms VESYS II (50), the accumulation of permanent de-~
formation in the same structure for which the results of the elastic analysis
were also reported (e.g. TE 73-5) was examined. Compliances were determined both
in tension and compreséion and variations in both time of loading and total time
before the next is applied were considered. Fig. 50 contains a summary of these
determinations (also individually reported in TE 73-5). In this figure it will
be noted that the permanent deformations which have been estimated using this
procedure are substantially less than those computed using the elastic analysis
for essentially the same conditions. Moreover, the accumulation of permanent
deformation with number of load applications by this procedure does not exhibit

the same shape as observed in the studies of Hofstra and XKlomp (Fig. 43).
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The reasons for these differences are not clear at this time and because
of these differences no further stiudies were directed to the viscoelastic

analysis in this investigation.

PROPOSED CHARACTERIZATION FQR PAVING MATERTALS
To provide a convenient form for the constitutive relationships described
in the previous section to permit estimate of rutting in the pavement structure,
Freeme and Momismith (37 have suggested the use of a determinant for plastic
deformation (for the maximum distortion energy vield conditiom) termed the

equivalent stress, S', and defined as:
_ ~ 1/2
g =2 (6, ~ 0 )2 + (6, -0 )2 + (g, -~ 0o )2 (20)
/7 1 2 2 3 3 1

A relationship, in turn, between this stress and plastic strain which can be

utilized is of the form:

) .
3 dg :
= e ———— T 7 = 21
de, 4 zs'sij i,ji=1,2,3 (21)
where:
de,. = the plastic strain corresponding to the deviator
3 stress 5,
1]
déb = an increment of the "effective"" or "eguivalent™

plastic strain defined by

1/2
de = ‘/—g[(dsl - daz)z + (de, - d23)2 + (deg - del)zj

where del s dsz and d€3 are the principal strain increments.

In this equation it is seen that the plastic strain increments are
given and not the plastic strains themselves, In linear—elasticity the
current state of stress completely defines the state of strainm but the cur-

rent state of stress cannot define the plastic strains measured from the
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virgin condition of the material., Any plastic deformation done before the
current stresses were applied would have to be known before the total plastic
deformation can be defined,

If there is no unloading, if the principal stress ratios remain fixed,
and if the stresses remain in constant ratio throughout the loading history,
the strain increments can be integrated to give the total plastic straims.
These are referred to as the stress/strain relations of the "deformation
theory of plasticity."

In this investigation, an important simplifying assumption has been madé,
i.e., that the conditions under which the dynamic triaxial tests are carried
out in the laboratory simulate the dynawic loading conditions which occur in
the pavement. It is then permissible in the case of permanent deformation °
to use the total strain approach to explain the results of dynamic triaxial
tests and to extrapolate these results to the multiaxial conditiomns in the
pavement.

In the pavement structure, the permanent strain in the vertical directionm,

ez s Occurring under multiaxial conditions is given by*:

ef = Rl:c: - 1/2(c + o )] (22)
z z X ¥
where:
Gz’ g, Gx = gtresses in vertical, radial and tangential
¥ directions

TP
%%—, the ratio of total "equivalent’ strain to
the "equivalent" stress®#%

=
Il

%
Poisson's ratio is assumed equal to 0.5 in equatiom (22),

&%

For triaxial conditions the equivalent stress T = (Ei - Eé) and the total

equivalent strain = = 2/3 (sl - 53)
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It is possible that ratio R may be a unique relationship for many na-
terials which will be dependent on T , number of stress applications, and, iﬁ
the case of untreated soils and granular materials, water coatent and dry
density.

For fine-grained soils it is possible to recast equation (11) and to
incorporate the influence of stress repetitions so that the relationship R

will have the form:

b
=2 X
Rs 1 - mE'[N ] (23
o]
where:
N = number of repetitions at which coefficients

o £ and m are determined.

Similarly for untreated granular material, the ratio R can be expressed

as:

koo b
- 1/kay PE% (24)
24 1- ERf(l -~ sin ¢)
2(C cos ¢ + 0o

3 sin ¢)

For asphalt concrete an approach is to characterize the material by means
of the equation pertaining to time-dependent plastic deformation. The total
permanent strain in equation (22) then becomes time dependent as does the re-

lationship for R . From the triaxial compression test data like that reported

in TE 73-5, it is possible to formulate an approximate relationship for the rate

of change of R , i.e.,

.

9 -1
% - ST (25)

where:

§{(?) is a function of temperature, T

e and =n are constants
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RECOMMENDED DESiGN (ANATYSTS} SUBSYSTEM

Based on the material presented thus far, it ig possible to suggest a
design (or analysis) subsystem to permit estimates of rutting from repeated
traffic loading to be made. The format for this subsystem is shown in Fig. 2 .
Like the fatigue subsystem (TE 70-5), the procedure involves estimation of
the occurrence of distress (in this case the amount of rutting). Having the
ability to make such an estimate permits the designer to select a section
which will minimize this distress mode, A brief description of the appro-

priate "blocks" of Fig. 2 are included to illustrate the methodology.

Traffic (Block 1)

Vehicle (truck) characteristics required are: (1) axle and wheel loads;
(2) spacing of dual tires; (3) numbers of repetitions of trucks in various
categories; and (4) an estimate of lateral distribution.

The procedure is sufficiently general, provided the vehicles characteris-—
tics are known, so that it can be applied to airfield pavements, container

transfer facilities, and parking areas as well.

Environment (Block 3)

Pavement temperatures are estimated from weather data using an available
solution of the heat conduction equation (e.g., procedure developed by
Barber (21)).

In addition, the effect of environment as it influences the water contents
(or effective stresses) of the untreated materials in the pavement section can
be considered. In non-frost areas estimates of the seasonal changes in water
contents (or effective stresses) can be incorporated. In conditions where
freezing and thawing occur, the work of Bergan (52) provides a means of defining

the subgrade characteristics.

Structural Analysis (Block 9)

Stresses and deformations resulting from wheel loadings are estimated
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agssuming the pavement to be represented as a layered elastic structure and

the computer program ELSYM (53) is utilized,

Test Pavement Materials (Blocks. 7 and 8)

To estimate the stresses and deformations, the "elastic” or stiffmess
characteristics of the materials comprising the pavement structures must
be ascertained.

For untreated granular and fine-grained materials, resilient moduli deter-
mined from repeated load triaxial compression tests can be used (e.g. Ref. (28)
contains suggested test procedures.) "Elastic" characteristics estimated by
other procedures can also be utilized. For asphalt-bound materials stiffness
chﬁracteristics, both as a function of time of loading and temperature, should

be defined using one of the many availalbe procedures (1),

Distortion Prediction (Block 1)

To estimate the permanent deformation occurving in the pavement structure
requires determination of some relationship between plastic (permanent) strain

and applied stress, i.e.

P _
ef = f(cij) €:))]

for each of the components susceptible to rutting.
With such a relationship, the permanent deformation occurring in a par-
ticular layer is estimated from
Px , ) = § [e? . Az_] (9
i i=1 i i

Total rut depth is estimated by summing the contributions from each layer.

Determine Distortion Characteristics (Block 10)

At this time it is recommended that the accumulation of permanent strain

with repetitive loading be determined for the respective pavement materials by

repeated load triaxial compression tests. Permanent strain at a point in the
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pavement structure in the vertical direction is, in turn, estimated using

equation (22):
ef = Rl:cr -1/2(c + o ):| ' (22)
z z x v

For fine grained soils:

. b o

R o= fﬂ] (23)

s 1-mo \N
‘ o
For untreated granular materials:
: n
1/Ko b
o3 oR_ (1 - sin ¢) N
1 f o

T 2(C - cos ¢ + a4 sin ¢)

In the case of asphalt-bound materials, temperature and time of loading

effects must also be incorporated as noted earlier, i.e.:

9

— . a.— 25
Y §(T) » N g (25)

where:

(1) is a function of temperature T

{absolute) with one form as:
(26)

s(1) = e AT

o, nn, A = experimentally determined coefficients
¥or short times of loading the permanent vertical strain can be expressed

as a linear function of loading time, e.g., Fig. 51 (34) permitting simplifi-

cation of equation (25)%

% .
- "Recent data indicate that equation (25) is probably of the form:

= §(T)N o

For the short times of loading considered herein, the linear function is a
reasonable approximation.

EEQ o n-ltB
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Summary
. By following the step by step procedure of Fig, 2 and using the deformation
. characteristics as well as the measured or estimated stiffness characteristics

of the components, an estimate of the surface rutting can be ascertained. If
this value is excessive, a second section is evaluéted. This process is répeated
until a section which produces a tolerable level of permanent deformation is
obtaine@. Appendix C contains a computer program together with a user's guide

to make this estimate.

RUTTING ESTIMATE FOR AN IN-SERVICE PAVEMENT
Using the procedure described in the previous section, the amount of rutting
was estimated for an in-service pavement north of San Francisco, California, on
which some rutting had been observed. This provided an opportumity to assess the

potential usefulness of the proposed methodology.

Pavement Section

- The pavement section consisted of a layer of asphalt concrete approximately
12 in, (305 mm) in thickness resting on a lime-treated subgrade. From laboratory
repeated load tests a value of 10,000 psi (690 MN/n?) was selected for the sub-
grade modulus.

For this analysis the asphalt concrete layer was subdivided into three layers.
Traffic weighted mean stiffnesses (55) was estimated for each month throughout
the year based on pavement temperatures computed from available weather data for
the site. Resulting stiffnesses are shown in Table 19.

Loads applied to the paveﬁentﬁmre estimated fromtraffic data supplied by

CALTRANS together with wheel load factors based on 1966-68 California loadometer studies,

Distortion Characteristics — Asphalt Concrete
. Lé.boratory repeated load triaxial compression tests were performed on cores taken

from the pavement. Only one temperature, 100°F (38°C) was used since only a
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20 TARLE 19 - PAVEMENT STIFFNESS AND TEMPERATURE CONDITIONS

Pavement
Layer Stiffness | Poisson's
Month Number —psi* Ratio Tempea?ture &1

January 1 2251983.0 0,35 44,5 9.17 x 10:2
2 2300399.0 | 0.35 43.6 8.55 x 1075
3 2314329.0 | 0.35 43.4 8.42 x 10
4 10000.0 | 0,47

February 1 1896650.0 | 0,35 50.5 1.45 x 1077
2 | 1949674.0 | 0.35 49.3 1.32 x 1077
3 1967260.0 | 0,35 48,9 1.28 x 10
4 10000,0 | 0,47

March 1 1752677.0 0.35 53.1 1.76 x 102?
2 1822944,0 |  0.35 51.6 1,57 % 1077
3 1847624.0 |  0.35 51,1 1.52 x 10
4 10000.0 |  0.47

April 1 1473234.0 |  0.35 58.1 2.55 * 1077
2 1595049.0 | 0.35 56.0 2,18 x 1077
3 1631915.0 | 0,35 55,2 2.06 * 10
4 10000.0 | 0,47

May 1 1123511.0 0.35 65.2 4,25 x 10:;
2 1236298.0 |  0.35 62.7 3,56 * 107/
3 1291455,0 | 0.35 61.8 3.34 x 10
4 10000.0 | 0.47

June 1 796965.0 | 0,35 73.0 7.37 % 1077
2 864294.0 | 0,35 70.0 5.96 * 107
3 896390.0 | 0.35 68.9 5.53 x 10
4 10000.0 |  0.47

July 1 436867,0 | 0,35 85,5 1,71 % 107¢
2 481359.0 | 0.35 80.8 1.25 X 1070
3 520573.0 |  0.35 79.0 1.11 * 10
4 10000.0 |  0.47

August 1 501140,0 | 0,35 82.3 1.38 % 1070
2 553306.0 | 0.35 78.3 1.06 * 1075
3 590288.0 |  0.35 76.8 9.55 * 10
4 10000.0 |  0.47

September | 1 769806.0 |  0.35 73.9 7.83 * 107
2 830136.0 | 0.35 70.9 6.35 * 1077
3 858145.0 |  0.35 69.8 5.89 * 10
4 10000.0 |  0.47

October 1 1194997.0 |  0.35 63.6 3.80 x 107
2 1293172.0 | 0.35 61.6 3,28 x 1077
3 1340212.0 | 0,35 60.9 3.13 x 10
4 10000.0 | 0.47

November 1 1766905.0 | 0,35 52.8 1.72 x 107
2 1817145.0 | 0.35 51.7 1.53 x 1027
3 1833969.0 | 0.35 51.3 1.54 x 10
4 10000.0 |  0.47

December 1 | 2226274.0 | 0,35 44,9 9.46 x 107
2 2263296.0 | 0,35 44,2 8,97 * 107,
3 2272951.0 |  0.35 44..0 8.83 x 10
& 10000.0 \_ 0.47
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1imited number of cores (four) were obtained, These first results are shown in
Fig. 52. The influence of temperature was ascertained from tests on a similar
mix, data for which were reported in TE 73-5,

Analysis of the asphalt concrete mixture data reported in TE 73~5 suggested

constitutive relationship between permanent strain and stress of the form:
log 3/2 z = log B+ n Log @ (27)

where

“ly

, 0 = effective permanent strain and
equivalent stress respectively

n = laboratory determined coefficient
(0.72 - 0,82 for data in TE 73-3)

B = laboratory'determined‘coefficient
dependent on temperature, number
of stress applications, N , and
mixture structure.
Data obtained at temperatures of 67° (19°C), 85°(39°C), amnd 100F (39°C) are
shown in Figs. 53-55.
At this time it is suggested that the coefficient B ﬁight be expressed

in terms of the above noted wvariables as:

B = prite®/T : (28)

where

T = temperature {(absolute)
N = number of stress applications
o, D, A = experimentally determined coefficients

Plotting the data of Figs. 533, 54, and 55 as shown in Figs, 56 and 57 permits

estimate of these coefficients:
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" Number of Stress Applications, N

o -/55 4

3| Temperoture —100°F
0 |

| —

Radiol Strain, R
A

Y

10— Yo -

040 ' /00 1000 10,000
1071 o 5] | I
Sample psi psi
® 7 0
O <405 22 Axial Strain,
n 4 Qo ' A

Fig. 52 - Permanent strain vs. stress application data - Cloverdale

core specimens.
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estimate of these coefficients:

or)
'l

9,24 x 10° (Fig, 36)

e

1.02 x 10 (Fig. 56)

g
Il

e

0.44 (Fig, 57)

R
]

]

Fig. 58 illustrates the felationship between equivalent stress and strain

for the core specimens tested 100°F (39°C) and at a time of loading of 0.07 sec.
Similarly: ¥Fig. 59 illustrates the relationship between the coefficient B

and the number of stress repetitions., For this mix the values required for

equation (25) were determined to be

n = 0.94

0.44

2
I

= 1.06 % 104 (obtained with D = 9,24 x 106; i.e,,
using the value obtained from data presented in
Figs. 53 through 55.

o
i

Rutting Estimate

Stresses were determined using the ELSYM program assuming the wvarious
loads to be applied by dual tires. Permanent strains were estimated from
equation (25) * assuming a linear dependency on time of loading; this resulted

in R having the form:

~1 |
R = s(mN’s ¢ (29)

where:
t = time of loading, sec.

Table 20 contains the results of the computations for each month: the values

for permanent deformation, corresponding to a time of loading of 0,07 sec,,

are the maximum occurring in the area between the centerline of the dual tires
® - '

and the center of one of the tires, The total estimated permanent deformation

is 0.93 in. (23.6 mm).
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TABLE 20 — COMPUTED PERMANENT DEFORMATION
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Permanent Deformation ~ in, x 1

0"

Average Specific Axle Loads
Month Air Temp.
°F 16-20] 8-165] 785 | 3-7F < 3%
January 42.4 .3938 4.98 3,184 5,50 2.15
February 47,2 4003 5.04 3.21 5.53 2.17
March 48.2 .81 10.14 6,44 11,09 4.35
April 50.6 .81 11.14 7.34 13,19 5.08
May 56.1 1.47 19.09 12,31 21,51 8.38
June 62.4 2.26 33.28 20.85 36,30 14,15
July 66.8 5.79 74,82 46,63 82,40 31.93
August 66,6 4,91 63,15 39,34 69,20 26,86
September 62.9 2.66 34.56 21.81 38,48 14,92
October 57.0 1.26 16.61 10,70 18,94 7.34
November 49,4 .81 3.88 6,44 11,08 4,34
December 43,4 .39 4,98 3.19 5.49 2.15
Subtotal 22,3 281.6 181.4 318,7 128.8

T for all loads = 928 x 1073 inx

®

To convert deflection in inches to deflection in mm, multiply by 23.2.
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For the site under investigation the speed limit is 25 mph and rutting is
reported within 100 ft. of a traffic signal. Assuming an average speed of 20
mph, the loading time in the field is estimated to be approximately 0.03 sec.
Thus the amount of rutting would be 3/7 of the value shown in Table 2, i,e.,
about 0.4 in. (10 mm).

Rut depth measured at the site was approximateiy 0.5 in. (13 mm). It would
thus appear that the methodology has the potential to provide rutting estimates
so long as appropriate material characteristics and climate and traffic data

are available.

EXAMPLE OF RUT DEPTH PREDICTION

The field example used to illustrate the potential applicability of the
procedure consisted of a full-depth asphalt concrete pavement sectiom. In this
section a brief description is included of the applicable procedure to predict
rutting in a pavement with an asphalt concrete surface, a granular base, and a
fine-grained soil subgrade. Requisite characteristics of the various materials
required for the analysis are shown in Table 21.

Coefficients for the asphalt concrete were estimated from data like that
shown in Figs. 53-55. Values for stiffnesses of the varicus layers are shown
in Fig. 60. From the repeated leoad triaxial compression tests, some reduction
in the stiffness was observed with increased number of stress applications;
this stiffness decreaée was incorporated in the analysis.

While there are no field results for comparison, the example presented
illustrate that "reasocnable" results are obtainable, i.e., the form of the

relationships appear reasomnable.

EFFECT OF MIX VARTIABLES ON RUTTING
In an earlier investigation (reported in TE 70-5) it was suggested that
to improve fatigue resistance in thick asphalt bound layers it would appear

worthwhile to increase the asphalt content of the mix in the base above that
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in the surface course. This recommendation was based on the observed improved
performance of mixes containing asphalt contents slightly in excess of those
resulting from the California mix design procedure (up to 1 percent greater).

It was not possible in this investigation to establish the influence of
the increased asphalt content on rutting potential due to time limitations.
The procedure illustrated in the previous two sections does permit the influence
of this-variable to be investigated so long as the appropriate laboratory test
data have been obtained. An investigation of this type would be a worthwhile

additional study.

SUMMARY

From a design sténdpoint, the procedure for limiting the rutting to some
prescribed amount based on limiting subgrade strain criteria would appear to
be a procedure which could be used with some confidence at this time since the
criteria have been developed from analyses of existing design procedures as
well as field trials.

The methodology Qescribed to estimate the actual amount of rutting from
laboratory repeaﬁed load tests together with elastic theory requires field docu-
mentation before such methodology can be used with confidence. WNevertheless,
while there are some limitations to this approach, e.g., the effects of lateral
load placement are not considered; nor are the reversals of shear stress which

may take place with load passage and lateral distribution, the methodology does

produce results which are "reasonable" in form. Moreover, a limited comparison

indicates that the procedure can predict permament deformations of the right order
of magnitude. Accordingly, it is suggested that such methodology can be used for
special situations to check whether or not rutting from repeated traffic loading
Wili be of sufficient magnitude to cause concern; if such is the case, the design
can be modified to insure that deformations do not exceed some reasonable pre-

scribed amount.
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TABLE 21— MATERTAL CONSTANTS USED IN RUT DEPTH CALCULATIONS

C
Material K \
n psi ¢ b N R
Type Coeff. _ o £
(Rf 1)
Subgrade | 20,400 | 0 6.05 o | 0.24 | 1.0 x 10* | 0.75 + 1.0
Soil
Granular | 8,800 0.108 0 50,1 0.15 1.0 x 105 0.75 - 1.0
Base '

. . . n . .
K and n in relationship Ko , C = cohesion, ¢ = angle of internal

friction.
-
Material ° .
- Type T, °F §(T) max 6(T) nin §(T) mean n o
-4 =4 ~4
Asphalt 100 1 x 10 2 x 10 1.5 x 10 0.335 0.457
Concrete

Coefficients for equation (25).
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APPENDIX A

FATIGUE AND STIFFNESS TESTS - INDIO PROJECT

Included is a summary of stiffmess and controlled-stress flexural fatigue
test results obtained from tests on beams which had been cut from 12 in. (305 mm)
diameter cores obtained from the Indio project by the Tramsportation Laboratory.

The cores were obtained in December 1971.

Sample Data

Table Al shows site number designations attached to the cores as well as
the corresponding core locations and sample admission numbers.

Each core was split in the field to separate the surface course layer from
the base course. The surface course layer was identified by its sample admis-
sion number and the letter A,

As a first step in sawing the cores, the base course was cut in a horizontal
plane yielding two cylinders, each approximately three inches in thickness. These
cylinders were identified by their sample admission numbers followed by the letter
B for the upper section and the letter C for the lower section. The centfal por-
tion of each cylinder was removed by diamond sawing. These cuts were made in a
direction parallel to traffic, identified by arrows on the cores. Beam specimens
approximately 1.5 in. (38 mm) square and 12 in. (305 mm) in length were then ob-
tained from the central section two beams from the A portion and four from each
of the B and C sections.l The remaining poftions of each of the cylinders were
returned to the Materials and Research Department for extraction and recovery
and tests on the extracted asphalt. Table A2 shows the correspondence between
the numbers on the extraction samples and those for the beams.

Bulk specific gravity for each beam specimen was determined by weighing

it in air and water. Air void contents were determined for each beam using
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the measured values of specific gravity and the following information supplied

by the Tranéportation Laboratory:

Pavement Asphalt Content Specific Gravity
Component Percent of Aggretate
surface course 4.9 2.67
base course 4.4 2.67

To compute section moduli for each beam specimen, average beam dimensions
were determined. Because of the comparatively low asphalt contents and the
large maximum size of the aggregate relative to the beam dimensions, considerable
erosion of fines in some of the specimens resulted during trimming from the action

of the cooling water. Accordingly, cross-sections of a number of the beam speci-

mens were not well defined.

Test Programs

A total of 60 beams were obtained from the six cores; twelve from the surface
course and 48 from the base course (gpecimen no. N2-10 broke before testing).
Surface course specimens were each tested at three temperatures, 81, 66, and
42°F (27, 19, 5°C) and at three stress levels at each temperature. One load
duration (0.1 sec) and one frequency of loading (100 repetitions per minute)
were used.

The base course beams were divided into six groups of eight specimens.

Each group exhibited approximately the same mean air void content to facilitate
comparisons of average test results. Three of the six groups were tested in
fatigue at 66°F (19°C) and stress levels of 150, 100, and 75 psi (1,035 to

520 KN/mz) while the remaining three groups were tested at 81°F (27°C) and stress
level of 100, 75, and 50 psi (690 o350 KN/mg). Load duration and frequency

were (0.1 sec and 100 repetitions per min respectively. -
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Tests Results

Surface Course. Stiffness measurements are summarized in Table A3. Each

stiffness represents the mean value for the three applied stresses, Stifi-
nesses are also plotted as a function of air void content, Fig. Al; variation

in stiffness due to stress level can also be noted in this figure,

Base COurée. Results of fatigue tests on the base course are summarized in
Table A4, These results have been plotted as bending stress vs. repetitions
to failure in Fig. A2 and ini;ial bending vs, repetitions to failure in Fig. A3.

Linear (log-log) least squares regression lines have been fit to the data
and are also shown in the figures. TIn Fig. A3 the fatigue line obtained from
the general diagram (TE 70-5) and corresponding to a stiffness of 400,000 psi
(2,760 MN/mz) has been plotted for comparison purposes. Adjustments for void
content and asphalt content would shift this relationmship to the left somewhat.

Some attempt has also been made to define the influence of void content
on fatigue 1life for the base course mixture. Generally, the results indicate
considerable scatter.

Overall, the results indicate more scatter than results obtained for speci-
mens prepared in the laboratory. This is probably due in part to the aggregate
size relative to the specimen size and the inherent variability developed during
the construction process.

In the future it would appear desirable to test specimens 3 in, (75 mm)
by 3 in. (75 mm) in cross-sectional area. This in turn will require a sampling

procedure similar to that used for the Gonzales, Morro Bay, and Folsom projects.
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TABLE Al- CORE LOCATIONS - INDIO PROJECT

Sample Admission

Site No. Location- No.
1 STA 983 + 10 8062
2 STA 983 + 25 8063
3 STA 983 + 40 8064
4 STA 983 + 60 8065
5 STA 983 + 75 8066
6 STA 983 + 90 3067
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TABLE A2 - SAMPLE DESIGNATIONS

Site Extraction Beam Sample

¥o. Sample No. Designation
8062A N 1-~1, 2%

1 80628 N -3, 4, 5, 6
8062C N~1+~7,8, 9, 10
8063A N -1,

2. 80638 N -3, 4,5, 6
8063C N -7, 8, 9, 10
S064A N -1, 2

3 8064B N - 3, 4, 5, 6
8064C N -7, 8,9, 10
8065A N-4~-1, 2

4 80658 1] -3, 4, 5, 6
8065C 1 -~ 7, 8, 9, 10
8066A N -1, 2

5 80668 N -3, 4, 5, 6
8066C N -7, 8,9, 10
8067A N -1, 2

6 8067B N -3, 4, 5, 6
8067C N -7, 8,9, 10

*N - 1 - 1~10
{Indio) Site Sample
No. No.
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TABLE A3~ STIFFNESS TEST RESULTS - INDIO PROJECT SURFACE COURSE

° Stiffness (psi) Air Void
Sample Temp °F (Mean Values) Content
NI-1 66°F 4.32 x 103 8.75%
Ni-2 66°F 5.00 x 105 8.82
N2-1 66°F 4.75 = 105 7.63
N2-2 66°F 4,21 x 105 8,10
N3-1 66°F 3.76 x 105 8.11
N3-2 66°F 2,95 x 105 8,25
N&-1 66°F 3,97 x 105 7.32
N4-2 66°F 4.26 x 105 6,91
N5~-1 66°F 4,18 x 105 7.02
N5=2 66°F 3.93 x 105 7.17
N6-1 66°F 4,10 % 105 7,46
No-2 66°F 4,21 x 10 7.03
Nl-1 66°F 1,14 x 10? 8.75
N1-2 66°F 1,39 x 105 8.82
N2-1 66°F 1,33 % 105 7.63
N2w2 66°F 1.06 x 105 8.10
N3-1 66°F 1.04 x 105 8.11
. N3-2 66°F 1,03 x= 105 8.25
N4-1 66°F 1.28 x 105 7.32
N&4~2 66°F " 1.19 x lO5 6,91
N5-1 66°F 1,25 x 105 7.02
N5-2 66°F 1.20 % 105 7.17
N6-1 66°F 1.23 x 105 7.46
N6-2 66°F 1,42 x 10 7.03
N1-1 66°F 13,27 = 102 8.75
N1-2 66°F 15.2Q0 x 105 8.82
N2-1 66°F 14,60 x 105 7.63
N2-2 66°F 10,37 x 105 8.10
N3-1 66°F 12,93 x 105 8.11
N3-2 66°F 12,08 x 105 8.25
N4-1 66°F 10.42 x 105 7.32
W42 66°F 13,22 x 105 6,91
N5-1 66°F 17,10 x 105 7,02
N5-2 66°F 13.91 x 105 7.17
N6-1 66°F 14,22 % 105 7.46
Né6-2 66°F 12.47 x 10 7.03
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TABLE A4 - FATIGUE TEST RESULTS - INDIO PROJECT BASE COURSE

Air
Sample Stiffness Strain Fatigue Stress | Bulk Sp. Void Temp
No. p.s.i. 10-6 in. /in. Life p.s.i. Gravity Soutent °F
Percent

N3~-8 8.66 lOg 1,732 262 150 2.258 9.49 66
N5-8 2.74 x 105 547 3,183 150 2.302 7.70 66
N6-5 3.93 «x 105 382 2,272 150 2.317 7.13 66
N2-6 4,97 x 105 302 3,156 150 2.323 6.87 66
N4-10 9.76 x 105 166 2,998 i50 2.329 6,62 66
N1-10 6.27 x 105 239 10,314 150 2.338 6.26 66
N2-4 5.12 x 105 293 7,124 150 2.370 5.01 66
N2-3 5.85 x 10 171 3,703 150 2,392 4,11 66
N2-8 5.05 = 103 198 18,638 100 2.292 8.11 66
N&4~6 3.42 x 105 292 4,394 100 2.313 7.28 66
N4=-7 4,17 x 105 240 7,844 100 2.319 7.05 66
N4=5 2.88 «x 105 347 2,071 100 2,322 6.90 66
N4-9 5.23 x 105 191 24,314 100 2,331 6,55 66
N1-6 6.76 x 105 148 19,643 100 2,337 6.33 66
N1-4 5.13 x 105 148 16,611 100 2,352 5.69 66
N5-3 5.62 x 10 178 5,442 100 2.362 5.31 66
N2-7 | 4.83 x 107 155 47,782 | 75 2,294 8.02 66
N6-8 5.06 «x 105 148 27,164 75 2.310 7.41 66
N3-9 5.34 «x 105 141 142,003 75 2.318 7.09 66
N3-10 5.37 x 105 140 109,354 75 2.314 7.23 66
N5-10 5.47 x 105 137 153,278 75 2.330 6.59 66
N1-9 5.95 «x 105 126 99,091 75 2,328 6.68 66
N1-3 - 5.98 x 105 125 64,437 75 2.360 5.41 66
N5-4 4,35 x 10 172 37,430 75 2.375 4.80 66
N5-6 0.886 x 102 1,130 692 100 2.302 7.73 81
N6-9 0.770 x 105 1,300 370 100 2,316 7.17 21
N5-35 0.920 x 105 1,080 575 100 2.319 7.04 81
N6-10 0.756 x 105 1,322 382 100 2.319 7.04 81
N2-9 1.55 x 105 645 2,426 100 2.335 6.40 81
N6-6 1.0 «x 105 625 1,895 100 2,335 6.39 31
N3-5 0.970 x 105 1,030 327 100 2.335 6.39 81
N3-3 1.52 x 10 658 1,830 100 2,369 5.02 81
N5-7 | 1.39 x 107 540 3,754 | 75 2,302 7.73 81
N4-3 0.586 x 105 ~-1,280 184 75 2,315 7.21 81
N4-4 0.569 x 105 -1,318 149 75 2.325 6.83 81
N5-9 1.58 «x 105 475 5,368 75 2.335 6.39 31
N1-5 1.74 = 105 430 6,210 75 2.334 6,43 81
Né6-4 1.21 x 105 620 3,153 75 2.345 5.98 81
N6-3 1.52 x 10 493 3,435 75 2.345 5.98 81
N2-10 ——— - - 75 - - 81
N3-7 0.566 x 10 883 777 50 2,260 9.41 81
Ne~7 1.59 x 105 315 15,013 50 2.325 6.78 31
N3-6 1.60 x 105 312 4,926 50 2,326 6.75 81
N1-7 1.89 = 105 264 34,331 50 2.335 6.39 81
N4-8 1.92 x 105 260 17,870 50 2.326 6.77 81
N2-5 1.75 x 105 286 6,860 50 2.338 6.26 31
N1-8 1.72 x lO5 290 22,182 50 2.330 5.87 81
N3-4 1.99 x 10 252 22,226 50 2.371 4.97 81
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APPENDIX B

INFLUENCE OF WHEEL LOAD SPECTRUM ON RUTTING*

In this procedure, the material is characterized by its state of deforma-
tion or deformation level regardless of the way in which the state was obtained.
This corresponds to the time hardening procedure described earlier.

Van de Loo has suggested that for many asphalt mixes, the accumulation of
permanent strain as a function of stress level and number of repetitions can
be represented by the equation:

€E=c¢c 0N ' (BL)

This equation is represented schematically in Fig. Bl.

The equivalent number of standard loads caﬁsing same permanent deformation,

Al

EP, as Ni repetitions of load o; can be derived -as follows:

(e i/a

-l o
NSt cg ' (BZ)
st

r ~1/a
N, = |—E ' (B3)

v1/a

Nst = P N (B4)

Equation (B4) represents the equivalent number of standard loads causing same
permanent deformation as the number of loads Ni at stress level Gi.
It should be noted that at equal values of strain, Sp’ de/dN differs for

the different applied stress relationships and is a function of N.

*After P.J. van de Loo in paper presented to the Symposium on Predicting Rutting
in Asphalt Concrete Pavements, Transportation Research Board, January 1976.
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Fig.-B-l - Influence of stress level and numbers of load repetitions
on accumulation of permanent strain.
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de _ wa-1
Gy - ¢ o a N (B3)
o o
»
de _ a
- Ep N (B6)
For the standard load:
a
de =€+ * dN (B7)
st P Nst st
and for any other load, Ui:
de, = e * = . dN (B8)
i p Ni i
Letting n, = dNi and determining stt =n_. for the situation where increases

in deformation along both curves are equal, it can be shown that:

N
_ st
= o (B9)

n
st i

- i

Substituting equations (B2) and (B3) results in the'following:

i/a
n__ = (= n, (B10)

Equation (B10) is similar to equation (B4) indicating that for any load pattern,
the equivalent number of standard loads can be determined for both a specific
deformation level and incfemental deformations, the latter regardléss of the
fact that de/dN differs for the various stress curves at equal values of sp.

Finally, considering a wheel load spectrum which can be divided into

classes of different stresses:

k -
) ra ;fL (B11)
L <
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APPENDIX C

USER'S GUIDE: RUT DEPTH PREDICTION PROGRAM

The program is an extension of the 3~dimensional elastic layered system

program ELSYM5; the stress output of ELSYM5 is used in the calculation of

plastic strains,

Limitations of the

1. Minimum of one
2. Minimum of one
3. Minimum of one
4, Minimum of one
(10xy + 10z)
5. For rigid base

rigid base.

program are similar to that of ELSYM5: i,e,

system maximum of five,
elastic layer maximum of five,
uniform circular load maximum of five (all identical)

point where output is required maximum of 100

maximum Z value must be less than depth to

6. All input values must be positive except xy positions.

7. Poisson ratio must not have a value of one and for a bottom

elastic layer on a rigid base it must not be in the range 0.748

to 0.752.

8. The integration process (truncated series) leads to some approxi-

mation of the results at and near the surface and at points out

at some distance from the load.

It is therefore advisable to specify that results be computed at control

points where a check can be conducted; e.g., directly beneath the load at the

surface where the pressure is known.

If more than one system is analyzed, the second and subsequent system

results are modified according to the time or strain hardening concepts for

repeated loading, using

www.fastio.com
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is more than one system the program assumes.that the second system is merely the

same as the first being subjected to a further number of load repetitioms.

PERMANENT STRAIN COMPUTATION

- Plastic Strain

Plastic strains are calculated by both the effective stress and Barksdale
equations:

1. Effective.Stress

1 1/2

Effective stress o = j=§ (Gl - 02)2 + (02 - 03)2 + (03 - Ul){}

where 91 s d, » 0y are principal stresses determined by elastic theory -

ELSYM 5.

The permapent strain in the vertical direction is given by

{02

q”ﬂm]

1
£ = -= (g + o)} (1)
PG) 2 x Y

Oy » Uy ,» 0, are normal stresses at location where computation

is required.

ep = toptal effective strain

€, €.
The ratio -%% is determined from the relationship: %?- = i_%7§§
where a is an input parameter (a = %- from equation ep = ka" or
a= %T‘; Ei = initial tangent modulus.
i
b= p L
ultimate
— Ttail
o] 1timat = ——E%—EEE Rf = Reduction Factor
ultimate £ 0.755Rc<1.0
and
= - 2c cos ¢ + 204 Sin ¢
failure 1 -~ sin ¢
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¢ = angle of internal friction

. : ¢ = cohesion value

For a required number of repetitions (N) of load the permanent strain

in equation 1 is modified according to the following

£
* P(z)
el
c = E ‘b‘f‘—
Py  P@yVrs
where

N, = number of load repetitioms at which constants a
BB .
and b were determined

A 1is the slope of the straight line portiom on a

log-log plot of € wvrs N for the repeated load
triaxial test,

2, Barksdéle equation

This is a relationship between permanent strain and deviator stress

P . for unbound aggregates:
G +a-+ o2
— 3
g = —
P ch(l ~ sing)
1- 2{c cos¢p + o4 Sin¢)
where o = o = 9,

n, a, ¢, ¢, R_ as defined above,

£

Elastic Strains

By definitionm, EP = 0 ; the program DEFORM sets the same value

Visco-elastic Strains

% ]

The material is characterized as a time dependent plastic material and the

-

. following equation is used:
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g = - [ > (Ux + Gy)]

1,550 k, n as defined above

INPUT CARDS

The notation CC refers to card columns with the range of columns being

inclusive.

All "real' values (REAL) are punched with a decimal point as part

of the value and all "integer" values (INTEGER) are to be punched without a

decimal

1. CC

2. CcC

3. cc

CcC

cC

CC

ccC

CC

cC

CC

www . fastio.com

point and right justified in the data field.

6-10

11-15

16-20

21-25

26-35

6-10

11-15

(INTEGER)
(INTEGER)

(ALPHA)

(INTEGER)

(INTEGER)

(INTEGER)

(INTEGER)

(INTEGER)

(E10.3)
(INTEGER)
(REAL)

(REAL)

Number of systems to be run (NSYM)

Punch the number 999

any combination of alphanumeric characters may be
used to identify the system i,e. title

Number of elastic layers in the system (NEL)

Number of uniform circular loads to be applied
normal to the surface of the system (NLD)

Number of XY locations where results are

desired (NXY)

Number of Z locations where results are desired (NZ)
Indication whether or not computation of deformation

igs required (NDEF)

NDEF = 0 No deformation computation

1 Deformation computation desired
Desired number of load repetitions (REPIT)
Layer number (LN)

thickness of layer in inches (TH)

Poisson's ratio of layer (V)

()

{
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CC 16-25 (REAL) Modulus of elasticity for layer (E)

. *#CC 30-31 (ALPHA) Base interface condition

& ‘ *Notes; This is for only rigid base, Leave blank
for other layer interface, Punch FF for full
friction rigid base interface or NF for no friction
rigid base interface, One card is required for each
elastic layer in the system, Leave thickness blank
for bottom elastic layer when layer is to be semi-

infinite in thickness.

5. CC 1-10 (REAL) Load force in pounds
CC 11-20 (REAL) Load pressure in pounds per square inch
CC 21-30 (REAL) foad radius in inches. Any two of the above items can
be input, program determined for the third. Only one

card required.

r: 6. CcC 1-10 (REAL) X position of a load
CC 11-20 {REAL) Y position of a load

cne card per lead

7. CcC 1-10 (REAL) X position for evaluation
CC 1i-20 (REAL)Y Y position for evaluation

one card for each XY position

8. cCc 1-5 (REAL) first Z value for evaluation
CC 6-10 (REAL) second Z value for ewvaluation

CCc 11-15 {REAL) third Z value for evaluation, etc.

= only one card required, maximum of ten values
. 9. CC1 (INTEGER) layer number
. (Elastic = 1
cC 2 (INTEGER) Material type (Plastic =2
(Viscoelastic = 3

ChihPDF - www.fastio.com
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CC
CcC
CC
CC

cC

cC

cC

10. ¢CC
cC

CcC

3-10

11-20
21-30
31~40

41-50

51-60

61-70

2-11

12-21

(REAL)
(REAL)
(REAL)
(REAL)

(REAL)

(REAL)

(REAL)

(INTEGER)
(810.3)

(E10.3)

Coefficient K from Rel, = Ko™ (PLK)

Ko™ (PLS)

Exponent in Rel, sp

Cohesion (COH)

Angle of internal frietion (Deg,) ¢

o

Reduction factor 0.75 < R, < 1.0

£

from cf = CULT

Density of layer (1b/ft™) (SGG)

£

W =

Water content of layer (%)
one card for each layer
If type of material (I¥P) = 1 put PLK = 0.0

Leave other parameters blank except SGG

Lafer number
Exponent F(K) in relation EP = BNF(K)
Number of repetitions NRB at which hyperbolic

parameters PLK, etc., are specified

one card for each layer

To evaluate a second system, follow card type 10 by card types 2-10 for

the second system, etc.

wavwlastio.com

COMPUTER

LISTING

WILL

ALSO BE INCLUDED.
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RUN FORTRAN COMPILER VERSION 2.3 B.3 2R FEA 73 05:25:02

SUBROUT INE RUTDEP

C
C _SUBROQUTINE TO_ COMPUTE THE RUT DEDPTHS
C
C
¢QQo002 "COMMON E{(S5),V(5),0I(S5),R{100),2(10),EX(32),
1 L CDAB(S.736) A1 (1841, RI1(184),RI0(184),
2 <mm-wmm-nUUo<QUtDmm-ﬁmm-M4ucMﬂNnﬁﬂUnMﬁ#
- 3 WRyWZ ,WRL,RL 4PRES4RLP4TST]l yTST2,TST3,T7ST4,
4 NSYM4NSY yNLSW ¢ NRZ yNGOPyNXyNEX ¢y NRyNRC,NZ,NZC,MSW,
=3 - EﬂTh&ﬂﬂFZﬁ-ZGFF-r>4024NMﬂqzquduﬂm-AZD¢Z>I ZWNH¢
. [} KSW1 4KSW2,KSW3, KEWA, KSW5, KSWE, KSWT? XMimcwaQ
000002 COMMON XPA#D&ﬂ(FﬂnOu-NU«NO~1<UAnO-r><Nn—Ow¢
1 ANS (64100, 10)4AS(y341C)TITLE(14),IXRPL100} 4NLD,NXY
Lod
600002 COMMON NDEF; TYP (S),PLK(5) ,PLS(5) ,COH(5) , FRI(S) RE(S) 1SGG(S ),
LAEP T yNSYMM yEDE (54 10,100) JEDER(S, 10, 100) yF(5) yRALS) 4R S(5),
2WATERI(S) :
Y . . ;
000002 DIMENSION ﬂmUA—Oa_Ongmmﬂman-uDvamommnm¢hOu—Qauqmammw~m-ﬂ0qn009¢
1TOT(300),¥YODTB{10C),TOTS(100),TOTRS(100}
g009002 IFINSYMM=1)1,41,2
000005 .1 NSNSYMM
000007 - RE=REPIT
200010 ‘D0 3 Kl=1,4NZ
000012 NK=NEL-~1
000014 DO 4 J=1,NK
000016 —ﬂaNaKuwIUﬁAhvvmim'@
000021 5 LAY=J
000023 GO TO 8
bbDbN.U..liilli.o,.hlthh_:Ain.b DI(NKDIIA,4,7
000027 LAY=NEL
000031 GO TD 8
000031 4 CONTINUF
000034 . . B . IF(IYPILAY)~2)80,80,481
060037 81 DO 82 K2=1,.NXY
000041 : EEE=EDE{NyK1 K2I*¥RB(LAY)I*®RE**F{LAY)
000053 EDEIN K1 K2 )}=EEF
000061 . . km.nfm‘@nZn_A- 1K2)=EEE
000065 ENES[{NyK1 K2 )=EEE
000071 82 mﬂmmmaquunxmv"mmm
000077 GO T 3
‘000100 . 80 DD . 3 K2=] NXY
ago102 EDE(NJKLyKZ)=(RE/RBILAY) ) TEF{LAY)IFEDE(NJK1 K2)
000114 EDEB{N,K1,K2)=(RE/RB{LAY)I¥FF{LAY}*EDEB{N,K1,K2)
000126 EDES{NyK1+K2)=EDE(N,K1 4K2) .
oo0137.. . EDERSIN,K1,K2}=EDEBINyK1,K2)
000141 RED(K1,K2)=C.0
000144 3 REDA(KL K2) =00
000154 GO 7O 10
Q00189 2 N=NSYMM
000157 RE=REPIT
000160 TRE=0.0
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RUN FORTRAN COMPILER VERSION 2.3 Be3

1F10+2 y# GREATER THAN ASYMTOTIC STRESS DIFFERENCE TIMES PF#/
210X, +EFFECT IVE STRESS PUT EQUAL 70O 2HACOHESION%0.99%)

000125 PB(K2)=COH{LAY)¥L.414
pnp_un 10 _EOS{K2)=AA/(1.0-PB(K?)/BB)
600135 O EDE(NSYMM,NZC , K2 I=EDS(K2 )} ¥(PZ-0.5%(PX+PY})
C BARKSDALE FORMULA
000151 - DO 12 K2=14¢NXY
000152 PX=0.5k{AS(113K2)+AS(1,2,K2))
000160 T PZ=AS(1,3,K2)
000161 : IFIPZ=-PX)13,13,14
000164 13 PRINT 1003,XP(K2),YP{K2)
EE'IEECIPFEFHKN@H—nwr STRESS AT PASITION X=#,F1042,2Xs#Y=#,
1F10.2¢% LESS THAN HOREZONTAL STRESS#)
000174 14 DEN=({PZ—PX) ¥RF{LAY)*(1+0—SIN(FRI{LAY)))
000204 DENL=2+0%(COH(LAY} *nam.mn~.r><bu+ux*m_zﬂﬂnH.r><v,-
00021y 202020200 DEN2=1,0-DEN/DENL
000222 IF(DENZ)15, 15,16
000223 15 PRINT 10043 XPIK2),¥YP(K2)
000233 1008 FORMAT{1HO,5X,#DENOMINATOR OF BARKSDALE FORMULA LESS THAN ZERO?,
12AT _POSITION X=£sFl0a2:# Y=#,F10s2£DENOM PUT EQUAL TO 1-0.99%)
000233 DEN2=1.0-RF{LAY) /2.0
Q00237 15 DENI=PLK(LAY)}EABS{PX)4*PLSILAYI#DEN2
000246 12 EDEB(NSYMM¢NZC,K2)={PZ-PX)}/DEN3
.PDD.ND.PLEZI.!;-. PR
00025690 51 DO 52 K2=1,NXY
000262 “P1==1%A5({341,K2)
000266 B2zl HAS({ 3,2 ,K2}
Q00272 000 P3=—-1%AS(3,3,K2) _ ___.
000276 PX=AS(14]1,K2)
000301 PY=AS(1,24K2)
000304 PZ=AS(1l,y3,K2)
bbbhlellilliLIh@hmwhmhnmuwnmhunm.**m+~vm ~P3IRAD+{PLI~PII¥E2) /1,414
000324 EOS(K2)=PLK (LAY 1/ (1 .55PS(K2)**¥PLS(LAY))
000333 EDE{NSYMM,NZC,K2)=EAS(K2)#(PZ=0SF(PX+PY))
000345 52 mcnm.zm<z:.z~n.xm. ENE(NSYMM,NZC K21 "
Qpnozxsy 0 RETURN ..
000357 30 DO 31 K2=1 ¢NXY
000361 EDE{NSYMM,NZC,K2)=0.0
000366 31 EDEB({NSYMM, an.xmv 0.0
00037Ss .. _RETURN
000375 END

28 FEB 75 05:25:02
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"RUN FORTRAN COMPILER VERSION 2.3 8.3 28
000521 24 PRINT _oo_.r><
000527 1001 FORMAT(1HO, 56X, #LAYERZ,13)
000527 PRINT 10024 {XPLJYyJd=1,NXY)
000542 1002 FORMAY(1HO,CXa 2X=#,10F11+2)
000542 PRINT 1003, (YP{J)},J=14NXY)
000555 1003 FORMAT(1HO,6X,#Y=#,10F11.2)
000555 PRINT 1004,Z{K1),(EDE(N,KILK2) K2=1,NXY}
000575 31004 FORMATLIH 4F6+0+1P10E1143)
000575 PRINT L0G5, (EDEBIN,K1,K2) 4K2=1 ,NXY)
000613 . 1005 FORMAT(IH ,6Xy1P10F1143)
000613 PRINT _oom,ﬂmummaz_xqum..xmn_‘zx<,
000631 BRINT 1005, (FDEBS{N,K] ,K2),K2=1,NxY)
000647 T 41 CONTINUE
000652 DO 38 K2=1,NXY
000653 TOT(K2)=0.0
000654 = JOYBIK2)=0.0
000655 TAY5({K2}=C. 0
000656 38 TNTBS(K2)=0.0
000661 NXX=1
000662 - NXs0 L.l
000663 DO 26 Ki1=1,NZ
000665 NK=NEL-1
200667 DO 27 J=1,MNK
Qo067 IF(Z(K1}-DI(J}}28,28,29
000674 28 LAY=J
000676 60 TO 30
000676 29 _m.Nﬁx—.lcn.zx_.mq.mq.am

00702 . 32 LAY=ENEL . _ ..

000704 GO TO 30
000704 27 CONTINUE
000707 30 NX=NX+1

00071 . IF{NX=1)26,+26,36
36 DO 4D K2=1,NXY

000714 X1={Z(K1)—Z({K1=1)31%0.5

000720 TOTIKZ2)=TOT{K2) +X1%{ EDE(N K1 ,K2)+EDF (N, {K1~1) ,K?)}

000738 . . . _TOTB{K2)I=TOTB{K2)+X1%*(EDEB(N,K1,K2}+EDERIN,{K1-1},K2})

000747 TOTS{K2)=TOTS(K2)+ X1 *(EDES{N K1 ,K2)+EDES (N, {K1-1),K2)}

000762 40 TOTBS(K2Y=TOTBS(K2)+X1#(EDEBS{N,K] [K2)+EDEBS{N,{K1-1},K2))

001000 TE{LAY—NXX)60,60,61

fD0o1002 _ _ 6) PRINT_1Q06, zmﬁs3

001010 PRINT 10075 { TOT{K2) ,K2=1 ,NXY}

001023 PRIMT 1007, {TOTB(KZ2} K221 ,NXY)

0061036 PRINT 1007,{TOTS(K2) 4K2=1,NXY)

001051 _ .. ... _PRINT 1007,(TOTRS{K2]),K2= H.zx<,

001064 60 NXX=LAY

001066 26 CONTINUE

001071 PRINT 1006,NSYMM

001076: 1006 FORMAT{1H 510X,+RUT DEPTHS PREDICTED BY#/20X,*0NE -EFFECTIVE S$TRES
1S APPROACH AND TIME HARDENING2/20X,*TWD ~SARKSDALE FOPMULA AND TIM
2F HARDENING. APPROACH=/20X,+THREE —EFFECTIVE STRESS AND STRAIN HARD
SENTNG APPROACHZ/20X, #FO0UR —BARKSDALE FORMULA AND STRAIN HARDENING

. GAPPROACHZS/I0X,#SYSTEM NNz, 13)

001076 PRINT 1007, ({TOT(K2} K251 ,NXY)

001111 1007 FORMAT(1H 46X, 1P10E11.3)
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