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AN

\\ A new configuration of the F-15 aircraft is being used by the U.S. Air
Force. This heavyweight F-15 has a 30-kip/355-psi wheel loading. The F-15
will become the controlling aircraft for design of airfield Light-Load
Pavements. A review is presented of the concepts and development of the
present Department of Defense (DOD) method for flexible airfield pavement
design.

The .tructural model used in this study to calculate pavement structural
responses (stresses, strains, deflections) is the finite element program
IL).I-PAVE. This program considers the pavement as an axisymmetric solid, and
accommodstes stress-dependent materials and soils, and stress corrections
according to Mohr-Coulomb failure criteria, Multiple regression analyses are
performed on the ILLI-PAVE data base to develop prediction equations
(algorithms) for pavement structural responses of interest. These equations
have high ststistical precision when compared against the ILLI-PAVE data
base. Therefore, they may be used in lieu of running ILLI-PAVE, which
generally requires a main-frame computer.

Pavement test section data obtained from the literature are analyzed
using ILLI~PAVE. Trauafer functi;ns are derived relating calculated pavement
responses to coverages till failure,. x _—

The components of a mechanistic design procedure are discussed. A

mechanisiic design exampie is presented and compared to the DOD design for

4.

E



0 s the same conditions. It is found that four inches of asphalt concrete may
not be sufficient to prevent premature fatigue cracking of pavement subjected
to long term use by the heavyweight F-15 aircraft. Also, the DOD designs for

the heavyweight FP-15 aircraft may be overly conservative for subgrade

rutting.
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SECTION I

INTRODUCTION

A. OBJECTIVE

The primary goals of this research are to develop mechanistic design
algorithms and a tentative proposed design procedure for the current
heavyweight and proposed heavier-weight F-15. The algorithms will provide
the capability to estimate critical pavement structural responses (stresses,
strains, deflections) given the pavement layer geometry and material
characteristics. These responses can then be used to predict pavement
per formance by using appropriate transfer functions,

B. BACKGROUND

The United States Air Force is using a new heavyweight P-15 aircraft.
The plane has a 30,000-1b single-wheel load with a 355-psi tire inflation
pressure. The Air Force has proposed using a heavier-weight F-15 aircraft
which would have a 36,000-1b single-wheel load with & 395-psi tire infletion
pressure. Therefore, the F-15 replaces the F-4 as the controlling aircraft
for the design of Light-Load Pavements. The F-4B/G currently operates with a
maximum wheel load of 25..k00 pounds and a 265-psi tire inflation pressure
(Reference 1). The actual load and configuration parameters of the critical
aircraft are defined in Reference 2.

The current Department of Defense (DOD) criteria and procedure for design
of flexible airfield pavements are outlined in a Tri-Services (Navy, Army,
and Air Force) Manual (Reference 3). The procedure uses the California
Bearing Ratio (CBR) for determining the strengths of soils (fine-grained and
granular). A detailed discussion of the CBR design method for flexible
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airfield pavements is contained in Section II.

Field tests have not been conducted using the new and proposed F-15
aircraft. Thus, CBR design curve development will require extrapolations.
In some cases, extrapclations can be misleading, particularly when the
pavement systems contain stress-dependent material and are subjected to heavy
wheel loads and high tire pressures. Furthermore, field tests are expensive
and time consuming to run, and provide only minimum amounts of basic data.

Development of a mechanistic flexible airfield design procedure would
allow relatively quick and inexpensive quantitative evaluation of desired
pavement response parameters (stresses, strains, and deflections) as the
pavement layer geometry, material characteristics, and/or loading change.
However, a mechanistic design procedure must be verified by field test data.
I1f DOD adopted such a mechanistic design procedure, design equations, curves,
tables, etc., could be develcped for the heavyweight F-15, or any other
aircraft loading, with a minimum of additional field testing.

In this research, the ILLI-PAVE finite element program (discussed in
Section III) is used as the structural model to calculate pavement
responses., ILLI-PAVE has been validated for highway loading (9-kip) for
conventional flexible pavement (References 4, 5, 6, and 7), for full-depth
asphalt concrete pavements (Reference 8), and for flexible pavements
containing iime-stabilized layers (Reference 9). ILLI-PAVE has also been
validated for F-4 aircraft loading of fiexible pavements containing cement-

and lime-stabilized layers (Reference 10).

C. SCOPE/APPROACH
Section II Jescribes the present DOD design method of conventional
flexible airfieid pavement. It also summarizes the original adoption and

2




F&Eﬂ RN E & F FERCRD S N W BT A ST T 5 3 e e T

adaptation of the method by the U.S. Army Corps of Engineers.

Section III describes the ILLI-PAVE structural model. Material
characterization is considered for each of the pavement layers in a
conventional flexible pavement (asphalt concrete, granular base/subbase, and
subgrade soil). Algorithms are developed by stepwise multiple regression
analyses relating pavement variables (thicknesses and moduli) to pavement
response. Some sensitivity analyses are presented.

Section IV considers transfer functions. Methods of estimating asphalt
concrete fatigue and methods to limit permanent deformation within each
pavement layer are presented.

Section V presents a validation of the ILLI-PAVE structural model based
on existing full-scale test section data.

Section VI considers the components of a mechanistic design procedure for
conventional flexible pavement.

Section VII presents a mechanistic design example and compares the
proposed procedures with the existing CBR design method.

Section VIII presents conclusions, recommendations, and suggestions for

Air Force implementation snd future research.




SECTION II

CBR FLEXIBLE AIRFIELD PAVEMENT DESIGN

The flexible pavement CBR design methods utilized by the Department of
Defense (Army, Navy, and Air Force) and the Federal Aviation Administration
(PAA) are similar. The methods consider three requirements for flexible
pavement designs (Reference 11):

1. Each layer must be thick enough to distribute traffic induced
stresses so that the underlying layer is not overstressed and excessive shear
deformation in the underlying layer will not occur. The CBR procedures are
used tc determine the layer thickness required to prevent excessive shear
deformation in the underlying laver. This section is concerned primarily
with this problem, which is termed “thickness design."

2. PEach layer must be compacted adequately so that traffic does not
provuce an intolerable amount of added consolidation and/or rutting. The
wodified AASHTO laboratory compaction test and construction specifications
requiriag the proper percentage of laboratory density are used to comtrol
congolidation under traffic.

3. The surface muet be stable, wear resistant, and weather resistant.
Design procedures using the Marshall stability test are u;ed to design the
bituminous paving mixtures to produce a wear and weather resistant surfacing

that will not rut excessively under traffic.

A. CBR DESIGN PROCEDURE

The current Department of Defense (DOD) criteria and procedure for CBR
design is outlined in the Tri-Services (Navy, Army, and Air Porce) Manual
entitled, "Plexible Pavement Design for Airficlds,” (Reference 3). To use

4
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the procedure, enter the top of the design curve (see example, Figure 1) with
the design CBR and follow it downward to the intersection with appropriate
gross weight curve, then horizontally to appropriate aircraft passes curve,
then down to required total pavement thickness above subgrade. The same
procedure is applied to successive layers. Each layer of the pavement must
be of higher quality (increased CBR) than the layer below it. It is assumed
that stress distribution through the pavement is independent of the quality
of the various layers (Refrrence 11).

The Air Force categorizes ai ‘field pavements into one of three load
conditions. The categories are Light Load, Medium Load, and Heavy lLoad.
Each category, in turn, has a set of critical aircraft load and configuration
parameters that are used to establish the design thicknesses. The design
curve for the Light-Load Pavement is shown in Figure 1. The present
controlling aircraft for Light-Load Pavements is the P-4 and is defined in
Reference 2 as having, for Type B traffic area, a gross aircraft weight of
60,000 pounds supported on two nontracking main landing gears each having a
single wheel with a tire contact area of 100 in.2 and a nose gear. The
Light-Load Pavement is designed for 300,000 passes of the specified light
aircraft load and 1000 passes of the specified medium aircraft load. Type B
traffic areas for Light-Load Pavement are (Reference 2j:

1. The first 1000 feet of runway ends.

2. Primary taxiways.

3. Connecting taxiways, short lengths of primary taxiway turns, and
intersections of primary taxiways.

4. All aprons and hardstands.

5. Power check pads.

Minimum asphalt concrete (AC) surface and granular base thicknesses for

5
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fighter aircraft (Light-Load Pavements) are:

100-CBR Base 80-CBR Base
AC  Base AC Base
3" 6" 4" 6"

The new heavyweight P-15, with a single-wheel ioad of 30,000 pounds and
tire pressure of 355 psi, will become the controlling aircraft for Light-Load

Pavements.

B. CBR TEST

The CBR test can be performed on samples compacted in test molds, on
material in-place, or on undisturbed samples. However, for design the latter
test is used only in special cases. To represent the prototype condition
that will be the most critical for design, the test is normally performed on
compacted samples of subgrade soil after a four-day soak under a surcharge
representing the weight of the pavement. Samples are prepared at varying
moisture contents and three different compactive efforts. The complete
procedure is illustrated in Figure 2 and details of the test methods are
presented in Military Standard 621A, Method 101. When laboratory CBR tests on
compacted samples are used, at least two complete series of tests, as
outlired in Figure 2, should be perf: rmed for each distinct subgrade soil
type. Careful engineering judgement is then used in selecting the design CBR
values,

Supplementary requirements are used for granular materials because
laboratory CBR tests on these materials show CBR values higher than those
obtained in the field. This is because of the confining effect of the
6-inch-diameter CBR mold (References 12 and 13). Therefore, the laboratory
tests are supplemented by gradation and Atterberg limits requirements shown
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in Table 1. If the laboratory CBR exceeds the maximum permissible values in
the range shown, use the value shown in Table 1. Design CBR values for base
course materials are shown in Table 2. Definitions/requirements for base

course materials are contained in Table 6-1 of Reference 3.

C. ORIGINAL SELECTION OF THE CBR METHOD

The adoption of the CBR method of thickness design for flexible airfield
pavements is discussed by McFadden and Pringle in the CBR Symposium
(Reference 14) and is sr-mmarized in this section. They state that during the
latter part of November 1940, the responsibility for the design and
construction of military airfields was assigned to the U.S. Army Corps of
Engineers. It was concluded that there was insufficient time to develop a
purely theoretical design method due to the war emergency program then being
faced. Therefore, adaptation of an empirical method that had been
successfully used for highway loading appeared to be the only solution. Some
of the controlling reasons for adopting the CBR method were:

1. The CBR method had been correlated tn the service behavior of
flexible pavements and construction wethods and successfully used by the
State of Cslifornia for s aumber of years.

2. It could be more quickly adapted to airfield pavement design for
immediate use than any other method.

3. It was thought to be as reasonable and as sound as any of the other
methods investigated.

4. Two other states were known to have methods of a similar nature that
had been successful.

S. The subgrade could be tested with simple portable equipment either in

the laboratory or in the field.




TABLE 1. SUBBASE REQUIREMENTS, MAXIMUM PERMISSIBLE VALUES (REFERENCE 3).

Plasticity
Design Size Percent Passing Requirements
Material CBR (in.) No. 10 No. 200 LL PI
[ Subbase 50 3 50 15 25 5
|
{ Subbase 40 3 80 15 25 5
| Subbase 30 3 100 15 25 5
Select material 20 3 - 252 358 128

Note: LL signifies liquid limit; PI signifies plasticity index

& Suggested limits

TABLE 2. DESIGN CBR FOR BASE COURSES (REFERENCE 3).

Type Design CBR

Graded crushed aggregate 100
Water-bound macadam 100
Dry-bound macadam 100
Bituminous intermediate and surface courses,

central plant, hol mix 100
Limerock 80
Mechanically stabilized aggregate 80

10




6. Testing could be done on samples of soil in the condition

representative of the foundation-moisture state under most pavements,

D. DEVELOPMENT OF CBR METHOD FOR AIRFIELDS

Adaptation of CBR highway design to design of airfield pavements is
discussed by Middlebrooks and Bertram in Reference 14, Investigations mede
from 1928 to 1942, on both adequate pavements and flexible pavements that
failed, furnished considerable empirical data for correlation of the CBR
requirements with service behavior. From these data, curves were formulated
such as curves A and B, Figure 3, which show the minimum thickness of base
and surfacing used in 1942 for light and medium hesvy traffic on ghe
California highway systenm.

It wvas believed that curve A, Figure 3, was the most reliable, so it was
used as a basis for conversions. This curve was originally drawn for lighter
wheel loads, but it was known from service behavior of the pavements that
9000~-pound truck wheel loads were esupported without distress throughout the
life of the pavement. It was decided that curve A could be assumed to
represent a 12,000-pound airplane wheel. There were two reasons for this
decision: 1) highway loadings were carried on tires with a deformation of
less than 10 percent whereas airplane tires had a deformation of 35 percent,
thus resulting in larger contact area, and 2) highway traffic is channelized
vhereas runway traffic is fairly well spread out. Curve B was judged on the
same basis to represent a 7000-pound wheel load.

Empirical curves were developed for heavier airplane loadings by
extrapolating the original data on the basis of the elastic theory and a
one-layer (Boussinesq) system. Shear stresses were used as a guide in making
the extrapolations. A uniform tire pressure of 60 psi covered the entire

11
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Figure 3. Total Thickness of Base and Surfacing in
Relation to CBR Values (Reference 14).
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group of planes in use. Wheel loads of 25,000 1b, 40,000 1b, and 70,000 1lb
were selected to cover the range of heavy aircraft loads. Circular areas
were used for ease of computation and also because the difference in shear
stresses in basé course and subgrade did not vary materially for elliptical
and circular areas. Shear stresses were computed as shown in Figure 4 by the
use of stress tables. The thicknesses of base course and pavement
corresponding to CBRs of 3, 5, 7, and 10 were located on the stress curve for
the 12,000-1b load curve and the stresses corresponding to these thicknesses
were noted. On the basis that these stresses should not be exceeded for
other wheel loads to retain a uniform standard of design, the stress values
were located on the curves for 25,000-1b, 40,000-1b, and 70,000-1b wheel
loads (Figure 4). The thickness corresponding to these stresses was
transferred to the graph of thickness versus CBR, and curves similar to those
shown in Pigure 5 were drawn,

A series of accelerated traffic tests was immediately initiated to
validate the extrapolations. Test sections were subjected to accelerated
traffic with wheel loads up to 200,000 pounds (References 15 through 22).

The pavements were considered to be failed when either of the following
conditions occurred (Reference 23):

1. Surface upheaval of 1 inch or greater of the pavement adjacent to the
traffic load (pavement shear failure).

2. Severe surface cracking to significant depths. Surface rutting that
is not associated with upheaval results from compaction deficiency and was
not considered in the failure criteria.

These studies permitted comparison between the thickness design curves
and the performance during traffic. The comparisons were based on the
in-place CBR that existed during the traffic period. The results of these
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tests were in good agreement with existing design curves for loads below
30,000 pounds, but the data indicated additional thicknesses were needed for
heavier loads. Design curves were adjusted accordingly. Tire pressures
during these tests were generally 100 psi or less (Foster in Reference 14).

When the B-29 plane was introduced with dual wheel assemblies, it was
necessary to evaluate the effect of the multiple wheel assembles in
comparison with the single wheel. Criginal work, described by Boyd and
Foster in Reference 14, resulted in adopting an Equivalent Single-~Wheel Load
(ESWL) tased on equal vertical subgrade stress. An ESWL is defined as the
load on a single tire that will cause an equal magnitude of a preselected
parameter (stress, strain, deflection, or distress) at a given location
within a specific pavement system to that resulting from 2 multiple-wheel
load at the same location within the pavement structure (Reference 13).
Calculations were made using one-layer elastic theory (Boussinesq) and
assuming the contact area of the ESWL is equal to that of one tire of the
multiple-wheel gear assembly.

Further tests (Reference 24) indicated that using an ESWL based on
subgrade stress gave thicknesses which were slightly unconservative. A
complete reanalysis (Reference 25) of all data resulted in developing
multiple-wheel design curves by adjusting the thickness for a given
multiple-wheel load on a given subgrade to produce a deflection in the
subgrade equal to that produced by a load when carried on a single wheel
(i.e., equal subgrade deflection ESWL).

A similar procedure was developed for adjusting the existing design
curves for higher tire pressures (Reference 26). First it had to be
dotermined what tire pressure the existing design curves represented.
Although original extrapolations were based on 60-psi tire pressures, traffic

15




data used in correlation of the curves consisted of tire pressures ranging
from 55 to 110 psi. Since no particular effect of variations of this
magnitude was observed from the traffic data, the existing curves were
considered adequate for tire pressures up to 100 psi. The resulting higher
tire pressure curves for lighter wheel loads and the lower CBR values (thick
bases) were only slightly changed. For the heavier loads and higher CBR
values (thinner bases), the thickness requirements for the 200~ and 300-psi
pressures are as much as 20 percent in excess of the required chicknesses for
the 100-psi pressures. Tests were conducted at the Waterways Experiment
Station from 1949-1951 (References 27, 28 and 29) with tire pressures up to
260 psi. As a result of these studies, the design curves were considered
adequate for tire pressures up to 200 psi. These studies also established
requirements for asphalt pavement surface thickness and quality, and base
course quality.

Studies conducted in 1956 (Reference 30) indicated that the CBR
relationship for airfield pavement design in the range of subgrade CBR values

from 3 te about 10 to 12, could be expressed as:

T= Vp(lla.lcsa - 1/pm) = vpla.lcsa - Al (1)
vhere, T = thickness in inches,
P = total load in pounds,
p ® tire pressure in psi,
A = tire contact area in in.2, and
CBR = strength of soil as determined by MIL-STD-621A, Method 101.
The design thickness of a pavement layer was later represented by the
expression (Refcrence 31):
T=(0.23 log C + 0.15) ¢ (2)

vhere t is the standard thickness for a particular aircraft as calculated

16




from Equation (1) and C is the number of coverages.

This equation was derived from Figure 6 which is a plot of the percentage
of design thickness versus coverages required to produce failure. The curve
was prepared for 'theater of operstions"” design. It is not considered to be
conservative because it is believed that the importance of the time element
and the fact that high maintenance can be accepted warranted a reasonable
element of unconservatism (Closure to Reference 14).

Further research resulted in a statistical eguation of the best-fit
curve, that is appropriate for all CBR values (Reference 31):

T= a;{f[-0.0481 - 1.562 (log CBR/pg)- 0.6414 (log CBR/pg)?

- 0.4730 (log CBRIpg)3]} (3)
where, CBR and A are as previously defined,
a; ® load repetition factor, which is dependent on number of
coverages and number of wheels on main landing gear assemblies

(see Pigure 7), and

Pe ® equivalent single-wheel load or single-wheel load tire
pressure, in psi.

Figure 8 shows Equations (1) and (3) based upon Corps of Engineers test
section performance.
Use of the CBR design procedure has been extended to unsurfaced soil and

expedient surface (matting) "theater of operations" airfields.

E. TRAFFIC DISTRIBUTION - PASSES PER COVERAGE CONCEPT

The design procedures used by DOD and FAA account for the effect of
lateral distribution of traffic on runways and taxiways by using the passes
per coverage ratio to relate the number of operations of an aircraft to the
rumber of design stress aprlications to the pavement. The incremental

detriment to a pavement resulting from a particular aircraft wvheel at a

17
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specified location on pavements is influenced by many factors. Some of the
more important factors are (Reference 31): (1) number of vheels, (2) wheel
configuration, (3) tire contact area, (4) tire inflation pressure, and

(5) location of wheel on pavement.

The lateral distribution of aircraft traffic on runways and taxiways may
be represented by a general normal distribution (GND) curve (Figure 9). The
ordinate represents the frequency of the passes of the aircraft center line
at a certain distance from the pavement center line. This distance from the
center line is plotted as the abscissa. Two definitions are needed to
further explain the passes per coverage concept:

1. Wander is defined as the width over which the center line of aircraft
traffic is distributed 75 percent of the time (Reference 33). The same
concept may be extended to the center line of one tire. A wander width of 70
inches is used for taxiways and the first 1000 feet of each runway end. A
wander width of 140 inches is used for the runway interior. These values are
based on actual traffic observations (Reference 33).

2. Coverage is defined as the application of the maximum stress on a
point in a pavement surface. Therefore, when a pavement is designed for a
particular wheel load, one coverage is being applied to a point on the
pavement each time this wheel load passes over that point (Reference 33). By
definition, for a wander width of 70 inches, 75 percent of the passes (or 75
percent of the GND curve area) lie in the interval between x = -35 inches and
x = 35 inches (see Figure 10). Prom a standard normal distribution (SND)
curve table, 75 percent of the SND curve lies in the interval between
z=-1.15 and z = 1.15. So for this particular situation

Standard Deviation = (x - Mean)/z = (35 - 0)/1.15 = 30.43 inches
If the tire width is W,, then the tire applies coverages on the point x=0

21
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at every position of its own center line within the interval
-Wt/Z S X S +Wt/2
So, the number of coverages per pass (c/p) applied by one tire on the point
x=0 is given by the expression +wt/2
c/p = J £(x) dx 4)
-wt/

Example Calculation

For the new heavyweight F-15, A=85 in.2 (P=30 kips, p=355 psi)
W, = 0.878 x Tire Contact Area (when W, is not known, Reference 32)
= 8,08 in.

Coverage/Pass = .3989 W,/30.43 = .106

In computing the number of coverages applied by passes of a
multiple-wheel gear aircraft, all the wheels on the main gears, as well as
their arrangements, must be considered. Usually there is overlap among the
GND curves of the several tires in the same assembly, Figure 11 shows an
example of a GND curve for overlapping tire prints of a twir-wheel aircraft.
The solid lines represent the individual GND curves and the dashed lines
represent the combined effect of two wheels. In studying the combined effect
of the wheels on a multiple-wheel gear aircraft, the individual curves can be
drawvn and the ordinates added graphically in the overlapping areas, and the
maximum ordinate of the cumulative curve obtained, For tandem wheels which
track each other,‘the maximum ordinate of the cumulative curve equals two
times the maximum ordinate of an individual curve. The maximum ordinate of
the cumulative curve for any two wheels may be obtained from Figure 12. For
wheel arrangements that do not follow the pattern of single, twin, and

twin-tandem, the maximum ordinates of the cumulative curves must be
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determined from their combined distribution curves.

F. FIELD MOISTURE STUDIES

In February 1945 the Flexible Pavement Laboratory of the U.S. Army
Engineer Waterways Experiment Station undertook a field moisture study to
develop a better understanding of moisture conditions under flexible
pavements. Airfields in verious climatic zones were visited repeatedly in
various seasons and in successive years. Test pits were opened and samples
taken to evaluate moisture, density and CBR. It was concluded (References
34, 35, and 36) that moisture contents and CBR values of four-day laboratory
soaked samples were generally conservative compared to those obtained in the
field for base course, and conservative nr approximate to those obtained for
subgrade materials, Variations in moisture content with time followed no
prescribed psttern of increase cr decrease.

The procedure for determining the soaked CBR value to be used for design
is shown in Figure 2. In the Figure 2 example, at 95 percent of maximum
density the CBR value ranges from 3 to 19 when molding water content varies

from il to 18 percent.

G. COMMENTS CONCERNING THE CBR METHOD

The following points are offered:

1. Advantages of the CBR method are the wide spread familiarity of the
CBR test and the simplicity of the CBR design method itself.

2. The CBR method is empirical, or in part empirical, and therefore, the
production of design criteria for loadings not covered in field tests
requires interpolations and/or extrapolations. Since pavement design

involves several parameters (load, material strength, tire contact pressure,
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number of wheels, spacing of wheels, and repetitions of load), interpolations
and extrapolations can be considerably involved.

3. The CBR test is not a measure of any "fundamental” soil property.

4, CBR is a static test. Repeated load soil response/behavior is more
representative of field loading. The consensus of studies compiled in
Reference 37 is that "the response of granular materials to repeated loading
is different from their response to static loading." For fine-grained soils,
it has been shown (Reference 38) that equivalent resilient moduli are not
always obtained for soils with the same CBR value.

5. Selection of the "four-day soaked CBR" value to use for design is
very dependent upon the molding water content and compacted density. Very
conservative designs may result if the lowest CBR is selected as the design

value for the entire life of the pavement.

6. Stress distribution through the pavement is assumed to be independent
of the quality of thg various layers (Reference 11). A granular (unbound)
base composed of high-quality material is not considered to have any
advantage over the same thickness of unbound layered base with high-quality

material in the top and inferior material in the lower part.

7. Asphalt concrete fatigue cracking was not considered in determining
uinimuﬁ surface thickness. Minimum asphalt concrete thickness was based only
on providing adequate resistance against weathering and abrasion over a
period cof years (Reference 26).

8. Stress-dependent behavior of granular materials and fine-grained

soils is not considered.
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SECTION III

MODELLING PAVEMENT RESILIENT STRUCTURAL RESPONSES

In this section the structural model used in this study is described.
The models used to characterize the pavement materials are presented.
Structural response algorithms are developed that relate pavement variables
"(thicknesses and moduli) to the response parameters. Sensitivity analyses
are performed to determine effect of load magnitude and granular base quality

on structural responses.

A. ILLI-PAVE STRUCTURAL MODEL

The ILLI-PAVE computer program developed at the University of Illinois is
a modified version of the finite element program originally presented by
Wilson (Reference 39) and later modified and/or adapted by Barksdale
(Reference 40); Duncan, Monismith, and Wilson (Reference 41); the research
staff of the U.S. Army Construction Engineering Laboratory at Champaign,
Illinois; and the Transportation Pacilities Group, Department of Civil
Engineering, University of Illinois at Urbana-Champaign. The curreant version
(Reference 42) available at the University of Illinois incorporates an
improved user oriented format as well as additional material models.

The pavement is modelled with a two-dimensional finite solid of
revolution as shown in Figure 13. By symmetry, the solution of the
three-dimensional solid may be specified in terms of a plane radial section,
rectangular configuration as shown in Figure 14. This rectangular section is
then divided into a set of rectangular elements connected at their nodal
points. Figure 15 shows a typical system configuration.

The nodes at the inner and outer vertical boundaries are constrained to
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move only in the vertical direction. The lower boundary is constrained of
both vertical and horizontal movement. All other elements and nodes are free
to move vertically and horizontally,

Good approximation using the finite element technique can be obtained for
most problems in solid mechanics, provided a sufficient number of elements
are selected and any required fictitious rigid boundaries are placed at a
sufficient distance from the applied load. The smaller and more numerous the
elements, the greater the accuracy, but the higher the cost. A compromise
between these two conflicting factors was developed by Duncan, Monismith, and
Wilson (Reference 41). Their criteria are:

1. The element stresses will be sufficiently accurate so long as the
length (vertical) to width (horizontal) ratio of the elements do not exceed
five to one. \

2. Swmaller elements near the load will increase accuracy where the
influences of the applied load are more significant.

3. The rigid lower boundary should be placed at least an approximate
depth of 50 times the radius of the applied load.

4. The outer side boundary should be specified at a minimum distance of
12 radii of the applied ioad.

ILLI-PAVE incorporates a method of principal stress correction for both
fine-grained and granular materials based on the Mohr-Coulomb theory of
failure. This procedure is described in Reference 4. For a given state of

stress, failure occurs when:

0, = 0, tan? (45° + ¢/2) +2¢ tan (45° + ¢/2) (5)

1 3

where, 0} = major principal stress,

0, = minor principal stress,

-

¢ = cohesion, and
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¢ = angle of internal friction.
This equation defines a circle which is tangent to the Mohr-Coulomb envelope.
It is comnon to assume no cohesion exists in granular materials (c=0) and
undrained conditions prevail for fine-grained materials (¢=0).

A major advantage of the stress correction procedure is the assigmment of
realistic resilient modulus values. Conventional elastic layer structual
models frequently predict stresses for typical flexible pavement materials
that exceed their strengths. For example, a tensile radial stress is often
predicted in the granular (non-cohesive) base course. ILLI-PAVE uses an
iterative approach to predicting responses. Moduli values are assumed for
the first iteration. The predicted stresses are then examined and adjusted
as necessary. The adjusted stresses are used to calculate the resilient
modulus values used in the naxt iteration. This procedure is accomplished
for each individual element.

The prediction of actual measured stresses and deflections with the
finite element analysis has been shown to be more accurate than the n-lnyéred
elastic system or than any other available methods (References 40 and 41).
Furthermore, the ILLI-PAVE response deflections adequately represent dynamic

deflections generated by moving wheel loads (References 4 through 10).

B. MATERIAL MODELS

The ILLI-PAVE structural model inputs are the material characteristics of
the various layers. Material characteristics may be determined from direct
laboratory testing, backcalculated from non-destructive testing (NDT) data,
or estimated.

A measure of the elastic modulus of untreated granular and fine-grained

materials is the resilient modulus, Er. It is determined from repeated load
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tests and is defined by:

Er = Repeated Axial Compressive Stress/Recoverable Axial Strain (6)
Er is recommended for use in elastic analysis of pavements subjected to
moving wheel loads. ILLI-PAVE can accommodate stress-dependent modulus

relationships for granular and fine-grained materials.

1. Asphalt Concrete

The stiffness of any given asphalt concrete (AC) mixture is primarily
dependent upon temperature and rate of loading. A constant linear resilient
modulus was used to represent the asphalt concrete layer at a specified
temperature. Work done by Brown (Reference 43) and Chou (Reference 37) show
that at the short loading time associated with norwal vehicle speeds, an
assumption of linear elastic behavior is reasonable. Therefore, AC modulus

was considered to be directly related to temperature (Figure 16).

2. Granular Materials
The resilient modulus of granular materials is modelled as:
Ec=Koh )
vhere, Er is the resilient modulus, in psi
K and n are constants determined from testing, and
6 is the sum of the three principal stresses, in psi.

Rada and Witczak (Reference 45) investigated six different granular
material types. A plot of K-n relation for all aggregates is shown in Figure
17. A mid-range of values of X=5000 and n=0.5 (from Figure 17) were selected
for tuese analyses. In Section III.P, effects of using other values for K
and n are reported. An angle of internal friction of 40° was selected for

the analyses.
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3. Fine-Grained Soils

In general, the resilient modulus of fine-grained soils decreases with
increasing deviator strass and is relatively unaffected by small changes in
the confining pressure (Reference 38). A typical response relationship is
displayed in Figure 18. This figure shows a substantial change in slope at a
certain point called the *breakpoint." The subgrade resilient modulus at
this "breakpoint” is noted as Egpj. Thompson and Robnett (Reference 38)
found that the slopes (K1 and K2) and the "breakpoint" deviator stress
(opi) did not vary appreciably between soil types and soil conditioms.
Therefore, Epj is the most significant property of the subgrade influencing
resilient responses. The four resilient modulus models for fine-grained
s0ils used in the computer analyses are shown in Figure 19. These models
were developed (Reference 46) based on the work done by Thompson and Robnett
(Reference 38). The VERY SOFT subgrade accounts for those soils highly

susceptible to high moisture and/or freeze-thaw cycling effects.

C. DATA BASE FOR HEAVYWEIGHT P-l15

Heavyweight P-15 aircraft loading conditions are 30,000-1b circular wheel
load with a 355-psi contact pressure (radius of loaded area of 5.19 inches).
The pavement variables and ranges used in the analyses are:

(1) Thickness of Asphalt Concrete - 3 to 9 inches,

(2) Modulus of Asphalt Concrete - 100 to 1500 ksi,

(3) Thickness of Granular Base - 6 to 24 inches, and

(4) Resilient Modulus of Subgrade at Breakpoint - 1.00 to 12.34 ksi.
Table 3 shows the specific values of the pavement variables. These values
allow for the formation of a 4x5x5x4 full factorial totalling 400 cases.

Table 4 is a summary of material properties used for the analyses. A summary
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1.

3.

TABLE 3. ILLI-PAVE VARIABLES FOR 4x5x524 FACTORIAL.

FACTOR VALUES
Thickness of Asphalt Concrete, 3, 5, 7, and 9 inches
Modulus of Asphalt Concrete, 100, 300, 500, 1000, and
1500 ksi
Thickness of Granular Base, 6, 9, 12, 18, and 24 inches
Subgrade Resilient Modulus at 1.00 ksi (Very Soft Subgrade)
Breakpoint 3.02 ksi (Soft Subgrade)

7.68 ksi (Medium Subgrade)
12.34 ksi (Stiff Subgrade)
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of the ILLI-PAVE computer outputs for the 400 cases of the full factorial
design is listed in Table A-1. Table A-1 presents the following response
parameters in conjunction with the independent variables (thicknesses and
moduli) used in each computer rum:
(1) Dpeflection at surface, under the center of loaded area (DO),
(2) Deflection at surface, 12 inches from center of loaded area (D1),
(3) Deflection at surface, 24 inches from center of loaded area (D2),
(4) Deflection at surface, 36 inches from center of loaded area (D3),
(5) Deflection basin area = 6(1 + 2xD1/D0 + 2xD2/D0 + D3/D0),
(6) Maximum tensile strain at the bottom of the asphalt concrete layer,
(7) Maximum tensile stress at the bottom of the asphalt concrete layer,
(8) Maximum octahedral stress within the asphalt concrete layer =
7y

z) + 6Trz (8)

2 2
1/3‘,k°z-°r) t (0,-0.)" + (0, -0
where, 0, = vertical normal stress,
Oy = radial normal stress,

Or ® tangential normal stress, and

Try ™ shear stress.
(9) Deflection at the top of the subgrade,
(10) Maximum compressive vertical strain at top of subgrade,
(11) Maximum subgrade normal stress,
(12) Maximum subgrade deviator stress (SDEV), and

(13) Subgrade stress ratio = SDEV/Unconfined Compressive Strength.

D. HEAVYWEIGHT F-15 DESIGN ALGORITHMS
Design algorithms were developed by applying the Statistical Package for
the Social Sciences (SPSS) stepwise regression program (Reference 47) to the

ILLI-PAVE generated response data (Section IIL.C). The regression equation
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is developed in a series of steps with the independent variables being
entered one at a time. At each step the variable entered is the one that
makes the greatest improvement in the prediction of the dependent variable.
This providee an indication of the relative significance of each variable.
The precision of a regression equation may be measured by the correlation
coefficient (R), the coefficient of determination (R%), and the standard
error of estimate (SEE).

Initially the independent variables used in the analyses were thickness
of AC, AC modulus, thickness of granular base, subgrade modulus at breakpoint
(ERi), log 10 transformations of these variables, reciprocal transformation
of these variables, square root transformations of these variables, and
two-way interactions of these transformed and untransformed variables. Some
three-way interactions were tried and, as expected, their effects were
negligible.

The recommended algorithms based on "engineering meaningful" variables
are shown in Table B-!. 1Included in the Tables are statistics that indicate
the precision of the equations. The first line beneath each design
algorithms are the statistics based upon comparing log of the predicted
response (dependent variable of algorithm) with log of the ILLI-PAVE
respcnse. For comparison, the algorithme using more "complicated" variables
are presented in Table B-2. The precision of the resulting equations using
"complicated" variables is insignificantly greater than equations using more
"engineering meaningful" variables. Additionally, the precision of equations
developed using five variables were only slightly greater than those
developed using four variables. Cases where subgrade failure occurred (i.e.,
stress ratio = 1.0) were deleted from the analyses (leaving 372 cases),
resulting in greater precision. This was a reasonable assumption since
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designs predicting subgrade failure would not be acceptable. However,
equations developed from the entire data base were very similar.

The antilog of the standard error of estimate provides meaningful data
and is shown in parenthesis. For perfect prediction, the standard error of
estimate would be 0.000. The antilog of this is 1.000. For other values of
the antilog (the value will never be less than one), the amount greater than
one provides a fractional measure of the error of the estimate. For example,
the standard error of estimsate for the AC strain equation is 0.0320. The
antilog of this 1,076, This indicates that the prediction standard error of
estimate is 7.6 percent of the actual ILLI-PAVE AC strain.

The second line beneath each design algorithms are the statistics based
upon comparing the arithmetic value of the predicted response (antilog of
dependent variable) with the arithmetic value of the ILLI-PAVE response.

Examination of rhe statistics shows that the algorithms developed are
very good. In fact, the standard errors of estimate for the algorithms are
generally within the accuracy of the ILLI-PAVE model itself.

The precision of the AC strain equation for cases where AC modulus = 100
ksi is low (R? = ,356 and SEE = 142 microstrain). The cause for this can
be seen by examining Figure 20. At low AC thicknesses (i.e., less than 5
inches) and AC modulus = 100 ksi, computed AC tensile strain actually drops.
This drop is difficult to account for in an algorithm equation. Since the
algorithms predict close or conservative values, there is little need for
concern. However, in general, the algorithms predict ILLI-PAVE model
responses much better at AC moduli greater than 100 (for example, see Figure
21). An example of a subgrade stress ratio plot is presented in Figure 22.
Example plots ;f predicted AC tensile strain and subgrade stress ratio,

obtained from the algorithms, are presented in Figures B-1 through B-6.
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These plots show the interactions between the four variables: AC thickness,
granular base thickness, AC modulus, and subgrade modulus at breakpoint.

It was desired to reduce thé number of runs required for other analyses.
However, a partial factorial design of this magnitude is quite complicated.
Therefore, the 4x5x5x4 factorial was reduced to a 3% factorial (81 cases).
The values of variables used are contained in Table 5. Regression analyses
were performed on this reduced data base, again without subgrade failure
cases (leaving 70 cases). The algorithms devaloped are presented in Table
B-3. The statistics contained in the Table are based upon applying the
algorithms to the full data base (372 cases). Examination of the statistics
shows that these algorithms can still be considered "good," thus the 30

factorials provided acceptable results.

E. INFLUENCE OF LOAD MAGNITUDE ON STRUCTURAL RESPONSES

When an aircraft traverses a surface, whether smooth or rough, the
interaction of the aircraft and the surface causes dynamic responses in the
aircraft. Thece responses increase and decrease the gear load on the
pavement. Additionally, aircraft may operate at other than the maximum
static load of 30,000 pounds (more armament during a wartime emergency, less
weight when fuel has been expended). The effect of gear loads other than
30,000 pounds wss analyzed to determine the sensitivity of the pavement
responses to a load variable.

A 3% factorial was run with the wheel load at 24,000 pounds and at
36,000 pounds. Contact pressure remained constant a: 355 psi, resulting in
radii of loaded areas of 4.64 inches (24,000-1b load) and 5.68 inches
36,000-1b load). A summary of the ILLI-PAVE computer outputs for the

24,000-1b and 36,G00-1b loeds are listed in Tables A-2 and A-3 respectively.
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TABLE 5. ILLI-PAVE VARIABLES FOR 3% FACTORIAL.

FACTOR
Thickness of Asphalt Concrete,
Modulus of Asphalt Concrete,
Thickness of Granular Base,

Subgrade Resilient Modulus at
Breakpoint

48

VALUES

3, 5, and 9 inches

100, 500, and 1500 ksi

6, 12, and 24 inches

1.00 ksi (Very Soft Subgrade)
7.68 ksi (Medium Subgrade)
12.34 ksi (Stiff Subgrade)
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A comparison of some critical responses (i.e., tensile strain in AC,
compressive strain in subgrade, and deviator stress in subgrade) from 24-,
30-, and 36-kip loads are contained in Tables A-4, A-5, and A-6. As

approximations, these guidelines can be used:

Comparing 24-kip Comparing 36-kip
Response to 30-kip Response to 30-kip Reaponse
AC Strain 10-15 % less 10~15 % greater
Subgrade Strain 15-20 Z less 15-20 % greater
Subgrade Deviator Stress 15-20 % less 10~15 % greater

Algorithms developed for the 24~ and 36-kip loads are contained in Tables
B-4 and B-5 respectively. Additionally, algorithms were developed using the

variable of load magnitude (P), which are contained in Table B-6.

F. INFLUENCE OF BASE QUALITY ON STRUCTURAL RESPONSES
Granular base characterization was discussed in Section III.B.2. The
resilient modulus is modelled as:
Er=K oM
where, Er is the resilient modulus, in psi
K and n are constants, and
© is the sum of the principal stresses, in psi.
Values of K=5000 and n=0.5 were assumed in developing the data base.
E References 7 and 48 reported little sensitivity of the pavement's structural
responses when K and n were varied over typical values for aggregate base
material, However, the studies only considered highway loading (9-kip). A
similar study using the heavyweight P-15 loading was conducted.
Typical K and n values are shown in Figure 17. For higher quality base

aterial, K=9000 and n=0.33 were selected. For lower quality base material,
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K=3000 and n=0.65 were selected. The angle of internal friction was kept
constant at 40°, A 3% factorial was run for each base material quality.
Therefore, including K=5000/n=0.5 data, a 3% factorizl was run. The data
bases for the lower and higher quality base materials are listed in Tables
A-7 and A-8 respectively. Comparisons of some critical responses using
different base material qualities (similar to those presented in Section
III.E for different load magnitudes) are contained in Table A-9, A-10, and
A-11.

Except at AC modulus = 100 ksi and AC thickness = 3 inches (i.e., when
granular stresses/moduli are high), there is little effect on AC tensile
strain (Table A-9). For subgrade compressive strain (Table A-10) and
subgrade deviator -tress (Table A-11) there is little difference in response
even at low AC thickness and moduli values. No combinations of higher
quality material in the upper portion of base and lower quality in the lower
portion were tried. Based on this analysis, it was concluded that K=5000 and

n=0.5 were acceptable values for general use.

G. HEAVIER-WEIGHT F-15 DATA BASE AND DESIGN ALGORITHMS

The loading for the proposed heavier-weight F-15 aircraft is a 36,000-1b
circular wheel load with a contact pressure of 395 psi giving a 5.39-inch
radius of loaded area. The data base obtained using ILLI-PAVE is listed in
Table A-12. The algoritams developed are listed in Table B-7.

Comparisons of some critical responses at 30-kip/355-psi and 36-kip/
355-psi to 36-kip/395-psi loadings are contained in Tables A-13, A-14, and
A-15. Generally, computed responses for the 36-kip/395-psi loading are only
1-5 percent greater than under the 36-kip/355-psi loading. The additional 40

psi contact pressure produces little difference in pavement respounse.
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SECTION 1V

TRANSFER FUNCTIONS

A transfer function relates pavement structural responses (stress,
strain, deflection) to pavement distress and performance. It is also called
a distress function or performance model. The two predominate modes of
distress in flexible pavements are:

(1) Cracking of the asphalt concrete layer, and

(2) Rutting.

In this section some AC fatigue transfer functions are considered. Also,
rutting transfer functions and design approaches to limit rutting are
presented. More detailed discussions of transfer functions are presented in

References 7 and 8.

A. ASPHALT CONCRETE FATIGUE

"Fatigue is the phenomena of repetitive load-induced cracking due to a
repeated stress or strain level below the ultimate strength of the material,"
(Reference 13). Under traffic loading, the pavement is subjected to
repetitive flexing creating tensile stresses/strains. The magnitude of the
flexural stresses/strains are dependent on the overall stiffness and nature

of the pavement construction.

1. Laboratory Fatigue Testing

Fatigue tests may be conducted by several test methods and various
specimen sizes. A common test used is a repeated load flexure device with
beam specimens. Repeated load indirect tensile (split tensile) tests have

also been used.
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Fatigue testing may be conducted under either controlled stress or
controlled strain loading. 1In the controlled stress mode, a constant load is
continuously applied to the specimen. Because of the progressive damage to
the specimen, a decrease in stiffness results. This, in turn, causes an
increase of the actual flexural strain with load applications. For the
controlled strain approach, the load is continuously changed to yield a
constant beam deflection. This results in a stress that continuously
decreases with load application. Yoder and Witczak (Reference 13) suggest
applying controlled strain tests to thin asphalt layer pavements (less than 2
inches) and controlled stress conditions to thicker asphalt pavement layers
(greater than 6 inches). At 'intermediate thicknesses, the probable fatigue
response is gove-ned by something intermediate to these two test modes.
Since controlled stress conditions give more conservative estimates of the
fatigue life, this test may be safely employed for these cases.

Chou (Reference 37) points out that investigators have defined the
failure or end point of a fatigue test in many different ways. It has been
taken as the point corresponding to complete frac;ure of the test specimen,
the point at which a crack is first observed or detected, ‘or the point at
which the stiffness or some other property of the specimen has been reduced
by a specific amount from its initial value.

Investigators have generally used two forms of equations to relate the
fatigue testing results to the number of repetitions until failure (Ng).
The difference of opinion arises over the importance of the AC stiffness.
With AC stiffness effect, the fatigue relationship is of the form:

Ng = K (1/€,0)2 (1/E,c)® (9)
where, €,c = magnitude of load induced strain,

Epc = AC dynamic stiffness modulus, and

52




K,a,b = constants determined by testing and/or pavement performance
analysis.

Bonnaure, et al. (Reference 49), Finn, et al. (Reference 50), Kingham
(Reference 51), Witczak (Reference 52), and the Asphalt Institute thickness
design procedure (Reference 53) indicate AC stiffness is important.
Without AC stiffness effect, the fatigue relaticonship is of the form:

Ng = K (1/gp0)8 (10)
where all terms are as defined for Equation (9). Pell (Reference 54),
Thompson (Reference 55), and the Federal Highway Administration overlay
design procedure (Reference 56) indicate this form of the equation is

adequate.

2. Cumulative Damag-®
To account for the strain variations, Miner's hypothesis of damage
accumulation has been used by many researchers (e.g., References 57, 58, and
59) to evaluate the effects of repeated load applicstions on the fatigue
properties of pavement materiale. Miner’s hypothesis can be expressed
mathematically in terms of relative damage factors. The equation for the
damage factor is:
Di = ni/Ni a1
where, Di = the relative damage during some period 1,
ni = the numter of load applications during the period, and
Ni = the total number of load applications the pavement could carry
for the strain induced under the conditions prevailing during
the period.
Cracking is expected to occur when the sum of the damage factors equals one
(i.e., £Di = 1.0). In Equation (11), Ni is determined from a fatigue

equation, N¢ in Equation (9) or (10).
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3. Field Calibration of a Fatigue Equation

Laboratory fatigue tests of bituminous mixes do not adequately represent
the boundary conditions in an existing pavement (e.g., simply supported
versus continuously supported). Brown and Pell (Reference 57) suggest that
in-service pavement life (repetitions to failure for a given strain level) is
on the order of 20 times the life of a test specimen in the laboratory.
Thus, it is necessary to calibrate the laboratory fatigue curves with the
performance of in-service pavements. Calculation of the tensile strain at
the bottom of the AC layer nust be done using the structural model that will
be used for design {ILLI-PAVE, elastic layer, etc.). A different response

will normally be calculated for each structural model (model dependency).

4. Structural Model Responses and Correlation With Per formance Data

Another method of developing transfer functions is by directly
correlating the AC tensile strain calculated using an appropriate structural
model with corresponding field performance. The objective is to select the
values of K, a, and b in Equations (9) or (10) to provide the best prediction
of actual data. Pavement properties may vary over the period of the test,
thus AC tensile strain would not necessarily remain constant. Transfer
functions developed in this manner are also structural! model dependent.

Elliot and Thompson (Reference 7) applied this method using the ILLI-PAVE

model to the AASHO Road Test data. They derived the following equations:

log N2.5 = -4.4856 - 2.52 log €¢ (12)
4 log N1.5 = -5.5204 - 3.27 log e,¢ (13)

where, N2.5 and N1.5 = the number of load applications to a Present
Serviceability Index of 2.5 and 1.5 respectively, and

€sc = predicted AC tensile strain in inch/inch.
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The constants 2.92 and 3.27 are analogous to the "a" constant of Equation
(10).
When the AC stiffness effects were considered, the following equation was
developed:
log N = 2.4136 - 3.16 log ez¢c ~ 1.4 log Eug (14)
where, N = the predicted number of load applications to crack appearance,
€ac ™ predicted AC tensile strain in inch/inch, and

Epc = dynamic stiffness modulus of the AC in psi.

B. PERMANENT DEFORMATION

The rutting in flexihle pavements results from the accumulation of small
permanent deformations associated with repetitive traffic loading (Reference
60). Each layer of a flexible pavement and the subgrade contribute to the
development of rutting in the pavement surface. Experience indicates that
under normal pavement conditions, deformation within asphaltic materials
primarily occurs during.warm weather. Under cold weather conditions, little
deformation occurs because of the stiff condition of the asphalt material.
In some cases, the subgrade soil may be frozen in winter and provide firm
support for the overlying asphalt concrece layer and thus reduce pavement
deformation. While rutting and fatigue are two separate modes of distress,
rutting can contribute to fatigue failure of & pavement due to tensile
strains in the surfacing which result from bending caused by rutting in the

base and subgrade.

1. Asphalt Concrete
AC rutting prediction is not considered in the mechanistic design
procedure developed in this study. It is assumed, as is the case with the
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Asphalt Institute highway pavement thickness design procedure, that rutting
can be controlled on the basis of mixture design procedures, bolicies, and
practices. The DOD uses the Marshall Mix Design procedure for design of
bituminous mixes of airfield pavements (Reference 3). Investigations are
underway by the U.S. Army and Air Force to develop suitable AC mixes for the

heavyweight F-15 aircraft.

2. Granular Materials

A ¢ (permanent strain) - log N (number of load repetitions) relation
adequately represents the permanent deformation behavior of granular
materials. A typical plot is shown in Figure 23. The general form of the
equation is:

€p=a+blogN (15)
where, € = permanent strain,
N = number of load repetitions, and

a,b = experimentally derived factors from repeated load testing data.

L

The plastic strains of granular materials have been found (References 61
E through 66) to increase with load repetitions, in:rease with increasing

deviator stress, decrease with increasing confining pressures, increase

significantly with increasing fines, increase with increasing degree of
saturation, increase drastically if the base is compacted at 95 instead of
100 percent of maximum density, and are also dependent on the stress

repetition sequence and magnitude. A limited number of large stress

repetitions can effect a large permanent strain. In general, the factors

that increase the shear strength of a granular material (particularly
increased density) will decrease permanent deformation accumulation. The

actual plastic deformation could be more serious than predicted in the '
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laboratory under repetitive loading tests if a significant buildup of pore
pressures should occur in the field due to poor drainage conditions,

Chou (Reference 63) concluded that the response of granular materials to
repeated applications of aircraft loads in an actual runway are extremely
complicated and are not fully understood. The response of the granular

f aircraft lcads cannot be simulated by
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materials to repeated applicati
the laboratory repeated load triaxial tests. Stress states in the granular
layers cannot be accurately predictaed using existing computer programs
(elastic layer, nonlinear finite element, etc.). To minimize the potential
of permanent deformation in untreated granular materials, it may be best for
design purposes, at least at the present time, to specify strict compaction

requirements and select materials with higher modulus values/shear strengths.

3. Fine-Grained Soils
A log €p - log N relstion is generally satisfactory to represent the
permanent deformation behavior of fine-grained soils, A typical plot is
shown in Figure 24. The general form of the equation is:
ep=AND (16)
vhere, €p = permanent strain,
N = number of load repetitions, and
A,b = experimentally derived factors from repeated load testing data.
The "b factor" generally ranges between 0.] and 0.2 (Reference 66). "A"
varies considerably as a function of magnitude of the repeated stress. For
stress ratios (repeated stress/strength) greater than about 0.5-0.67, "A" may
increase rapidly with oniy a small additional increase in the repeated stress
level (Reference 66). Limiting the stress ratio to acceptable levels is a

good concept for general design. Figure 25 illustrates the "limiting stress
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ratio" concept.

In general, factors that cause a decrease in shear strength increase the
accumulation of permanent deformation. The detrimental effects of moisture
increase in excess of optimum are shown in Figure 26. One freeze-thaw cycle
has destructive effects as demonstrated in Figure 27. Subgrade permanent
strain is also stress history dependent.

The compressive vertical subgrade strain is a design criterion adopted by
various invastigators (References 52, 57, and 68) and agencies (Asphalt
Institute - Reference 53, Shell ~ Reference 69). Other investigators limit
the vertical compressive stress on top of the subgrade (Reference 70) or
subgrade deviator stress ratio (References 7, 8, and 66). Barker and
Brabston (Reference 71) present limiting subgrade strain criteria as a
function of subgrade modulus (Figure 28). This criteria is discussed in more
detail in Section VII.C.

Chou (Reference 63) found that the concept of controlling subgrade
rutting through limiting subgrade strains in flexible pavements is not
strictly correct. Laboratory repeated load test results shown in Figure 29
indicate that, for a given value of elastic strain, the permanent strain of
the subgrade increases with decreasing CBR values. Based on these findings,
a transfer function to limit rutting containing both subgrade strain/stress
and subgrade modulus/strength variables would be more appropriate. The
stress ratio {repeated deviator stress/compressive strength) accounts for
both stress intensity and subgrade strength.

The subgrade design criterion adopted in this study is the limitation of
the subgrade stress ratio. This design stress ratio is selected to limit

rutting to an acceptable level for design circumstances.

60

LGﬁQdﬂlﬁia1Qé63éaéJ6&6}ﬁié5ﬂ35ééJﬁ!ﬂﬂﬁa&hﬁh&a&&&a&&l&&k\M;ﬂﬁﬁfﬂﬂiikﬁiiilﬁiﬁl\i%Lﬁkﬁkﬁihlhlhlh o NN A

e

{
\
!

AL LI RCTRY



Number of Stress Repetitions

10 100 1000
0
e | =%, L
) O —O0—0 ¢
E -O'J
0.5‘ 50 7’ qu B

e 3 T o 2557 P P e T T T

E 5% q“
1.0
100 7% q,
O3
£
o
s 18 N
(7] X
g Fayette "C"
g 20 q,* I7.3 psi
S 95% T99 7, max :
w=212% W, (T99)=17.2% ;
pt. ;
|
2.5
i '
: 3
| 39 ?

~=rT

Figure 25. Stress Level-Permanent Strain Relations
fcr a Fine-Crained Soil (Reference 66).

6l

n
T T S S 8 M . an Tl SRR A



Repeated Deviator Stress, o, psi

Fayette B
At N=35000

Optimum Moisture, 95 %
T-99 Density

m—
\Opﬁmum +4 % Moisture,
95 % T-99 Density
10
l | L |
00 2 3 4 L]
Permanent Strain, ¢p, %
Figure 26. Influence of Moisture Content on the Permanent Strain

) I
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SECTION V

RESPONSE AND PERFORMANCE OF FULL-SCALE TEST SECTIONS

This section presents an overview of available data for single-wheel,

high tire pressure aircraft trafficking of conventional flexible pavement

! test sections. These test sections are then modelled using ILLI-PAVE to
calculate pavement responses (stresses, strains, deflections). Finally,
critical responses are correlated with performance (number of coverages until

failure).

A. OVERVIEW OF AVAILABLE TEST SECTION DATA
The majority of available information relates to roads and streets
trafficked with relatively light loads and low tire pressures (cars, trucks,
etc.). Even the test sections constructed in the early 1940s during the
b development of the CBR method were generally trafficked with tire pressures
at 60-100 psi. These early test sections were not analyzed.
Reference 22 presents the results of an investigation of asphalt paving
J mixtures, Traffic tests included 37,000-1b singlc -wheel loads at 110 psi
tire pressure, Test sections had various asphalt mixes (different asphalt
and filler contents), pavement surface thicknesses and types (surface
treatment, sand asphalt, or asphalt concrete with crushed limestone or
uncrushed gravel aggregate), and base course thicknesses and qualities
(crushed limestone, sand-loess, or aand-ioe'a-clay). The investigation was
concerned primarily with the pavement surface. Subgrade conditions were of

little concern except that subgrade shear deformation development was

e Y o wm

undesirable. Therefore, a high strength subgrade was used. The subgrade was
classified as a lean clay (CL) with liquid limit (LL) of 47 and plasticity
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index (PI) of 23. The "as constructed" subgrade surface CBRs (excluding
turnaround areas) range from 9 to 31 with an average of 20.7 and standard
deviation of 7.3 (Cv=35.4 ). Since the variability of the subgrade was so
high, these tests were also not analyzed.

Further traffic tests were conducted five years later (1949) on
previously untrafficked portions of these test sections (Referznce 27).
Traffic tests included 30,000-1ib single-wheel load at 2C0 psi tire pressure.
Reference 27 reports that the subgrade was non-uniform and high deflections
occurred throughout the test. Reported CBR values, just within the area
receiving the single-wheel traffic, range from 6 to 26. However, because of
the relative uniformity of moisture content and densities (coefficients of
variation respectively of 4.5 and 2.3 ), Ep; could be estimated (see
Section V.B). Pavement surface thicknesses were 1.5 and 2.0 inches and base
course ranged from 10 to 11.5 inches thick.

Later that same year (1949), more of these previously untrafficked test
sections were trafficked ;ith small high-pressure tires for the Navy
(Reference 28). The traffic load was 8000-1b single~wheel load with a tire
pressure of 240 psi.’ The subgrade could be modelled with the same Eg; as
previously determined. Pavement surfaces were 1.5, 3.0 and 5.0 inches
thick. Total pavement thickness (surface + granular base) was 9 inches.

Reference 72 presents the results of 10,000-1b, 110 psi wheel load
traffic. The intent of this test was to determine the effect of mixed
traffic. One lane received only the 10-kip traffic, another laune received
both 10- and 25-kip traffic, the final lane received a combinacion of 10-,
25-, and 50-kip traffic. The three test sections were 5 inches, 8 inches,
and 11 inches of well-graded crushed limestone surfaced with a bituminous

surface treatment on a CH subgrade (heavy clay) having a 6 CBR.
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The Multiple Wheel Heavy Gear Load (MWHGL) test (Reference 31) included
trafficking with 30,000-1b and 50,000-1b single-wheel loads, For the test,
the natural soil at and near the site was used for the bottom portion of the
controlled-stength subgrade. This soil was classified as a CL and had a LL
of 34 and PI of 12, The top three feet of subgrade consisted of a heavy clay
(Cl1) commonly calied "Vicksburg Buckshot," with a LL of 73 and PI of 48. A
target CBR of 4 was set, except in Item 4 which had 2 feet of CBR 2
material, Items receiving single-wheel traffic had 3 inches of asphalt
concrete and 6 inches of high-quality base with 6 or 15 inches of
gravelly-sand subbase.

Construction control of the subgrade was excellent with average water
content of 32.5 % (CV=4.9 %) and average dry density of 85.6 pcf (Cv=2.7 2).
However, there was a large spread of CBR values (see Section V.E.l for
analyais of MWHGL test statistics). Only Items ! and 2 received single-wheel
traffic. Item 1 had an average CBR of 3.5 (Cv=21.1 %) and Item 2 ha! an
average CBR of 4.5 (Cv=25.6 X).

In a bituminous stabilization study (Reierence 73), four conventional
flexible pavement test sections were trafficked with a 75,000-1b single-wheel
load at 278 psi contact pressure. The MWHGL test subgrade was used for this
study. Previously untrafficked portions of Items 4 and 5 of the MWHGL test
were trafficked in addition to the two sections constructed as part of this
study. One item consisted of a 15-inch full-depth high-quality asphalt
concrete. The other item consisted of a 9-inch high-quality asphalt concrete
surface over a gravelly-sand subbase material. The MWHGL test items had 3
inches of asphalt concrete and 6 inches of high-quality base with 24 or 33
inches of gravelly-sand subbase.

One conventional flexbile pavement test section was also trefficked and
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repcrted in Reference 74. Traffic applied was a 75,000-1b load and 278 psi
contact pressure. The test section consisted of 3 inches of high-quality
asphalt concrete over 21 inches of high-quality crushed stone. The MWHGL
test subgrade was used.

The final test sections analyzed are reported in Reference 75. Three
test sections were trafficked with simulated F-4 aircraf: loading (27,000-1b,
265 psi wheel load). The goal of this effort was to determine the minimum AC
thickness required to withstand 150 passes of an F-4. One item had a
double-bituminous surface treatment, another item had l-inch high-quality AC
surface, the final item had 2-inch high—-quality AC. Note, the present DOD
requirement for the F-4 is 3 inches of AC over a 100 CBR base (Reference 3).

The subgrade was '"Vicksburg Buckshot Clay," with a CER of 6.

B. MODELLING THE TEST SECTIONS AND CALCULATED RESPONSES

The pavement test sections discussed in Section V.A were modelled using
the ILLI-PAVE finite element program (discussed in Section III.A). The AC
surface was characterized as a linear elastic material, bituminous-surface
treatment thickness wes treated as part of the granular base thickness, and
the base course and subgrade were characterized as stress-dependent material
as discussed in Section III1.B. Pavement temperatures during deflection basin
measurements were not reported for any of the test sections analyzed. AC
modulus values were assigned based upon estimated temperatures. A summary of
iLLI-PAVE input values and calculated responses for test sections analyzed
are contained in Table 6.

The subgrade values reported in Referenc2 27 varied greatiy. However,
ERj could be estimated from the follcwing regression equation for cohesive
soils contained in Tcble 18 of Reference 36:
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Epq ™ 25.51 - 4660 a17)
where, 0 = mYd/Yw (volumétric water content)
w = gravimetric water content in percent

Yq = dry density in pounds per cubic feet (pcf)

Y, = 62.4 pcf (unit weight of water), and

Epi™ subgrade modulus at intercept in ksi.
For y4 = 110.9 pcf and w = 17.1 X, Egj would be 11.3 kai. Using the
approximate relationship between Egj and CBR (Figure 30), CBR is between 7
and 8. The AC modulus was estimated at 100 ksi since all the traffic was
applied during the summer.

The test sections reported in Reference 28 were modelled with the same
Epi as previously determined (11.3 ksi) since the same subgrade was used
with only a few months separating the tests. Traffic was applied September
26-November 8 when pavement temperatures were 80-95°F. An AC modulus of
200 ksi was assigned. The only failure data used were from test sections
that had high-quality AC; sections containing AC with uncrushed gravel as the
aggregate or sand asphsalt were not considered.

The in place subgrade of the test reported in Reference 72 had a CBR of
6. An Zp; of 9 ksi was assigned based upon the Epi- CBR plot contained
in Figure 30.

The variability of pavement layer thicknesses reported in the MWHGL test
(Reference 31) appears to be high. Asphalt concrete thickness averaged 3.9
inches with a 95 percent confidence interval of 3.7-4.1 inches, but 3 inches
was the target value. A 4-inch AC surface was used for response
calculations. The average thickness of pavemeat (AC + granular base +
granular subbase) was presumably determined from several unreported

measurements.
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Figure 30. Approximate E":\i ~ CBR Relationship.
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The MWHGL report contains static defleccion basins measured under both
the 30- and 50-kip loading. The "static" deflections were converted to
"dynamic" deflections by multiplying by 0.6. The factor 0.6 is the average
ratio of moving wheel load deflections to the Benkelman beam, creep speed
deflections measured during the AASHO Road Test (Reference 7). Under the
30-kip loading, an Eg;= 5 ksi was backcalculated for Item 1 (Figure 31).

An Epi= 7 ksi was backcalculated for Item 2 (Figure 32). These values of
Epj correspond very well with the average CBR values of 3.5 and 4.5

measured in Items 1 and 2, respectively. However, under the 50-kip static
loading (Figures 33 through 36), the match between ILLI-PAVE calculated
deflections and measured "dynamic" deflections are not as good. It appears
that there was considerable plastic deformation occurring under the 50-kip
loading. ILLI-PAVE calculates resilient (rebound) deflections. Notice the
large difference between the deflection basins measured transverse to traffic
and parallel to traffic. Apparently there is more plastic deformation
occurring parallel.to traffic.

Attempts to match deflection basins measured under a vibratory loading
were also unsuccessful (Figures 37, 38, and 39). This is attributed to the
9000-1b static weight of the vibratory testing equipment. The ILLI-PAVE
deflections shown in Figures 37, 38, and 19 are the difference between
deflections calculated at 9000 pounds plus half the peak-to-peak dynamic
force and 9000 pounds minus half the peak-to-peak force.

AC temperatures for four of the test sections were high (90-1159F)
during trafficking and an AC modulus of 100 ksi was assigned. The other two
test sections were only trafficked when AC temperatures were between 60 =2nd
70°F, and an AC modulus of 500 ksi was assigned.

For the test sections reported in References 73 and 74, an Egj of 5 ksi
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