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PREFACE

As part of their continuing effort to prolong the life of existing pave-
ment systems, highway engineers must continue to improve upon design and reha-
bilitation methods. In past years, design methods based upon empericism have
been employed with considerable success. As loading and materials change or
become more complex, the older practices become less useful and a new approach
undertaken. Throughout the U.S. and elsewhere, there has been emerging new
technology often termed "rational", "systematic", "mechanistic", and other
terms used to describe new approaches to pavement analysis and design. Most
of these are based on elastic or viscoelastic layered representation of the
pavement structure and have the potential to become powerful tools for the
highway engineer.

In recent years, the University of Washington has assisted the Washington
State Highway Department on various research projects. One project resuited
in a report* that has been used to develop guidelines for allowable truck
traffic through the concept of pavement damage and/or remaining 1ife. The
basis for this report was the concept that pavement structures can be reason-
ably well represented by elastic layered systems. Analysis of the mechanistic
behavior can then be used to predict pavement response and life expectancy.

As a result of this study and after discussions with Highway Department
personnel, it was determined that the procedures, techniques, as well as other
information used in the above report may be of further interest to them. In
other words, the methods as well as results had potential utilization in a
wide range of applications. As a result, a seminar program was set up whereby

the writer would conduct or lead weekly discussion sessions on key topics.

* "Pavement Response and Equivalencies for Various Truck Axle-Tire Configura-
tions" by Ronald L. Terrel and Sveng Rimsritong, WSHD Research Report 17.1
November, 1974.



The notes included herein are a result of a need for hand-out material and
are not necessarily intended as a text, but served as reference material to

the oral presentations.

Ronald L. Terrel
Professor of Civil Engineering
University of Washington



"THE _PAVEMENT AS A LAYERED SYSTEM"

Pavenznls could be easily classifiecd into two main categories, namely
Flexible and Rigid Pavements, Rigid pavenents (PCC concrete) are made up of
portland cemont concrete and may or may not have a base course between the pave-
ment and the subgrade. Flexible pavements are pavenients having a re]a@ive]y thin
asphalt wearing course with Tayers «of granular base and subbase, used to protect
the subgrade Trom being overstressed. In order to increase the structural strength
of Lhe pavement, stabilizers such as asphalt, cement, lime, flyash and chenicals
arc sometimes added to the base and subbase material.

The design and construction of pavements had been primarily based on
empiricism or experience with theory only playing a subordinate role. The changes
resulting from heavier wheel loads, higher traffic levels and the recognition of
various independent distress modes contributing to pavement failures have led to
the search for a more rational method of pavement design in the Tast several years.
The use of multilayered clastic theory in pavement design is gairing ground as

this concept is being incorporated into several design procedures.

ELASTIC LAYERED SYSTEMS:

The response of pavemenf sj§téms to wheel Toadinas has been of interest
since 1926 when Hestergaard (1) used elastic jayered tQ@pry to predict the re-
sponse of rigid pavements. Later Burmister (2) solved thé probtem of elastic
multilayercd pavement structure using classical theory of elasticity. The
assunptions that Burmister and most others have made to the state of stresé or
strain are as follows:

1. FEach layer acts as a continuous, isotropic, homogencous,
Tinearly elastic mediung
-2. Fach layer has a finite thickness ekcept for the lower

Slayer, and all are infinite in the horizontal directions;



3. The surface loading can be represented by a uniformly disirituted
vertical stress over a circular area;

4. The interface conditions between layers can be represented as
either perfectly smooth or perfectly rough;

5. [Inertial forces are negligible;

6. Deformations throughout the system are small;

7. Temperature effecls are negligible except for bituminous
treated layers;

8. The stress solutions are characterized by two material prcperties
for each layer - Poisson's ratio p, and the elastic modulus L.

Figure 1 illustrates the general concept of a multilayered elastic systen.

One Layer Systems (3):

The analysis of stresses, strains and deflections have been primerily de-
rived from the Boussinesq equation originally developed for an horogenzous, ico-
fropic, and elestic media due to a point load at the surface.

According to Boussinesq, the vertical stress at any depth belcw the earth's

surface due to a point load at the surface is given by

oz = K /72

(23 ]
2n T+ (r/,)7] %2

radial distance from point load

[t}

where r

Z

il

depth.

Here the vertical stress is dependent on the depth and radial distance ard is in-
dependent of the properties of the transmitting medium. The distributior of wertical
stress below a concentrated load on any horizontal plane takes the forw of a Lell-
shaped surface; maxinum stresses occurring on the vertical plans passicg thro b T

poine of application.



In actual flexible pavements, the load at the surface is not a point load
but is distributed over an elliptical area. Pressures at the tire-pavement contact
are equal to the tire pressure, Variation of stress with depth follows the sane
general pattern as for peint-load case.

Several influence charts and tables have been developed to determine the
stresses, strains and deflection at any point in a homogeneous mass for any value
of Poisson's ratio. Table 2.1 and Table 2.2 (Yoder and Witczak) give solutions
for the various parameters. Although most asphalt pavement structures cannot be
recarded as being homogeneous, the use of the equations in Table 2.1 are Qenera]]y
epplicable for subgrade stress, strain, and deflection studies when the modular
ratio of tiie pavement and subgrade is close to unity.

In one Tayer theory, the payement portion above the subgrade does not con-

tribute any partial deflection to the total surface deflection; thus

AT = AP + A4S

where AT = total surface deflection
ap = deflection within the pavement layer = 0
as = deflection within the subgrade layer

Two Layer Systems

All typical flexible pavements are composed of layers in which the moduli
of elasticity decrease with depth. This effect reduces the stresses and deficctions
in the subgrade from those obtained for the ideal homogcneous case.

Seluticns to two layer problems have been obtained by Burmister. Stress and
deflection values are dependent on the strength ratio of the layers, E"/EZ where E]
and £, are the moduli of the reinforcing and subgrade layers respectively. Figure 2.6
{(Vodzr wnd Hitczak) shows the vertical stress values under the center of a circular
plate Tov the two-layer systoem.

For a two-layer systen, the total surface deflections can be obtained from

the folloving:



Flexible Plate: 6= 1.5 pa £
2
.
Rigid Plate: A=1.18 Pa ¢
E 2
2
where p = unit load on circular plate

a = radius of plate

Ez- modules of elasticity of lower layer
. FZ: Dimensionless factor depending on the ratio of moduli of elasticity
of the subgrade and pavement as well as the depth of radius ratio.

Curves of F, for various depth ratio and E are shown on Fig, 2.7 (Yoder and
Witczak),

Interface deflection factor charts have also been developed by Huang
as an extension of Burmister's 2 - layer theory. These F factors are given in
Fig. 2.8 (Yoder and Witczak) and the interface deflection As is given by

AS = pa F
£
, F is a function of pavement depth ar thickness and offset distances
expressed in radii. '
Three Layer System

For a 3 - layer pavement we can have the stiress situtaiton represented
by the following -

6z, and az Vertical stresses at interface 1 and 2

2
ory and o, Horizontal stresses at the bottom of layer 1 and 2

ory Horizontal stress at the top of Tayer 3
Vertical stress solutions have been obtained by Peattie and are shown
in graphical form in Fig: 2.10 (Yoder and Witczak).

Horizonlal stress solutions have been obtained by Jones and are shown
in Tabular form in Table 2.3 (Yoder and Witczak}. The figures and tables have
all been developed for p = 0.5 for all layers.

Both the vertical siress {graphical soluticas) and the horizontel

stress (tabular solutions) use the Tolleowing parameters.

a4 . E Cwn
ky or K1 = ‘E;" k, or K2 - Eu/Ly
ay or A = a/hy H = %%
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Several combination values for these parameters are presented. From Figure
2.10, stress factor values 771 or 722 are forparticular X1, K2, A ard H valuss
p{ZZ1)
p(Z72)

of the pavement system. The vertical stresses are then 0z

74/)
From Tebte 2.3, for a particular combination of input parameter Kl,
Kz, a. and H, the strcss factors are given in stress difference, ie {ZZ1 - RRi},

(ZZ2 - RR2), and (ZZ2 - RR3). The horizontal stresses can be calculated from

ozy - ory = p[ZZ1 - RR1]
0zy ~ orp = p[ZZ2 - RR2]
0Zy ~-orp = plZ72 - RR3]

Several types of strains can also be calculated. For example, knowing

0Z1 and ory, the horizontal strain at the bottom of tayer 1,er will be corputed

from Ery = or t z
[ N5 B

Note that in all the analysis ot] = ory and for u = 0.5

ery = 1 (crr'.I - oz])
ZE]

Two and three layer systems may be analyzed by hand methods. If there
are more than three layers, similar layers can be grouped together and assigned
averago'physica1 properties, in order to reduce the number of layers to three.
The use of tables and charts can be quite tedious and time consuming for 3 -
layer pavement systens, and tabulated solutions of 4 - layer systems are not
practical. Therefore, systems with more than two layers are most conveniently

analyzed by computer methods.

R R L o U S P T P U R VP



LIMITATIONS OF LAYERED THEORY (4)

1. In Classical layerad theories, both load and pavement geometrics are
symictrical about a common centerline (axisymmetry). Unfortunately, the
effects of wheel Toads applied close to.a crack or pavement edge cannot be
anolyzed by the use of methods which require axisymmetry.

2. Information is not available on the conditions of slip which exists
at the interface between layers. The assumption of a rough interface condi-
tion, which most investigators have used (5,6) appears to be reasonabie,
although varying degrees of slip can be considered.

3. In all of the theoretical approaches, inertial forces have been neglected.
Also, none considers the effects of vibrations. Neglecting vibrations is
probably not a bad assumption for vehicle speeds lower than 60 mph (4)
on materials having cohesion. However, for cohesionless materials compacted
to Tower relative densities, neglecting vibratory effects may lead to den-
sification that would cause rutting and changes in material properties.

4, Laboratory tests have indicated that the dynamic modulus of paving
materials varies with the confining pressure or deviator stress or both (7).
Because of the variation in stfess state that exists in each layer of the
payement system, the dynamic modulus actually changes with both depth and
lateral position in each layer. Therefore, uncertainties arise in trying
to determine what values of dynamic modulus to use in a linear elastic
layered analysis. Further, elastic layered theory cannot consider variations
in the modulus with lateral position. Those limitations for the most part

vould have been overcome by the use of nonlinear finite - element theory (8).

[Sa]

The bottow of eoch Tayer of a pavement structure is subjected to radial
and tangontial tensile stiresses and strains. In nonstabilized granular
materials, the application of such a stress state can result in an appreciable
inf'luence con the modulus of the material. The behavior of granular malevials

under these stress conditions certainly need further siudy.



6. Although most pavement materials are nonlinear, the use of a linear

model will suffice proyided the stress states are low.

B 1GH IMPLICATIONS

Presently several agencies are adopting the use of eiastic Jayered
thory in the design and evaluation of pavement systems (9,10,11,12}. Shell (9)
hiv. incoporated fatigue in the design of highway pavements since 1963.. The
criterion developed by Shell has also been used extensively since 1963 in the
deign and evaluation of pavement systems subjected to unusual wheel Toads.

The Asphalt Institute (10) followed using similar, yet more sophisticated,
tunls to develop a precedure to design and evaluate airfield pavements to account
fur jumbo jet operations.

The Kentucky Highway Department has also developed a design procedure
using elastic layered theory. The Chevron program (5) was used in this procedure
to calculate stresses and defermations in the pavement system and design criteria
were developed based on observed field performance.

More recently, Chevron Research (12) has developed a "Simplified Thickness
Denign Procedure for Asphalti and Emulsified Asphalt Pavements". The procedure
it based on analysis of layered systems (5} and considers only 2 - Tayered
systems (full-depth design plus subgrade). Critical strains in the pavement
sy,tom are limited to values depending on expected service Tife. Thicknesses
ave then determined to minimize the amount of permanent deformation and/or fatigue

cracking.
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COMPUTER APPLICATIONS FOR LAYERED PAVEMENT SYSTEMS™

This chapter presents a detailed discussion of five computer solu-
tions to layered systems. A1l programs have the capability of solving for
stresses, strains and displacements for n-layer systems. The limitations
of each program are also included.

MULTI-LAYERED ELASTIC SYSTEM

Description

The Mu]ti-Layered'Elastic System computer program (CHEVSL) will determine
the various component stresses and strains in a three dimensional ideal elastic
layered system with a single vertical uniform circular load at the surface of
the system Fig. 1{a). The bottom layer of the system is semi-infinite with all
other layers of uniform thickness. A1l Tayers extend infinitely in the horizontal
direction. The top surface of the system is free of shear and all interfaces
batween layers have full continuity of stresses and displacements.

With a vertical uniform circular load, the system is axisymmetric with
the Z axis perpendicular te the layers and extending through the center of the
load. Using cylindrica1 coordinates, any point in the system may be described
by an R and Z. R is the horizontal radial distance out from the center of the
lcad and Z is the depth of the point measured vertically from the surface of
the system,

The load is described by the total vertical load in pounds and the contact
pressure in psi. The load radius is computed by the program. Each layer of
the system is described by modulus of elasticity, Poisson's ratio,-and thick-
ness in inches. Each layer is numbered with the top layer as 1 and numbering

each Tayer consecutively downward.

* This section was taken largely from notes prepared by R.G. Hicks, Oregon

State University, for the U.S. Forest Service.



Program Operating Notes

The progran operates with the various given R and Z values as follows:

For every R value a complete set of characterizing functions is developed

for all layers, then the stresses and strains are computed at those points

represented by that R and each of the given Z values. The stresses calcu-
iated are shown in Fig, 1{b). The program then steps to the next R value and
cenputes the stresses and strains at those points represented by each of
the given Z values and continues until all combinations of R and Z values
are used.

When a given 7 value is exactly at an interface between two layers,
the program will first compute the stresses and strains at this point using
the functions for the upper of the two Tayers, then wiil recompute the
stresses and strains at this same point using the functions from the lower
of the two layers. In the output of the program, 4 negative 7 value indi-
cates that the stresses and strains have been computed at an interface and

that the characteristics of the upper Tayar have been used.

Limitations
The following are Timitations of the program and/or method.

1. MNumber of Yayers in the system: minimum of two and a
maximum of Tive.

2. Number of points in the system where stresses and strains
are to be determined: minimum of one {cne R and one ) to
a maximum of 121 (maxinum of eleven R and eleven Z).

3. All data are positive, no negative values.

4. Poisson's ratio must not have a value of one.

5. Honlinear hehavior of grenular bases and subgrade soils

cannot be accounted for.

14
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6. Multiple gears cannot be handled directly. Calculations of
critical stresses and strains under multiple gears must be

done using the principle of superposition {by hand).

MULTI-LAYERED ELASTIC SYSTEM - ITERATIVE METHOD

Description _
The Multi-Layered Elastic System computer program (CHEVSL WITH ITERATION)

is alsc used to determine stresses and strains Fig. 1(b) in a three dimensional
elastic layered system with a single vertical uniform Circu1ar load. The
program is an exténsion of CHEVSL and has the capability of accounting for
variations in the modulus of each material with depth.

As with CHEV5L, all layers are assumed to extend indefinitely in the
horizontal direction. The top surface js free of shear and all interfaces
between layers have full continuity of stresses and displacements. A vertical
uniform circular load is applied and stresses, strains and displacements are
calculated at any point in the system described by an R & Z. The ‘

toad is described by the total vertical load in pounds and contact pressure

in psi.

Program QOperating Notes

The basic difference between CHEVS5L and CHEVSL with iteration lies in the
method of assigning modulus of elasticity and Pcisson's ratio to each layer.
Examination of materials characterizations studies indicates that the modulus
of most materials is dependent on the level of stress (6r temperature).

In general, the modulus of cohesive soils decreases with increasing
repeated stress level 94 Fig. 2, and is relatively unaffected by small changes

in confining pressure, In this program, the modulus of the subgrade (bottom
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layer} is interpolated from the input modulus-deviator stress relationship.
For materials that are not stress dependent, a horizontal relationship
must be input. The variation of Poisson's ratio with stress level is less
clear although Hicks and Finn found that it remained constant or increased '
slightly with increasing deviation stress. Poisson's ratio appears not to
be significantly affected by confining pressure.

For unstabilized granular materials, the modulus is affected more
by confining pressure and is affected to a smaller extent by the magnitude
of the deviation stress. As shown in Fig. 3, the modulus of granular mater-

ials can be approximated by:

. n
M = k0'3

or (1)

Eeﬁ

Ma

where ¥, k, n, n are constants evaluated from repeated load triaxial test
results and dq and & are confining pressure and the sum of principal stresses
(e=o]+203 in a conventional triaxial test), respectively. Poisson's ratic has
bean found to remain relatively constant over a range of stress conditions (19).
Results of repeated load triaxial tests on emulsion mixes have indicated
that, at early stages of cures, confining pressure most affects the modulus.
The behavior of these materials is very similar to that of granular bases
Figuré 4. As the curing process progresses, the materials tend to behave
more Tike hot-mix asphalt concrete. Their properties are most affected by
temperature and rate {(or frequency) of loading as shown in Fig. 5. Results
indicate that Poisson's ratio may increase with increasing temperature and

is affected only slightly by stress level,
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Because the modulus of most materials are dependent on the level of

stress, an iterative approach {in which the modulus and stress level inter-

action can be allowed to close on a system having compatible values of

each) was developed as follows:

1.

The pavement to be analyzed can be represented by a number

of layers consistent with the dimensions of the structural
section.

Tbe modulus value and Poisson's ratio for each of these layers
can be estimated with some degree of accuracy based on the

known variation of these vaTues with the estimated stress and
environmental conditions.

The stresses which wou]d.occur in this system under the applica-

tion of the surface load can be calculated using available

The pre-existing stress state owing to overburden pressures can
be calculated from knowledge of the densities and dimensions

of the pavement materials.

The resuiting stress state can be obtained by superposition of
the load-induced and overburden stresses.

The modulus which is compatible with the resulting stress state
in each layer tan be determined from the appropriate modulus-
stress relationship for the materials.

The modulus cof each layer required by the stress state can be
compared with the initia11y assumed value and the process
repeated, using the resulting values, until the initial and

final modulus values coincide within a specified accuracy.
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In CHLVSL with Iteration, an average modulus under an arbitrary set of

dual wheels (center to center spacing of 3R) is calculated using the pro-
cedure outlined above. Calculations must be made at the locations indicated
in Fig. 6.

Once the iteration process has closed, calculations for stresses, strains

and displacements in the systenn are made (for one wheel loading) as in the case

of CHEVSL.
Limitations
The following are Timitatioms of the program and/or method:

1. Number of layers in system: 5 must be used.

2. Number of points in system where stresses and strains are to
be determined: minimum of 6 (0,1r, 1-1/2r, 2r, 3r, 4r required)
to maximum of 11 R values; minimum of 8 (top, middle and of
each non-linear layer) to maximum of 11 Z values; all as shown
in Fiq. 6.

3. All data are positive, no negative values.

4, Poisson'é ratio must not have a value of one,

5. Multiple gears cannot te handled directly. Calculations of
critical stresses and strains under multiplie gears must be

done {by hand) using the principle of superposition.

MULTI-LAYERED ELASTIC SYSTEM - MULTIPLE LOAD OPTION (SHELL BISAR)

Description 7

The BISAR (Bitumen Structures Analysis in Roads) program is a general
purpose program for computing stresses, strains and displacements in elastic
layered systems subjected te one or more vertical uniform circular loads
applied at the surface of the system, Unlike the CHEVSL programs, the surface

Toads can be combinations of a vertical normal stress and an upnidirectional
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horizontal stress. A1l layers extend infinitely in the horizontal direction.
The top surface of the system is free of shear. All interfaces between layers
have an interface friction factor which can vary between'zero {full continuity)
and one (frictionless slip) between the layers.

Stresses, strains and displacements are calculated in a cylindrical
coordinate system for each vertical load. For more than one load, the
cylindrical components are transformed to a Cartesian coordinate system
and the effect of the multiple load found by summarizing the stresses,
strains and displacements of each wheel. Further, the program calculates
only those components which are requested (Table 1)*. If all stresses and
strains are calculated, the program calculates the principai stresses and
strains and their accompanying directions. The principal directions denote
the normals of the planes through the point considered, which are free of
shear stress (strain). The highest and lowest of the three principal values
give the maximum and minimum normal stresses {strains}. and the difference
between the principal values divided by two, gives the maximum shear stresses
(strains).

For a given problem to be solved using the BISAﬁ program, one needs
information regarding:

1. The number of layers;
2.  Young's modulus and Poisson's ratio of each layer;
3.  The thickness of each layer, except for the bottom one;
4. The interface friction at each interface;
5. The number of loads, the vertical and tangential component
of each load, and the position of the loads;
6. The stress, strain and displacement components to be calculated;
7. The number of places where calculations are required along with

their position (Cartesian coordinates).

* Mny or all of the types of computations may be requested.
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Program Operating Notes:

BISAR consists of a wain program and 24 subprograms. The main program
reads all the input data defining the numerical problem and controls the
subsequent steps in the calculation of the requested stresses, strains énd '
displacements. The output is partly controlled by the main program and by
subprograms SYSTEM, CALC, and OQUTPUT. Subprograms MACON1, CONPNT, INGRAL
and MATRIX give output only when error messages are generated.

The main program can consider several multilayered systems in oné run
{to a maximum of 99). For each multilayer system, the stresses, strains and
displacements can be calculated in an arbitrary number of different positions
(to a maximum of 99). Computation proceeds by calculating at each point the
stresses, strains and displacements due to each load separately and by trans-
forming these to the Cartesian coordinate system. The Cartesian components
are added to those of the preceding loads and by the time the last load has
been considered, the total stresses, strains and displacements have been
caiculated. The computed results are printed (separately) for each position.

requested.

Limitations
The following are limitations of the program and/or method:

1. Number of Tayers in the system: maximum of ten, although
this can be changed with modifications to the program.

2. MNumber of systems in one run: maximum of 99.

3. Number of points in the system where stresses and strains can
be calculated: wmaximum of 99.

4. A1l data are positive, no negative values.

5. Hon-linear behavior of granular bases and subygrade soils

cannot be accounted for,
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MULTI-LAYERED SYSTEM-MULTIPLE LOAD OPTION (ELSYM5)*

Description

The Elastic Layered System computer program (ELSYMS) will determine
the various component stresses, strains and displapements along with
principal values in a three-dimensional ideal elastic 1ayered system,
the layered system being loaded with one or more identical uniform circu-
lar loads normal to the surface of the system.

The top surface of the systemlis free of shear. Each layer is of
uniform thickness and extends infinitely in the horizontal direction. Aill
elastic layer interfaces are continuous. The bottom elastic layer may be
semi-infinite in thickness or may be given a finite thickness, in which case

hn nyvAanyam accimmoc
Lt e w g e DO WG

the bottom =lactic Tayer ic supported by a vigid hage,
With a rigid base, the interface between the bottom elastic layer and thg
base has to be made either fully continuous or slippery.

A11 locatiens within the system are described by using the rectangular
coordinate system (X,Y,Z) with the XY plane at Z = 0 being the top surface
of the elastic system where the loads are applied. The positive Z axis
extends vertically down from the surface into the system.

The applied 1oads are described by any two of the three following items:
load in pounds, stress in pounds per square inch, radius of locaded area in
inches. The program determines the missing value. Each layer of the system

is described by modulus of elasticity, Poisson's ratio and thickness. Each

layer is numbered with the top layer as one and numbering each layer con-

secutively downward.

* This write-up is from text written by Gale Ahlborn, ITTE, University of

California at Berkeley, 1972.



Program Operating Notes

The program tests all input data. If any input data is out of range

as specified under “Limitations,” the problem is terminated for that system

with an error message and the program goes on to the next system for'opera~'

tion.

The program uses the convention that compressive stresses are negative
and tensile stresses are pbsit{ve.

The output of the program gives for each depth (Z) all the results for
all the XY points. The results for each point are the total results for
that point obtained by summing the contribution by each load. When a Z
value is determined to be on an interface, the results are determined using

the characteristics of the upper of the two layers.

Fo]lowfng are the limitations of the program and/or method.

1. HNumber of different systems for solution: minimum of one,
maximum of five.

2.  Number of elastic layers in the system: minimum of one,
maximum of five.

3. Number of identical uniform circular loads: minimum of one,
maximum of ten.”

4. Number of points in the system where results are desired:
minimum of one {one XY and one Z), maximum of 100 {ten XY
and ten 7).

5. Where there is a rigid base specified, the maximum Z value
cannot exceed the depth to the rigid base.

6. A1l input values except XY positiens must be positive.

*
Maximug of five on CDC 3100.

22
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7. Poisson's ratic must not have a value of one. Poisson's ratio
for a bottom elastic layer on a rigid base must not be within
the range of*0.748 to 0.752.

8. The program uses a truncated series for the integration process

that leads to some approximation for the results at and near

the surface and at points out at some distance from the load.

MULTI-LAYER ELASTIC THEORY ITERATIVE METHOD-DUAL WHEEL OPTION (PSAD2A)*

Description
PSAD2A is essentially the same as CHEVSL w/iteration except that the
former has the added capability of printing stresses, strains, and dis-

placements due to dual wheel configurations. This feature of PSADZA is

At Am o AantFiAans T4+ 3
v v v Upvaowaiy bow i

Program Operating Notes

In the case of dual wheels, PSAD2A allows the distance between Tloads
(from edge to edge) to vary between zero and two load radii for the calcula-
tion of an average modulus when iterating, whereas CHEVSL w/iteration fixes
this distance at one load radii. This can be inferred from the operating
nctes on CHEVSL w/iteration, where it is stdted tﬁat an average modulus is
calculated under an arbitrary set of dual wheels spaced three radii center
to center, |

Other than this one difference, the solution method used in PSAD2A is the
same as that used by CHEVSL w/iteration.

* Write-up is based on an excerpt from Report TE 70-5,ITTE, University of

California at Berkeley, 1973.
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Limitations

1.

The number of points for the resilient moduius vs. deviator

stress relationship must be at a minimum two and at a maximum
twenty. A number outside this range will result in an error
message and termination of the run.

The resilient modulus-deviator stress curve may be constant or
have negative slope, but the first point must have an abcissa
(i.e. stress value) of zero. This may require backward extrapola-
tion of experimental data.

A maximum of 5 Jayers is allowed for each system.

Consult appropriate limitations for CHEVSL w/iteration.
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DISCUSSION

EXAMPLE PROBLEM

To check the operational characteristics of the various programs,.an
exampie prcblem, Fig. 7, was solved, and the oytput of the various programs
-compared. The problem {a 3-layered elastic system) represents essentially a
full depth asphalt layer over a weak subgrade. Each layer is characterized
by a medulus (Ei) and Poisson's ratio (Vi)' The load is a 9000 1b. wheel load
uniformly distributed with a contact pressure of 80 psi. It should be noted
that the contact pressure does not necessarily equal the tire pressure.*

Input formats for each of the programs are discussed 1in detai] in
Appendix A. However, Fig. 8 iilustrates the data input for the example
problem for each of the five proarams. -

Note, the basic input consists of:

1)  Wheel Toad data;

2) Material properties of each layer; and

3) Thickness of each layer.
Also input are the locations at which calculations are recuested. In this
particular problem, solutions for stresses and deformations are requested
at the surface and at the interfaces of each layer. Calculations are called

for at the center (0) and the edge of the loaded area (5.98 inch).

* If the effect of tire wall is ignored, the contact pressure between

the tire and pavement must be equal to the tire pressure. For low
pressure tires, contact pressures under the tire are greater near
the center. For high pressure tires the reverse is true.
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COMPARTSON OF RESULTS

For the example problem presented in Fig. 7, the calculated stresses,

strains, and deformations are nearly identical, Figure 1la-d is a sample

of the output of each program. Items which should be noted are as follows:

1.

(o

stresses. CHEVSL, CHEVSL w/iteration, and PSAD2A cutput vertical,
tangential, radial, shear, and bulk stresses for each position
expressed in terms of cylindrical cocrdinates. Each of these
stresses is identified in Fig. i{b). ELSYM5 calculates ncrmal, shear,
principal, and principal shear stresses, presenting them for each
pesition expressed hy Cartesian coordinates. Shell BISAR has the
capability of computing the stresses shown in Table 1, and outputs
each for all positions shown as Cartesian points along with a sum-

mary of total stresses,

strains. Radial, tangential, and vertical strains are calculated

P ATAN 1 miseareg

by F3ADZA and thie CHEYSL prouyrams; EL3TMS outputs the same compon-
ents of strain as it does of shear for each position requested;
and BISAR computes and outputs these strains requested from the
Tist in Table 1, besides giving a summary of fetal strains.

Displacements. ELSYM5 and BISAR each compute three displaceuments,

but present them in a sligatly different manner. [LSYMS displays
displacements in a three-dimensional Cartesian coordinate system
context, while BISAR displays them not only under the heading of
horizontal, vertical, and normal displacements, but also as radial,
tangential, and vertical displacements. PSADZA, CHEVSL, and CHEVSL
w/iteration show only vertical deflection.

Wheel Load Considerations. The output shown in Fig. 9 is for one

unifcrmly applied vertical load. The load and contact pressure are
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input data. These data together w{th the calculated load radius
are printed in the output. All multiple wheel considerations in
the Chevron programs must be handled by superposition (see next_
section). The other three programs, ELSYM5,BISAR, and PSAD2A
permit the use of two or more wheels.

5. Sign Notation. A negative sign implies compression when indicated

as a stress or strain. Positive, of course, would imply tension.
A negative sign for depth implies that the stresses are calculated
in the upper layer while a positive sign means the calculation is
in the lower layer. This latter notation occurs only at a layer
interface. |

The data given in Figure 9 were also used to develop Table 2 for compar-
ing results from the various programs. MNote that all critical values are
resentiallv the same: bhoth sions and magnitudes agree.

An attempt to compare computational efficiency was made by including CPY
time for each run. CPU time refers to central processing unit time, or the
seconds during which the computer was actually working on the problem. Cn the
basis of this, a ranking of efficiency is ELSYM5, BISAR, CHEVS5L, CHEVSL w/iter-
ation and PSAD2A, though one must consider that CHEVSL and CHEVSL w/iteration

were run on a different machine than the others.

MULTIPLE GEAR CONSIDERATIONS

For the Chevron-programs (CHEV5L and CHEVEL w/Iteration), output is
given for only one circular load. Unfortunately, most vehicles for which
pavements are to be designed have either dual or dual-tandem wheel configura-
tions, Figure 10. The gquestion arises, therefore, of how does one determine

the critical stresses or deformations for realistic wheel load configurations?



The answer, use of the principle of superposition. This can best be illus-
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trated through an example using the output information presented in Fig. 9(a).

Let us consider the dual wheel configuration. The principle is also

applicable to multiple wheel cases and is described as follows:

1)

2)

Deformations. The most important deformation one calculates is

surface deformation. To calculate the maximum surface deforma-
tion resulting from dual wheels one would add the contribution of
a second wheel to that of the first. The surface deflectian

under the first wheel (R=0,Z=0) equals .060 inch, from Fig. 9(a)

while that due to the second wheel (R=18.0,7=0) displaced 18 inches

from the first is .042 inch. The total deflection under the first
wheel equals the total of both tires or .102 inch. The surface
deflection at the edge of one of the dual tires, Fig. 11, would

equal ag, which is the sum of 621 and QZS' From Figure 11(a),

A2](P~=6.O”,Z:O) = .057", and &,.(R=12.0",Z=0) = .048". Thus,

25
by = 0.106". Surface deflections at other intermediate points
would be calculated in a similar fashion to determine the maximum

value,

Stresses and Strains. These two responses wouid be handled in a

similar fashion. Further, the maximum stress and/or strain
usually occurs under one of the dual tires. 4hat is nceded is

to convert the cylindrical coordinates (radial and tangential) to
Cartesian coordinates (lengitudinal and transverse). Under the
first wheel the radial (Ur]) and tangential (”t]) stresses are
identical. Under the second wheel (displaced a distance 3 radii,

R=18.0, Z=0.0) the radiel and tangential stresses are different.
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Figure 11}b) shows how they should be added to give the longitudinal
and transverse stress conditions. Under most conditions, only
the critical stress (or strain) is of interest and this usually
occurs at the bottom of the stabilized layer.
For dual-tandem wheel configuration the basic principles described
above can also be used. The principal advantage of the Shell BISAR and
ELSYMS programs is that they can accommodate multiple wheel con%igurations

automatically. PSAD2A considers dual wheels automatically.

POTENTIAL APPLICATIONS

The question often arises as to the ﬁurpose for using layered theory
in the design and evaluation of pavement systems. Particularly so when the
present pavement design precedure used in Reginn 6 {Modified AASHO) appears
to he very sound  However, many decisions were made in its dovalonmant
(because of lack of necessary tools or better information) that invalidate
extrapolation of the AASHD design procedure to conditions different from that
for which it was developed. .

In recent years, considerable emphasis has been placed on the develop-
ment of a more mechanistic design procedure, one which would allow extrapo-
lation to any set of design conditions. This is particularly important
because of ever increasing wheel loads such as those from off highway vehicles.
Layered theory analysis uses actual load data and fundamental material
properties and can properly account for rapidly changing design condi-
tions. This does not mean, however, that layered theory analyses will be

a practical design tool, because input to the design process requires
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sophisticated materiels testing end computational equipment. What it does

mean is that layered analysis techniques can provide the necessary tools to

understand and account for:

1)

2)

3)

The impact of off-highway loads on the performance of the .
pavement system.

An evaluation of realistic layer equivalencies for structural
materials heretofore not used.

Verification or modification of load equivalencies in the design
of pavement systems and in the assignment of maintenance

responsibilities in the case of dual ownership.

In specific, the following applications are recommended for each of

the five programs described in Chapter Three:

1

[
f—

CHEVSL. This program is the simglest to operata,

It should always be considered first to give a "ball park”
soiution Lo o parcicuiar probiem. The most significant iimita-
tion is its inability to handle non-linear material problems.
Therefore, its use should probably be limited to full-depth
asphalt pavements over subgrade.

CHEVSL w/Iteraticon. This program is slower than CHEVSL but

does allow one to account for non-linear material behavior.
This program should be used where a considerable amount of
untreated aggregate is presant (e.g. unsurfaced roads).
SHELL BISAR. Tnis program, becausc of its mulbiple gear
option, would ve most useful in the evaluation of off-

highway loads. Further, the additional capability of horizontal
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stresses and ability to vary friction between layers offer
capabilities which none of the others can. However, computational
experience of the author with the horizontal stress option indi-
cates that excessive time may be used by the computer to converge
to a solution. This option should be used only with extreme
caution.

4)  ELSYM5. This program, similar to the SHELL BISAR nmodel, was
found to be the most efficient in terms of computer time. The
amount of testing done was very limited, so no definite conclu-
sions can be made in this regard. Applications for ELSYM5 are
similar to those of BISAR since multiple loads can be considered.

5) PSAD2A. While akin to CHEVSL w/iteration, PSAD2A allows evalua-

tion of stresses, strains and displacements due to a dual wheel

. .
chAatun An B4
LA

igure 11/(2}. DSAD2A
has the capability of handling non-linear material behavior; in
this way it is similar to CHEVSL w/iteration.

These five programs (or their equivalent) should provide the U.S. Forest

Service with the necessary tools to evaluate almost any unusual design

situation.
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TABLE 1. STRESSES, STRAINS AND DISPLACEMENTS CALCULATED BY BISAR

Displacements R - Radial Displacement
ur - Tangential Displacement
uz - Vertical Displacement
Stresses : SRR - Radial Stress
STT - Tangential Stress
577 - Vertjcal Stress
SRT - Radial/Tangential
SRZ - Radial/Vertical
STZ - Tangential/Vertical
Strains ERR - Radial Strain
ETT - Tangential Strain
EZZ - Vertical Strain
ERT - Dadial/Tangontial
ERZ - Radial/Vertical
ETZ - Tangential/Vertical
Total Displacements ux - x-displacement
uy - y-displacement
Total Stresses SXX - xx component of Total Stress
SXy - xy component of Total Stress
SXZ -  xz component of Total Stress
SYy - yy component of Total Stress
SYZ - yz component of Total Stress
Total Strains EXX - xx component of Total Stratin
EXY - xy component of Total Strain
EXZ - xz component of Total Strain
EYY - yy component of Total Strain

EYZ - yz component of Total Strain



TABLE 2. COMPARISON OF RESULIS FROM DIFFERENT PROGRAMS

' 90004
5.98"
N
\ 31 2
hy = 6"
i
v 3 4
A 3
VERTICAL STRESS (PSI)

POSITION ELSYM5 PSAD2A CHEVS1, CHEVSL w/lter. BISAR
1 -80.0 -80.0 -80.0 -80.0 -80.1
2 -41.3 ~40.0 -41.3 -41.3 -40.1
3 - 5.8 - 6.8 - 6.8 - 6.8 - 6.7
4 - 5.5 - 5.5 -~ 5.5 - 5.5 - =~ 5.5

VERTICAL STRAIN (in/in x 10°%)

1 4.9 4.9 4.9
2 3.9 3.9 3.9
3 - 7.0 -7.0 - 7.0
4 - 1.9 - 4.8 -~ 4.8 -
TANGENTIAL STRESS (PS1)
3 ~284.7 -284.7 -284.7 -288.7 -281.0
2 2121 . -211.0 2121 -212.1 -210.3
3 254.9 254.9 254.9 254.9 250.2
4 191.6 191.6 191.6 191.6 190.8
TAHGENTIAL STRAIN (in/in x 107%)
1 - 4.6 - 4.6 - 4.6 - 4.6 - 4.6
2 -4 -4 -4 -4 -4
3 5.2 5.2 5.2 5.2 5.2
3 4.3 4.3 2.3 2.3 4.3
RADIAL STRESS (PSI)
1 -284.7 -284.7 -284.7 -284.7 -284.0
2 -183.5 -182.2 -183.5 -183.5 -181.3
3 254.9 254.9 254.9 254.9 254.2
a 158.5 158.3 158.5 158.5 157.6
RADIAL STRAIN (in/in x 1074
1 - 4.8 - 4.6 - 4.6 - 4.6 - 4.6
2 - 2.7 - 2.7 - 2.7 - 2.7 - 2.7
3 5.2 5.2 5.2 5.2 5.2
a 2.8 2.8 2.8 2.8 2.8
CPY TINE (SEC.)
173 17,742 11.036%* UAH  z.606*

* Run on CDC CYBER 73/74
** Pun oop UMIVAC 1103
+ Unavailahle
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Figure 1(b) Stresscs on a Typical Element r-inches from The Axis of the Loaded
. Area and z-inches Below the Surface, Showing the Nomenclature Used
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Figure 9(a) OQutput for Example Problem (CHEVSL and CHEVS5L with iteration)
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(a) Dual Wheel

VARIABLE
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(b) Dual Tandem

Figure 10 Typical Wheel Configuration

&



48

£ r=6.0¢

L o,

;ﬁ,________}*‘“ - ...L&‘:._...._.fx;,i
]

9000 ibs

Y ' o
. B SUUSROR L NN (€ M 15 T TR {3 I 5

= '““-JA?.S — T
w//,f' Agi| =T~ TOTAL DEFLECTION BASIN
INDIVIDUAL 5 }o- T~ - g ”,/”’J
DEFLECTIO! Eﬁ:;;:k. Y ~ e =
BASINS — : ; t;,,/‘éﬁ:w

i Let Aij = Deflection at
My + Ay position i due
Az1 + Ass i + gﬁm%ﬁrd at poOsi-
A1 = Total Deflection

at i

Ay
A,

(a) Deformations

. 2
4 (2)
M:_.
'-
\\\-—;‘y
T - Transverse Stress or
OL 7 %1 ¥ %2 Strain
L - Lonpitudinal Stress o
Strain

{b) Stresses and Strains

[

Figure |1 Example of Principle of Superpesition for Dual Wheels



45

MATERIAL CHARASTAGIFATION FOR ELASTIC LAYER ANALYSIS

During the past 10 to 15 years, people have shown considerable interest in
the use of various elastic and viscoelastic layered system theories to predict
the physical response of structural pavement sections. Use of such models has
become more common because, by using high speed digital computers, one can
rapidly solve more complicated layered system models than one could in the past.
When an elastic layered theory is used to predict pavement response, one must
either evaluate experimentally or estimate the modulus of elasticity and
Poisson's ratio of each layer in the system. Therefore, the problem of de-
termining the critical conditions for design and the pertinent material properties
for each layer still remains.

The stress-strain properties of materials used in highway construction can
vary greatly because of a number of factors including the stress state, pulse
rate and duration, temperature, degree of saturation, density, age, and method
of testing{1l). Most routine design tests for pavements have been either static
or been conducted at relatively low rates of strain. Use of theoretical design
procedures, however, requires use of dynamic (generally) repeated load tests.

A variety of different methods for the evaluation of the dynamic properties of
pavement materials have been developed in recent year§ by researchers. Material
Characterization also has a great use in defining failure criteria for various
distress modes such as repeated load (fatigue) cracking, permanent deformation,
and thermal cracking effects.

Deacon(2) has carefully listed most of the material response variables as
might be included in evaluation for pavement design. The major variables in
Table 1 include: 1loading, environment, and mixtures. Kallas(3) presented the
primary mixture variables as including: aggregates, binder, water, voids, and

construction process. Although many of the variables included in Table 1 are
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probably reaching far beyond the intended scope os this discussion, they are at
least indicative of the many factors that should be included in current, as well
as future design processes. Table 2 shows a wide range of test confiqurations
which might be used to evaluate pavement material. Although the methods listed
in thié Table are primarily aimed at the properties of asphalt treated mixtures,

they may be employed with subgrade materials as well.

CONVENTIONAL TESTS

These are the routine strength and deformation tests and are listed as

follows:
i) Plate Loading Test
ii) Triaxial Test
jii) California Bearing Ratio Test (CBR)
iv) Stabilometer and Cohesiometer (R value)
v) Bituminous Mixtures (S value)
vi) Modulus of Rupture
vii) Indirect Tensile

viii) Marshall Stability
A detailed description of these tests is given by Yoder and Witczak(4), Chapter
8, Page 244-261.

The requirements for testing and evaluating of materials properties for the
AASHO Interim Guide procedure, the Asphalt Institute Method, the State of
California Method and Shell Method basically require only the use of currently
standard procedures. The AASHO Interim Guide(5) is not based on laboratory
results but, rather, has been developed from the AASHO road test and since has
been modified through other experiences. The only material property concerned
in this method is that of the soil support value S. In addition, material co-
efficients were developed for use in the thickness equation which indicated

relative strengths of each material in the form of equivalencies. These values
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may be adjusted from those suggested based on testing local materials. Standard
methods such as R-value, S-value, CBR, and others may be used for such purposes.

In the State of California (or Hveem) Method(6), the material tests are
primarjly related to the Hveem stabilometer and the cohesiometer. The R-value,
as measured by the stabilometer, is the only requirement for the subgrade
material. The design procedure also utilizes the tensile strength of various
paving materials and these values have been determined using the cohesiometer
and have since been modified into the gravel equivalent factor Gg. The third
factor of note in this method is the expansion of the subgrade material.

The Asphalt Institute Method{7) does not require any tests for the asphalt
treated material, although it is assumed that all of these materials meet cer-
tain minimum standards for design. The subgrade strength values may be de-
termined by using either the CBR or the R value. |

Similarly, for the Shell Design Method(8), all that is needed with respect
to the materials, is an estimate or a measure of the CBR value from which an

estimation of the elastic modulus is obtained.

NON-CONVENTIONAL TESTS

Although conventional tests are still currently useful, they may have
1imitations for newer materials, thick lifts, or special loadings. However,
certain correlations of these and other values have been developed which may
be useful in the interim period while more direct methods are being developed
and standardized.

Some tests that have been used to define input parameters for layered

theory solutions are listed as follows:
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i) Resilient Modulus, MR’ for soils and some treated materials,

i) Dynamic modulus from either triaxial or uniaxial tests

iti)  Stiffness modulus from either flexural tests or nomographs

based on standard tests

iv) Correlation with other tests.

In addition to obtaining material parameters for structural analysis,
many of these newer test methods are suitable for design 1ife predictions in-
cluding fatigue and permanent deformation due to traffic.

Although the more recently developed Shell Method of structural design
incorporates features which are intended to minimize two distress mechanisms
(fatigue in the asphalt bound Tayers and rutting of the subgrade) the proced-
ure is still based on assumed materials properties or at best, properties of
the subgrade. As Monismith has suggested in his paper(9), when we tend to
get more sophisticated in the area of preventing particular mechanisms of
failure or distress, we must become more aware of the actual properties of
the various materials within the section in order to develop a suitable
model. As the engineer is required to change his design procedure to accom-

modate new materials, he must begin to look more carefully at the properties
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of individual layers within the structural system. In order to character-
ize a particular structural section which might include two or more materials,
several thicknesses of a variety of loads and environments, a careful study
of thé individual materials properties must be made. In recent years, as
newer theoretical analysis techniques have become available, which include
elastic layered or viscoelastic layered systems, it has become increasingly
evident that better tests or estfmation procedures must be provided to
characterize the material layers within the pavement. In other words, the
theoretical aspects of pavement design have progressed somewhat further than
our ability to provide suitable numbers or parameters for computational pur-
poses. As can be noted from Tables 1 and 2, a vériety of test procedures
for a range of loads, stress-strain measurements, size and shape of speci-
mens, etc., can become Titerally infinite. It has been recognized in recent
years that there may be three basic modes of stress which the pavement
engineer attempts to minimize; these are: (1) load associated fracture or
fatigue (2) distortion or permanent deformation (5) fracture resulting from
non-traffic-associated factors. The following discussion will include a
brief description of the required apparatus and brocedures for obtaining
suitable design parameters appropriate for use with the first of these two
subsystems.

Although materials properties that could be considered might include
elastic, non-elastic, linearly elastic, viscoelastic, etc., this discussion
will be 1imited to the elastic system; as this approach can now be utilized
by the practicing engineer. The elastic layer system can be utilized most
effectively to predict behavior rather than failure. Therefore, suitable

parameters used in the elastic layer theory would tend to indicate more
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the behavior under moving wheel loads ratﬁer than an ultimate or "worst
case" failure conditions. Accordingly, since the thick-1ift technology
concept is basically a two-layer system consisting of untreated subgrade
and the asphalt treated layer; the following discussion will be broken

down into these categories.

SUBGRADE OR UNTREATED SOILS(]O)

Two basic properties of the soil or subgrade need be determined. These
are: (1) the resilient modulus, MR’ which is analogous to Young's Modulus
in the theory of elasticity and, (2) Poisson's ratio, which is also required
for use in calculations. The modulus of soils can be determined basically
in two ways: (1) directly by laboratory or field tests, (2) an estimate

or correlation with other more conventional test methods.

Modulus Tests

The most suitable test for soil materials appears to be repeated load
triaxial tests. Monismith has defined the resilient modulus and has indicated
that for unbound materials it is stress dependent. Figure 1 ii1ustrates a
typical setupe]vfor repeated load triaxial testing of soils. Although a tri-
axial test system may vary from unit to unit, the basic system should include
at least the following features: (1) a large triaxial cell suitable for
specimens up to 6" in diameter, (2} a loading system capable of providing a
range of static and/or dynamic stress levels which is activated by a hydrau-
Tic system, an electrohydraulic system, or is mechanically controlled, (3)

a timing device which permits some adjustment of the frequency and duration
of load, and {4) suitable readout equipment for the type of deformation

monitoring devices which are to be incorporated. Figure 2 shows at least
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one arrangement of the triaxial cell itse1f02)indicating the position of
the specimen within the cell, the arrangement of the load cell on top of
the specimen, as well as the response measuring device which happens to
be LVDT's clamped directly to the specimen. Two methods of measuring
deformation of the specimen under repeated stress conditions appear to be
most suitable at this time. The first of these utilizes a dial gage attached
to the load piston on the outside of the triaxial cell, as shown in Figure 3.
Although this approach provides a visual measurement of deformation, the
indicated values actually include several sources of error, such as the
effects of the interface between the specimen, end plates, porous stones,
load cell, and the actual loading piston. Therefore, somewhat high values
of deformation may result in lower resilient modulus values. Another approach
utilizes dual LVDT's clamped directly to the specimen, providing a means of
measuring the deformation over'approximate1y the middle one-half portion of
the specimen. When the specimen is subjected to dynamic loading, the deforma-
tion measured is more likely to be representative of that actually felt by
the specimen. However, it must be recognized that considerable caution and
extreme care must be exercised when incorporating these devices so as not to
build in unknown errors that might be troublesome to evaluate. |

Laboratory prepared samples should be selected in accordance with the
expected field conditions. Specimens 4" in diameter by 8" high are often
recommended as suitable for subgrade testing. Typically, compaction proce-
dures may be selected from any one of normally used approaches including stan-
dard impact, gyratory, kneading or static compaction. The compaction method
selected should be compatible with the field conditions and the moisture con-

tent or the moisture density relationships should be recognized in much
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the same way as compaction curves are developed for standard compaction
construction control. The actual resilient modulus of subgrade materials
may be far more dependent on factors such as soil suction rather than moist-
ure content itself. Consequently, it may be appropriate to provide for test-
ing of the soil suction value in conjunction with resilient modulus tests in

order to provide a better relationship for the effect of moisture on a modulus.

The actual testing procedure may consist of applying a series of verti-
cal stresses (o) in a repeated mode and a range of confining pressure (o3}
which is in the approximate range of those stresses expected in the field.
In the triaxial test system a verticé] stress is often designated in terms
of the deviator stress (ad) or where g4 = 0,-05. Although the type of load-
ing can be varied almost infinitely, Monismith(9), a common prac-
tice in recent test procedures has been to apply a near square wave repeated
deviator stress for 0.1 sec. with approximately a two or three second rest
period between load applications. For most applications o; may be held
constant while the vertical stress is repeatedly applied. However, more
sophisticated test systems may provide the capability of also cycling o,
at the same time the vertical stress is cycled, thus more realistically
representing in-situ field load conditions.

Depending upon the type of subgrade material being tested, the results
may differ somewhat in their appearance when plotted as stress vs. modulus.
For example, Figure 5 shows results of testing a clay subgrade material.
Note that the resilient modulus is primarily dependent on the vertical applied
stress and is virtually independent of the confining pressure. Figure 6,
however, which is the result of testing a granular material, thows that the

resilient modulus is almost wholly dependent on confining pressure,
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Considering the foregoing discussion, one soon becomes aware that a
sihg1e resilient modulus value for a particular soil is essentially non-
existent. When analyzing a particular layered system for design, one nmust
be somewhat aware of stress levels within the structure in order to judici-
ously determine a reasonable value for modulus. The design process, then,

becomes a combination of stress analysis and materials characterization.

Correlation with Other Tests

From time to time, researchers have attempted to correlate the dynamic
or elastic properties of soil materials with other standard or more conven-
tional test procedures. One such approach as discussed by Monismith in rela-
tionship to the Shell method of design compares the subgrade modulus E; and

the CBR value. This relation developed from field tests is:

£, = 1500 x CBR {psi)

Since many of the early tabulated computations were developed assuming that
Poisson's ratio was 0.5, the design charts were limited to these values. How-
ever, as more laboratory testing on subgrade materials has been accomplished,
actual test values of Poisson's ratio have been added to ou; store of know-
ledge and it now becomes much easier to establish reasonable values. If
actual testing utilizing lateral LVDT's in the triaxial test are not available,
values ranging from approximately 0.30 to 0.50 can be used for the structural
computations in the layered system.

Other more generalized correlations of seQeral test procedures have been
summarized by the Portland Cement Association and is shown in Figure 7. 1In
situations where laboratory testing is not pract.cable, the engineer might
indirectly select an appropriate modulus for the subgrade from other known

test data.
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ASPHALT TREATED MATERIALS (10)

For the purposes of this discussion, the materials considered are
lTimited to those normally called asphalt concrete or asphalt treated base.
A]thoﬁgh other asphalt treated materials, such as emulsion treated mixtures,
cutbacks, or combinations of these are part of the total asphalt structural
section; they are not considered directly in this discussior. However, the
techniques discussed are applicable to most pavement materials.

Laboratory procedures for the asphalt treated materials are somewhat
similar for soils. However, stightly wider ranges of stresses test configura-
tions, specimen types and measurement systems can be incorporated more success-
fully. In addition to the usual stress considerafions, temperature also
becomes an important factor. In recent years, as the newer design techniques
required better and better evaluation of materials properties, many types of
apparatus were developed at various research institutions. Most testing has
centered around two basic approaches;: (1) axial loading devices which were
utilized to measure the dynamic stiffness or modulus as well as in some
instances fatigue properties, and (2) dynamic flexural tests which generally

utilized the beam principle with variations.

Specimen Preparation

Specimen preparation including the mixing and compaction of specimens
for subsequent testing is not sUfficiently different from the standard proced-
ures to warrant an extensive discussion here. Basically, specimen shapes or
types can be broken down into three categories: (1) cylindrical, (2} beams,
and (3) plates or slabs. Cylindrical specimens may be compacted utilizing

any one of the techniques discussed under the subyrade which include: kneading
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compaction, static, dynamic or combinations of these. Kneading compaction
has been used very successfully for both cylinders and beams since the same
machinery can be adapted to fabricate either of these types. In fact, it
appeafs that the procedure for fabrication of asphalt concrete beams may
soon become as ASTM standard. Other methods such as the Texas gyratory
machine or compactor have been suggested as potentially useful devices since
they are able to provide compaction as well as density control and some
indication of their strength simultaneously.

Both beam and cylindrical specimens lend themselves well to field samp-
ling. Coring méchines and diamond saws have been used very successfully in
obtaining large field-compacted specimens for subsequent testing in the
laboratory. This approach may be very useful when it becomes desirable to
compare either laboratory and field-prepared specimens or to obtain an indi-

cation of field behavior or performance.

Triaxial and Uniaxial Tests

Asphalt concrete or asphalt treated base specimens may be tested in the
axial or triaxial mode and the test results can be used dirgct]y to obtain
resilient or dynamic modulus, Poisson's ratio, and other design-oriented
parameters which are in turn incorporated in layered system analysis. Direct
axial loading, either compression or tension, is perhaps the simplest method
of testing. Generally however, to get meaningful values for design, and in
order to account for the time factors, the equipment should be capable of
handling a variey of dynamic loads. The actual test can be used for fracture
measurements as well as fatigue, creep, and modulus determination. In addi-

tion, temperature control must be provided.



Although many examples of direct axial testing could be considered,
discussion here will be limited to several appearing to be representative.
Perhaps one of the more direct approaches has been investigated by Ka11as,(]3)
of the Asphalt Institute, and is shown in Figure 8. This procedure uses a
cylindrical specimen and either a core or laboratory prepared specimen.’
Stress was limited to the compression or compression-tension stress reversals.
The resulting response was measured directly by two axially-oriented strain
gages as shown in the figure.

Another approach as discussed by Raithby and Sterlingﬂ4)from the Road
Research Laboratory, utilizes a sawed parallelepiped specimen, also loaded
in the axial direction as indicated in Figure 9. The axial stress can be
applied either in tension or compression by means of the metal end plates
which are cemented to either end of the specimen and attached directly to
the loading machine. Response to the load is in this instance measured by
four LVDT's attached to the end plates of the machine. Various sizes and
shapes of specimens may be used in the direct axial test, another of which

(Carre™) .nd which also shows a slightly differ-

is illustrated in Figure 10,
ent arrangement for attaching the end plates. These end plates are glued
directly to the asphalt concrete specimen and also connect by a mechanical
device to a loading machine. Usually in tests such as these the applied
load is monitored by a load cell attached directly to the end cap on the
specimen so that the effect of slack in the loading system is minimized.
Although some researchers have found it expedient to use the axial test
others have felt that providing a triaxial test configuration was more real-

istic in that many materials may be dependent both on axial and lateral

stresses. In this approach one would note that a more realistic stress path
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under a moving wheel load can be achieved with a dynamic triaxial testing
arrangement. A typical test might include conditioning a specimen under

a given range of stresses to obtain a modulus and Poisson's ratio. This
test could then be followed by a static test to failure to obtain the ¢

and ¢ value as similar to that used in soil mechanics for shear strength
criteria. Figure 11 shows a total testing system using a triaxial cell

for characterizing pavement materials such as asphalt concrete and asphalt
treated base. A basic system includes, in addition to the triaxial cell
itself and its appurtinent loading devices, some arrangement for temperature
control and accurate readout of the response to stress. In this apparatus
the triaxial cell shown in Fig. 12 is capable of applying a wide range of
vertical dynamic stress as well as a repeated load confining pressure similar
to that experienced under a moving wheel load in the pavement structure.
Thus very realistic stress paths may be developed in any of the 4" diameter
by 8" high specimens. Temperature can be controlled very accurately to
obtain a range of temperature dependent parameters within the material.
Readout of test measureﬁgnts can be provided in either analog form using a
strip chart recorder or oscillograph. In some systems the actual response
of the specimens may be digitized and may be analyzed directly while the
test is under way.

Note item No. 2 in Fig. 12 are strain gages attached directly to the
asphalt concrete specimen. The gages can be attached both axially and later-
ally to obtain modulus and Poisson's ratio values. Some researchers have
found that with competent material such as asphalt concrete it may be more
desirable to use strain gages rather than the LVDT's clamped to the specimen
as shown in Fig. 4 as for soils. High modulus materials under very low

stresses show very little strain response. C{onsequently, results obtained
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from clamped to the specimen may be difficult to evaluate under these con-
ditions. Therefore, it is suggested that strain gages be utilized where

possible and that the LVDT arrangement be limited to softer or less competent
mater%als where strain gages are impractical. Figure 13 shows a close-up

view of a strain gage which has been cemented directly to an asphalt concrete
specimen. Note that care must be excercised to avoid'using strain gages too
small for the aggregate in the mix. Stress concentration and distortions

may result if the gage is located near a large aggregate particle. Ideally,

the gage should reach over a considerable length (at least 2" for an 8" specimen)
of the specimen to average out these effects.

Figure 14 shows a sketch of the typical 1oading and control arrangement

for both o1 and o; stress application. Figure 15 indicates at least one
arrangement for controlling temperatures during testing of asphalt treated
materials. Generally, when asphalt treated materials are being evaluated,
a modulus can be determined at several temperatures to establish the tempera-
ture susceptibility of these materials. One of the advantages of using lower
(but representative) stress levels in repeated-load triaxial tésting is that
a single specimen can be used to measure the modulus over a range of stresses
and temperatures without destroying the specimen or distorting the data.

Variations of the triaxial test system have been developed by researchers
for a variety of pavement materials. Figure 16 shows the apparatus developed
and reported by Shackel (]S)in Australia. 1In this test system, considerable
effort was expended in developing a complex stress application procedure
which more dire;t1y simulates the in-place situation. Both soils and other
treated materials can be tested successfully wit™ this hydro-mechanical

device.
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As might be expected, with any of these triaxial testing devices, no
single vaiue of modulus or Poisson's ratio is obtainable. The results will
depend upon the many factors of stress, rate of loading, temperature, and
others. Figure 17 shows the results of a typical test for asphalt concrete.
As can be noted in the figure the dependency of resilient modulus on lateral
pressure is almost negligible. However, the deviator stress or the applied
vertical stress makes considerable difference in modulus. In the figure a
range of about 120,000 psi in modulus exists when the deviator stress ranges
between 5 and 40 psi. In addition to stress, temperature has a considerable
effect as indicated in Figure 18(43)where the resilient modulus and Poisson's
ratio measured over a range of tempefatures which would be expected in a

pavement and for a given state of stress and time of loading.

Flexural Tests

It would appear that the flexural tests might be more suitable for asphalt
bound layers in the pavement system since it may more realistically tend to
represent the state of stress experienced in the field. Several approaches
have been utilized to similate field conditions in past research projects.

In addition, several researchers have attempted to relate or correlate the
results of modulus measurements using both flexural and triaxial dynamic

test methods.(]7)(18).

In general, it would appear that these modulus values
would differ by approximately a factor of two or three. In the axial or
triaxial Toad, streéses are normally either compression or tension at any

one time, while in the flexural test, extreme fiber stress varies from com-
pression at the top to the tension at tﬂe bottom. In general, it has been

shown that the modulus measured either in compression or tension does not

vary substantially.
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Flexural specimens generally vary in both size and shape as well as
in cross-sectional area and length, depending upon the testing apparatus
being used. In many instances, the specimen may be rectilinear in shape,
but iﬁ others, circular or prismatic specimens have been used which have
been used which have been "necked down" to provide a known plane of failure.
Others have included cantilever beams of varied cross-section, resulting
in a trapezoidal shape which provides a constant bending moment throughout
the length of the specimen. All of these procedures seem to give similar
results; again prebably within a factor of two or thrée. One limitation
of the flexural test procedure, however, is that very soft materials cannot
be tested because of the Tack of integrity so that they may fail under their
own deadweight. 1In addition, Poisson's ratio is more difficult to measure.
One of the earlier methods reported to this association in 1961 by
 Monismith, et al, utilized beams in repeated flexure resting on a continuous

(12)

bed of springs. A diagram of this apparatus is shown in Figure 19,
which uses beams 2" deep by 3" side and 12" long. Later work at the University
of California and a modification of the apparatus initially developed by

(20)

Deacon and later modi%ied by others at the University of California, is
i]lustrated(Z])in Figure 20. This machine utilizes specimens 1%" square
in cross-section and approximately 15" long. The beam is simply supported
at the ends and is loaded at the third points so that a constant bending
moment is developed between the load points. Repeated loads are applied
by a Bellofram type loading piston as shown in the bottom of the photo.
Deformation is monitored by an LVDT which is attached to the side of the

specimen so that total deflection is measured with each repetiticn of load.

In order to simulate an elastic subgrade, the specimen is returned to its
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original horizontal position at the conclusion of each loading pulse.
Similar devices have been used by others such as the Asphalt Institute
and Chevron Research Corporation.

Another approach incorporating a rectilinear beam has been developed
by Majidzadeh, et al, at Ohio State University. Although a different load-
ing device was used, a specimen arrangement is shown in Figure 21. In this
case, it would appear that the beam could be analyzed as a beam on an elastic
foundation. A 3xy,by 24" long asphalt concrete specimen overlies a soft
rubber base which in turn overlies a rigid base. A repeated load is applied
at the center point of the beam.

A variation of the beam test in repeated flexure has been used by

(22

Saunier )of the Shell-Berre Laboratories in France. This test is a canti-
lever beam held rigidly at one end and loaded repeatedly at the other end.
The beam itself, rather than being rectilinear, is trapesoidal in shape, so
that the resulting bending moment is constant albng the length of the beam.
Failure can theoretically occur at any point in the beam. Figure 22 illus-
trates one of the sawed beam samples with the two special end éaps. The
whole beam assembly is immersed in a fluid so that a constant temperature

is provided through the duration of the test,

Stil1l another device has been developed at the University of Nottingham
by Pell and Tay]or.(23) In this case, as shown in Fig. 23, the beam has
been “necked down" at the center to a smaller diameter than the ends, which
are connected to the loading mechanism of the testing machine. The circular
specimen then spins about its linear axis while the load is applied at the

top of the specimen so that at all times the beam is stressed in a canti-

lever fashion. Any one point on the specimen is repeatedly reversed from
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compression to tension throughout the duration of the test. Also, the
specimen is submerged in water for accurate stiffness and fatigue deter-
mination over a range of appropriately controlled temperatures.

fhe flexural test has been used primarily to measure the stiffness
or modulus of asphalt mixtures as well as fatigue life under large numbers
of repeated loads. Figure 24 shows an experimentally determined relation-
ship between the average stiffness modulus (calculated using the center
deflection of the specimen at the first load application) and the extreme
fiber bending stress.(24) Also to be noted from this'figure is that the
stiffness modulus is a function of stress level in a manner similar to that
shown as for the triaxial state condition. Al of the flexural beam tests
give very similar results with respect to stiffness for a variety of asphalt-
bound materials. Interpretation of test results may vary from system to
system however, with judicious attention paid to test configuration, beam
size and relationship of beam size to aggregate size. Very similar results,
at least within a factor of two or three, can generally be measured. Kallas
and Kingham(zsjat the Asphalt Institute have recently conducted a large
series of repeated load Beam tests in fatigue and found considerably less
scatter when larger beams (3" sq. in cross-section) are used rather than
those of smaller dimensions. The scatter reduces the error considerably
when interpreting the test results in terms of design life. In the advent
of utilizing larger aggregates in asphalt treated base courses it may become

necessary or at least desirable, to use larger beams for these tests, thereby

requiring an adaptation of existing testing machines.

OTHER TEST METHODS
The test procedures briefly described above, generally incorporate

stresses, strains, and deformations in the same order of magnitude as those
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experienced in the field. In the interest of simplicity and expediency
it may be desirable to evaluate asphalt bound materials using indirect
procedures which may give moduli or other parameters.as measured from

indiréct test methods. For example, sonic tests such as those used by

(26) (27,28)

Goetz and others require superpositioning shifts of data to reduce

the modulus to periods similar to those existing in pavement. A recent

paper by Stephenson and Manke(zg)

shows results of ultrasonic moduli testing
of asphalt concrete with the general conclusion that the range of modulus
values measured was appropriate with respect to a ranée of temperatures and
other mix properties. However, they were somewhat higher than those expected
under realistic field loading. Figure 25 shows the general test arrangement
while Fig. 26 includes typical results. Of considerable importance in this
sort of testing is the difficulty in making certain that the measured funda-
mental frequency of the system is not really a harmonic. In order to make
certain of this, moduli must be determined over a wide range of temperatures,
which may be impractical in the normal laboratory situation. There is some
discrepancy in the literature regarding the sensitivity of the sonic modulus
test to determine the difference between asphalt mixes with varying viscosity

(26) (28)

or amount of asphalt. The work of Goetz

or Blaine and Burlot tend to

indicate a general insensitivity while Shook and Ka11as(30)

using lower fre-
quency dynamic tests found this to not be the case. The data shown in Fig. 26
as developed by Stephenson and Manke, however, shows a definite decrease 1in
modulus with temperature, and apparent difference with regard to the asphalt
content. To date, it has not been demonstrated that these values can be

effectiveiy utilized in evaluating the materials or for incorporation in a

multi-layered elastic system for structural design.
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Schmidt(3])has recently reported on the development of an indirect
tensile testing device for measuring determination of the modulus of asphalt
bound materials. He calls this device the diametral resilient modulus device,
a photo which is shown in Fig. 27. This device uses a standard 4" diameter
by 2" high specimen fabricated using either the Marshall apparatus, the
Hveem kneading compactor or cores removed directly from the pavement. A
repeated load is applied across the diameter, placing the specimen in a state
of tensile stress along the vertical diameter. LVDT's can then measure the
lateral displacement of the specimen under this load. Schmidt has shown that

the modulus can be determined using the following equation:

£ = %_( y+ 0A2734 )
where E = elastic modulus
P = applied vertical load
t = thickness of specimen
v = Poisson's ratio, and
A= 1ater§1 deformation as measured by the LVDT's

Although this device has seen limited use to date, it shows considerable
promise in providing a very simple yet suitable method of determining a resi-
lient modulus for design purposes. In addition, a device such as this or
similar to that developed at the University of Texas, Austin, could possibly

be used for fatigue evaluation.

CORRELATION WITH CONVENTIONAL TESTS
The tests discussed above, are necessarily somewhat specialized, and

therefore require considerable effort and equipment in order to effectively



evaluate the modulus or strength properties of paving materials. It viould

appear that a procedure whereby the engineer could correlate some of these

newly recognized engineering properties with more conventional or standard

tests‘wou1d be desirable. Several of these procedures have been adapted

for use in structural design in order to provide a means of estimating resi-

‘1ient modulus for computational purposes. The following brief discussion

of some of these approaches at least indicates that there is some potential

for correlation. However, there are limitations and these correlations

should be used for estimating only when actual test data are not available.
Nijboer(32)has suggested a method for predicting or estimating the

asphalt mixture stiffness {analogous to resilient modulus) as follows:

0 Marshall stability (kg)
60 C’

S Marshall flow (mm)

4 sec. (kg/em’)= 1.6

Nijboer noted that it was necessary to adjust the test temperature in such

a way that a loading time of 4 seconds will cause a response similar to the

actual combination of time and temperature on the road. In other words, he

recognized the validity gf the time-temperature superposition principle.
McLeod(33)a1so developed an estimating procedure for the asphalt mixture

stiffness as follows:

o Marshall stability (1bs)
S(psi) = 40 perahaTT Fiow {units of 0.0T in.)

He suggested that this stiffness relationship was valid for a range of mix-
tures.
3 (34) . . .
Finn, et al, working with data obtained from extracted cores of

emulsion treated base layers have deve]oped an expression relating the sand
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fraction of the aggregate and the penetration of the asphalt to the dynamic

modulus. This relationship is as follows:

Loge Mr (modulus x 107 %in. psi) = 1.86 - 0.016 {penetration, .01 in.)

+ 0.047 (density, pcf) + 2.58 (sand fraction of agg.)

R = 0.659 S.E. = 0.680
where: sand fraction = % passing No. 4, retained on No. 200, expressed
a decimal,
R = coefficient of correlation

S.E.

standard error of estimate

Shook and Ka11a5(3o)investigated the relationship between the flexural
modulus and several routine or standard tests including the Marshall stability,
Marshall flow value, Hveem stability, Hveem cohesiometer value, ultimate
tensile strength, elongation in direct tension, and elongation in indirect
tension or the split-tension test. Even though several corrections were
made in regard to air-voids in the specimens, no practical degree of correta-
tion was found between the resilient modulus and most of these other conven-
tional test values. However, fairly good correlations were obtained using
the results of the ultimate tensile strength or the Marshall stability/flow
ratio as related to the resilient modulus. These relationships are as

follows:

a) Log,, JE'| = 0.983861 + 0.00351866(U) - 0.052137(V)

R=10.744, S.E. = 0.284357

b) Log,, |E"| = -0.124262 + 1.25469(K) - 0.0616215(V)

R =0.900, S.E. =0.151416



where:

S.E.

Hadley, et

Al

ult. tensile strength (2"/min)(psi)

of

% air voids for modulus specimen - % air
voids for test specimen

Log,, Marshall stability {1bs)

100 x flow (.01")
dynamic modulus (@ 4 cps)(psi)
coefficient of multiple correlation

standard error of estimate

a],(35)1nvestigated possible correlations between the stiff-

ness or resilient modulus and Poisson's ratio determined for the indirect

tension test at

able acceptable

75°F and a standard beam test at 140°F. They found reason-

correlations for a general range of test conditions for (a)

the modulus of elasticity and cohesiometer values, and (b) Poisson's ratio

and stability as follows:

2

a) E=0.613 x 10° + 3.305 x 10°(C)
95% confidence limits = + 1.434 x 10°
b) v = 0.470 - 0.0047(S)
95% confidence Timits = + 0.184
where:
E = modulus of elasticity (psi)
= Poisson's ratio
S = Hveem stability
C = Hveem cohesiometer value

95% confidence 1imits = + 2{standard error of estimate}
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by van der Poel. These may be based on different viscosity relationships,
sources of the asphalt, or on other factors. Also, the asphalt content

as used in some of the Teaner asphalt treated bases may deviate somewhat
from those predicted by Hukelom and Klomp. Figure 29 shows theoretical
stiffness curves based on the nomograph, and superimposed on these are

the modulus values actually determined experimentally. Note that the three
asphalt contents indicated are relatively low as compared to asphalt con-
crete mixtures, and that temperature has less effect on the stiffness than
would be the case for higher asphalt contents, in which case the asphalt

played a larger role in the overall stiffness of the mixture.

DESIGN LIFE CONSIDERATIONS

Monismith, in this Symposium discussion has considered the design
thickness and the design life factors utilizing the conventional as well
as more theoretical design techniques. These include the use of materials
properties developed from laboratory procedures such as those discussed
above. As might be expected, considerable more work will be required to eval-
uate and standardize the suitable ranges of stresses, temperatures, times of
loading, and other factors which should be incorporated in the total design
procedure. Although materials characterization and experimental procedures
appear very complex, considerable progress has been made in recent years
and researchers are beginning to recognize the more important factors in the
total design system. Eventually, it would appear that the procedures will
become simplified as the sensitivity to various material parameters becomes
better known and some of them can be reduced or eliminated.

One or more of the tests described above may eventually be required in

the test system to evaluate properties of materials required in the three
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structural design subsystems discussed earlier. Each of these subsystems
may require a separate test or a combination of tests in order to characterize
the important properties. For example, the two fracture sybsystems appear
to be most readily tested in the tension mode, since the tensile strength-
plays a dominant role in the failure or distress mechanisms. Permanent
deformation or distortion may be best simulated by the triaxial type of test
where confining pressures similar to those experience in the field can be
accommodated and can result in realistic deformations. Associated with these
tests will be the development of meaningful criteria and limits for both
the testing procedure and the structural desjgn process.

Although the several tests and procedures discussed in this presentation
were not intended to be compiete, they at least represent some of the efforts
being made to better accommodate design procedures for all-asphalt or thick-

1ift construction.
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FIGURE 1 - CLOSE UP OF TRIAXIAL CELL AND CONTROL
PANEL FOR REPEATED-LOAD TEST SYSTEM
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FIGURE 3 - DIAL GAGE ARRANGEMENT FOR MEASURING

DEFORMATION ON QUTSIDE OF TRIAXIAL CELL



FIGURE 4 - CIRCUMFERENTIAL CLAMP AND LVDT's FOR

MEASURING AXIAL DEFORMATION UNDER REPEATED
LOADING. (35)
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FIGURE 8 - ASPHALT CONCRETE SPECIMEN WITH STRAIN
GAGES ATTACHED FOR DYNAMIC AXIAL COM-

PRESSION-TENSION TESTING (8)
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FIGURE 10 - ANOTHER ARRANGEMENT FOR AXIAL TESTING



FIGURE 11 - DYNAMIC TRIAXIAL TESTING SYSTEM
FOR CHARACTERIZATION OF PAVEMENT
MATERIALS
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STIFFNESS MEASUREMENTS IN CANTILEVER FLEXURE (17)

FIGURE 22 - SPECIAL TRAPEZOIDAL SPECIMEN FOR DYNAMIC
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ASPHALT TECHNOLPGY - CHEMICAL AND PHYSICAL CHARACTERISTICS

What is Asphalt

A. Where it comes from
B. Basic tests
1) Consistancy test
2} Safety test

3) Contractural test

C. Importance of Asphalt Remaining in a Liquid State

II. Standard Types of Asphalts Available and Terminology Used

A,
B.
C.

D.
E.

Asphalt Cements
Cutback Asphalts
Asphalt Emulsions

1., Slurry seals

2. Chip seals

Air Blown Asphalts
Mastics

ITI. Modified Asphalt Products

ooy

@

Epon-Asphalts for Bridge decking
Hot asphalt-rubber seal
Rubberized chip seals

Rubberized slurry seals

IV. Re-use of Asphalt Concrete and Use of In Place Materials

4

HiOO W

Misc,

Heater Remix
Complete Recycling-RMI process
Design Criteria

Emulsion Stabilization

Use of Lime

Base Material

V. Problems in Asphalt Concrete

gowr

As
As
As
As

caused by
caused by
caused by
caused by

*

climatic conditions when placed
daggregates

asphalt type and consistancy
climatic conditions during use life.

Notes prepared by Robert Dunning
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RHEOLOGIC BEHAVIOR OF ASPUALTS AND ASPHALT MIXTURES

Introduction

[nvestigations of the rheological or stiffness properties of asphalt and
asphaltic concrete have shown that they are time-of-loading and temperature
dependent and can be expected to act clastically for specific conditions.

For example, as long as the temperature and rate of loading do not vary markedly,
a'mixture of asphaltic concrete will act elastically up to approximately 0.1
percent strain. Thus, it is possible to analyze asphaltic mixtures according
to the theory of elasticity for a given situation as represented by the modulus
of elasticity or stiffness modulus. Methods have also been developed, or
carried over from related technical disciplines, which make it possible to
readily predict the stiffness modulus over a wide range of temperatures and
times of loading from a comparatively limited number of tests. There is not
complete unanimity as regards the applicability of treating asphaltic mixtures
as elastic or linear-viscoelastic materials; however, there appears to be a
strong consensus that this approach should be pursued as far as possible before

attempting to deal with this material by more complicated methods.
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Rackground
Rheology - study of flow of materials - Thus intcrested in relation
between stress and strain as a function of time. FKlasticity can be con-

sidered as a special case in rheolozy where the stress vs. strain charac-

teristic is time independent.

For an clastic material

0 = E+€ and T = G*Y
where: E - elastic modulus in tension or compression and © and € are
corresponding stress and strain.
and G - elastic modulus in sﬁear and T §nd vy are corresponding stress

and strain. '

For a viscous material

.de
dt

and T = ﬂ'dY

G:)L a-E

where: X\

viscous traction in tension or compression

rate of axial strain

1

T = viscosity in shear

dy . .
at = rate of shieser strain
For sn lsotropic elastic solid = G = §T1E:_E7

i = Polsson's ratio

For en incompressible fluid: M = 37
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In the case of viscous materials at least three types of flow possible,

These are illustrated in accompanying sketch.

II1

IT I - Newtconian
II - Non-newtonian

III ~ Dilstant

fh}
dy
dt
. . s . . ~ dv . ; .
Considering viscosity as a function of It viscosity will vary for the
vinee vypeEs of behavior as follcis
111
1

dy
Ii
Viscous behavior can be determined in a number of different ways, In
case of asphalts, common instrumehts now is use:
1. Capillary viscometer
2. Falling plunger viscometer

3. Sliding plate microviscometer
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Viscosity determined from results of capillary viscometer with aid of

Poliseuille's law:

Consider fluid flowing in capillary under laminar flow conditions;

2 “dv ¢
N dr
.
r \ t
1 2
Thus: v = sica” = C+t
8rq (constant)

Previously had indicated that T =

frictinal resistance between layers
of fluid proportional to velocity

gradient dv/dr
- l -io&e
-~ 8nv

B T
where v = m

and q

for a
particular
capillary

dy/dt; also approximately equal to

dv/dr which is used in many viscometer measurements. This can be shown

as follows:

dx —. T (@ velocity v)
/ 7
/ /
day .l.l" /
/ /
! /
/

Consider an elemenﬁ deformed in shear

d d dx
SV (same as z~ above) = © dt
dy dr —-a-y——
_aZ  dtamy oy
= = at dt

dt
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Can combine types of behavior described above to produce viscoelastic
behavior. One epproach is to consider material in terms of Hookean (linear)
springs and Newtonian dashpots - referred to as linear viscoelastic behavior.

This is purely a mechanistic approach, gives measure of performance at

phenomonological level not at microanalytical level,

Can be useful approach in considering behavior of materials where time

rate of lcading is a factor. In addition, should be emphasized that approach
is limited to small deformations and failure is not considered.

Various ways of representing simple linear behavior; consider first

%G - B

Maxwell body:

Tor stress applied to the system:

Note: T rather
{ than A used in )

E succeeding J “total = ®spring T “dasnpot * * (1)
discussion
1
and

“total = “spring = dashpot

differentiating eq. (1) w.r.t. time
ae _ s %%
dt - 4at dt

de 1 g '
a-E—-E-.a-E-I-an .."..............(2&)
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This equation can also be expressed in operator form.

d
Letp:a
1
pe:(%'FT‘)G.ooloeoc..ouuno-..o-:(gb)

Consider solution of eq. (2) for number of conditions:

l. Creep

for: o 00 = constant

1

R T I € )

This cen be visualized as follows:

a és
v}
o
—i
t t
€ A
L~ °. t - irrecoverable deformation
g m
O/E q
=
2. Relaxation
for: e = eo = constant
g =a e- % ¢ =0 e- % L
—— o - o L ] - L] L ] L] - -* L ] L ] - L] - - L ] - . L] ( )

where T =

mi=3

= relaxation time
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€3
€

0

» b
g4
— 3—- = T represents time
| S E E
o o required for initial

stress to decrease to

\\\\‘\‘H“hh‘h_ value 0o/e

Y

3. Constant Rate-of-Strain

a

fno T = &
T constant °

q-_--rEz-so[l-e't/"] R )

€, large

€ small
o
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Dynamic Vibratory Test

For response to simple harmonic stress

¢ =g, cos ot {( w = angular frequency )}
S=e°'Sin(u,t--¢) ioooooonoouoocooo(6)
g 1
.o 2.2 .3
where ¢ = Tor (1+wT )

{ termed phase angle )

= wt
e
Can also use rotating vector representation to visualize:
4 stress vectoﬁ, S,
- <fi¥#,,,-elastic camponent of strain vector
\ (in phase)
=i @ =% strain vector, €
/ - °
- —
= -
i o
- !

" — i )

< - !

viscous component of strain vector (90° out of phase)

Can also consider complex modulus, E*



ao Eart
E#] = — = ~ .--oollil""(T)
o (1 + s )?

real part of camplex modulus or storage modulus

22 '
COS¢ = E"‘U)_T—g"é‘ e 8 & & ® & ® % & e (8)
l +uwT '

E' = ¥

(stress divided by component of strain in phase with stress)

loss modulus:

" . Eur
E = IE*I Sln¢ = _""_"""2—"5 e e s & 3 4 o e 8 (9)
l+wT

(stress divided by component of strain 900 out of phase with stress)

Another convenient way of representing responses is through use of

~ operators (already shown on p. 5)

“3:(21'-;\3
» E n’
pEe=(p+%)°
or po = QE€
and O = % E+€ = E ¢ }

(note similarity to elasticity)
(analogous to Van der Poel's Stiffness)
Above equations cover several types of responses that will be encountered.

Consider next Kelvin or Voight element:

% otal = Tspring * Casshpot * * * * + + +  (19)

E= 1
3 =& = €
spring dashpot total
J ThusozE'€+Tl%-%...-...-..(ll)
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For ¢ = 0_ (creep); solution of equation (11) is:

a
e:—g(l-et/T).................(12)
E
where: T = %— and in this case is called the retardation time.
g )
a
o
=t
4 g le of
¢ - example
3 retarded elastic
behavior
Fou ¢

Can also write equation (12) as:

§ = Jo_ (1- e-_t/T ) ¢t e e e e e e e s e e (23)

where: J

ccempliance and in this case

(and only in this case) equals % .

Generally, engineering materials cannot be represented by either of
these simple elements. Must consider various combinations of simple
elements in series and parallel arrays to simulate behavior of real materials,

One possible combination using both the Maxwell and Kelvin elements is

shown in the accompanying sketch, termed a four element (or Burgers) model.
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Response to creep load O = Uo

t
9% % T 9%
8=——+—-—-[l-e ]+ 't ¢ & @ (lh)
B B Ty
Can be visualized:
4
41
o
0
- b
€
3
ao/EQJ,
a /S
O/El‘r A’Qt

Should be noted at this point that number of arrangements of‘eleménts
can be obtained which are equivalent to each other. The E's and the Tj's
will have different values but the overall behavior under time-dependent
loading will be the same. Which configuration is chosen depends on which
will permit easiest solution of differential equation for particular

problem,
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Can note the following:

Ldd Lot -

il
If

® ©

This type of approach can be extended to include finite or infinite
number of elements. With the advent of the computer no advantage in
considering finite number of elements; much better to work with generalized
distributions. Models help to visualize generalized behavior, however,

htel Ly A P 3 s P T I N, - - T S T S ~
ol ﬁcﬁer&lJ.Zl:u cAPresiicie J.cl&.u:.ina StL‘GSQ, straiin and viwd n

Tollow Jrom
simpler representations. For creep, convenient to consider generalized

Kelvin model with a spring and dashpot in series.

Yl

)
’
4
[ ]
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where Jo corresponds to compliance of free spring and ﬂo {0 viscosity
of free dashpot, J0 allows for discrete contribution with T = O; sometimes

termed the glassy compliance. May be inaccessible experimentsally - however

presence must be inferred otherwise instantaneous deformation would require
infinite stress,
. For relaxation,

generalized Maxwell model convenient:

- t/T
Ae) - g(e) = [ gy(me /dT+Ee............. (16)
o o Cr’/,)(
allows for finite stress at long time.

Can also develop information for constant rate-of-strain and vibratory
tests and develop, for example, from vibratory tests can develop either
canplex modulus or compliance.

By examining generalized expressions such as eq. (15) ard (165, can be
noted:

J{t) —> J, as t —> 0

J(t)—-—)% as t —>
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J* o Jo as @ ——> o

O L as w —> 0

*
J il

Thus if J{t) is plotted against time, and on the same graph lJ*l is
plotted against é, both curves will coincide for short times and again
at long times; they may, however, differ in between.

E(t) —> 3%57 as t —>» 0 or t —>»

Again at intermediate times E(t) £ exactly ET%S“ for the generalized
representation.

Eff'ects of Temperature

Effects of temperature on viscﬁelastic behavior.of materials inferred
empirically originally. 1In 1953 P. E. Rousa* presented a theory wh;ch
Mlplaced temperature dependence of viscoelastic properties on a more sound
theoretical basis, ' |

Essentially it is assumed that time and temperature are interchangeable
for linear viscoelastic materials, {verified many times experimentally)

As will be seen in the following discussion, a dimensionless factor

t
8 =L

T -t-'o- L R e I N e T N B S * » « ° » s = (17)

where: tT is the time required to observe some phencmenon at . temperature T,
and to is the time required to cbserve the same Phenomenon at a reference

temperature To'

* See: Ferry, J. D., Viscoelastic Properties of Polymers, New York: John
Wiley and Sons, 1961,
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Consider the following: (assume that E(t) can be measured within a

certain time range at different temperatures)

: o]
' |
<T, 6 <7
| | T R
E(t) :_\

:

S [ S

[

log t

Through the use of the concept of irterchangeability of time and tempera-
w ture can shift all of the curves to the reference temperature (eg. To) and

develon a master curve of ®{t) aovering many decades of tima,

o]
I---n.~..,‘| master curve at

: | | ref. temp. to
E(t) . — T,
) | |

¥

log t/aT (reduced time)
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With the master curve at a particular temperature it is also necessary
to have a plot of the shift factor aT s a function of temperature. (that
i3 the magnitude required to shift a curve at temperature T to refercnce

temperature T So that the curves will match)

A

1,0

To

- Strictly speaking in the previous case, E{t) in the reduced curve. should
T
Tp
(density) changes little with temperature (at least for range of practical

~ . er o~ o e o , T TV -
als5u ve mdlivipliied by the facior « oOlllCe, hOHt:'Vt:r, 1 48 10 K, anu p

consideration in asphalt paving technology) this has been cmitted.

For uncrosslinked polymers {e.g. asphalt might be considered in this

!

category)
T p

o 0

T T 5

Q

a

Thus if temperature dependence of viscosity is knownt, not necessary to
obtain qT empirically by shifting graphically as described above.

The type of approach described above has been used by:Van dér Poel
(see ref. 1 £ 18.) to develop a comparatively simple means for character-
- 1zing the effects of time and temperature on the behavior of asphalts over

a wide time scale and large temperature range,
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For this approach Ven der Poel introcduced concept of stiffness:

g
T (at a particular time and temperature)

I

i+e S

H

tensile stress/total strain

To measure ctiffness of asphalt Van der Poel used crcep and vibratory

tests.

From creep tests, static stiffness obtained:

1)

S, =% ( € a function of time)

From vibratory tests, dynamic stiffness cobtained:

o
Sy = 5 vhere:

{ c

€

o sim wt }

¢ sin (at - @)
For practical purposes Van der Poel noted that time and frequency are

interchangeable and one could plot;

—— ’/—"Sd

greatest difference
404 of value of S

Y

t or 1/w

When material is elastic, S = E

" " " pu.rel:{ ViSCOL’lS, %%‘ = % a & » & el = @ o.- . o @ (20)
and A = 37|
For static experiment (creep)

S = %B (i-e. stiffness proporticnal to time of loading
for viscous material)
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For dynamic experiment (vibratory loading)
A€ weos (wt - ¢) = & sin wt
(obtained by substituting egq. 18 and 19 in 20.)
This condition is satisfied if;
w

ASw=0and ¢ = 5

S« S = 3Mw ; which corresponds to § = %B

when é substituted for t.

10° —
\\\\\‘\\\\ °c R and B temp 66°C
103 \x \ : Pelse = = 203
NE ‘\\\\\\\\ \\N
% 10° |— AN \ AN ER o
T - $\ : \\\\ ‘\\ Dependence of stiffness
w10 \\\\\\\\\\‘ \\ \\;\i; on time of loading
\\\\ \\\\ \\\ . at various temperatures
1 for asphalt if low P.I.
10°+ hﬁ\\\\\gé\\ 2 (after Yan der Poel)
10" 103102100 1.0 10 102 103 10
t or 1/w

:
{
Referring to Van der Poel's data (figure on previous page), curves can

be shifted to obtain a "master" curve.

S=f{-log:—+/f(T)}
o

where to = some constant with time dimension and ¢ and)zrare

empirical functions.

Van der Poel also noted that one could plot stiffness vs T T

R and B ~

(where TR and p - Fing end ball softening pt. temp.)
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As with log penetration vs TR and B—T, curves for asphalt with same P.T.

coincide.

. t
e S =1% { - log ¢ ¢ c P (TR and'B“T) }
¢

and to’ ¢, ¥, and £ depend solely on fheological character of asphalt.

He also found that it was possible to use same ¥ by choosing C as a
fuﬂction of Theologic type of asphalt (in this case the P.I.). The Nomograph
for stiffness resulted from these considerations.

validity of stiffness nomograph checked, e.g. by use of rotating cylinder

viscometer.
_‘? . 45°

meas. Ny

e . deviations seldom

>~ S exceeded a tactor ofr 2.
nomograph

This difference of 2 in stiffness, Van der Poel notes, corresponds to
temperature difference 0f_2°. In general, he noted feirly good correlation
from lOOOC above to 20000 below R and B temperature.

On nomograph note that:
(1) at low temperatures S —>» 3x 10% N/m2

(2) viscosity point indicated at t = 3 seconds

(s=3";

y ?
(3) also note that 1 N sec/m2 = 10 poises

when t = 3, Js} = |7])

van der Poel concluded from his study that:
1, Stiffness modulus depends on:
{(a) time of loading or frequency

(b) temperature
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(¢} hardness of asphalt
(a) rheologic type of asphalt
2. Hardness of asphalt can be completely characterized by ring
and ball temperature and rheologic type by penetration index
(p.1.).
3. At low temperatures all asphalts behave elastically with
$ =3x 10%° dynes/cme.
(while not discussed herein)
b, pPenetration corresponds to stiffness @ 0.4 sec.
5. Frass test is essentially an equistiffness test and gives

9

temperature at which § = 1.1 x 10 dynes/cm2 2 11 sec.

TRANSITION FROM VISCOELASTIC TO GLASSY (ELASTIC) STATE

By cooling material (polymer) and measuring specific volume, following

vype of relationship cbtained;

Specific

Volume

Temperature termed
glass transition

P temperature
g

y .~ N

Temperature

In the glassy region (for amorphous polymers) time effects are not very

pronounced so that we can speak of a quasi-static modulus, Eg.
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Should be noted that Tg as indicated on previous page depends on time

scale of volumetric measurement.

a lower value of Tg.

l.e.
4
Values obtained
Specific t, hours after
volume cooling

Generally slower measuremen® leads to

I
t <«
t, b | : 2
ours
2 /
P ™ <
. g '8
after cooling /, | |
! T
g 1 g -

" glass transition temperature useful because AT can be determined if T

13 known. Then, as noted eariier {or wn uncrossilioked {amorphious ; polymer,

1T p
A = 00

T ﬂOTP

Thus, viscosity can be determined at any temperature.

t

Williams - landel -

and Ferry (WLF) have suggested the following equation for AT as being appli-

cable to amorphous polymers above their glass transition:

- 8.86 (T - TS)

1og Ap 1016 + F - T,
where: T - reference temperature, empirically chosen
. 0
and '1‘s = Tg + 50°7¢C

Actually, constants 8.86 and 101.6 in the above equation depend somewhat

on nature of polymer.
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Wada and Hirose* have presented data of Tg determinations for various
asphalts. Illustrate that Tg a function of asphaltene content (next page).
They also suggest that WLF equation applies if TS is 5600 rather than

SOOC above Tg.

*
Wada, Y. and H. Hirose, "Glass Transition Phencmena and Rheclogical
Properties of Petroleum Asphalt”, Journal, Physical Society of Jﬁpan,

yol. 15, No. 10, Oct. 1960, pp 1885-9h4,
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A
H
C Asphaltene
Sample Content
Specific —— —
Volume c 61.9%
H 28.6
I 0
(by wt)
—
-37.5°-22.5 0 . 42
Temperature o(:
9 4
/ data for 5 different asphalts
Log 3
WLF equation

T-T, (°c)

WADA AND HIROSE INFORMATION

. _ eg®
with T = S6Cace Tg
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MATERIALS BEHAVIOR AS RELATED TO DESIGN LIFE

Pavement design, requires that engineers have the ability to analyze
their pavement structure in terms of significant system parameters. It is
necessary that such analyses incorporate essential features of observed
pavement performance and appropriately measured values of the parameters
to make the necessary quantitative evaluations required for design. It is
generally recognized that these parameters, with their interrelationships,
are complex. Several attempts have been made to formulate, in a systematic
manner, pavement design systems which bring these factors together as a part
of the development of improved methods of pavement design; methods which
eventually may have the capability to
i) accommodate the everchanging requirements of loading
ii)  better utilize available materials
i11) accommodate new materials which might be developed
iv)  better define the role of construction.

Figure 1 illustrates the complexity of such an approach.

This paper outlines a few subsystems to examine specific distress modes.
The subsystems are:

i) fatigue in the asphalt bound layer due to repetitive traffic loading
ii) permanent deformation in the pavement structure

iii) fracture due to braking and acceleration forces or due to thermal

stresses

DISTRESS MODES

As in Figure 1, the limiting response of the pavement system to various
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inputs has been termed distress. For convenience, the various distress mech-
anisms have been grouped into three categories which either by themselves or
in combination can lead to a reduction in pavement serviceability with time.
Essentially, the goals of both pavement and asphalt mixture design are to
minimize the various distress manifestions shown in this figure to permit

the pavement structure to serve its intended function for some specific time
period or to permit it to carry some estimated number of load applications.
The three distress modes are fracture, distortion, and disintegration. Figure
2 Tists these modes and their various distress manifestations as well as

the distress mechanisms.
FATIGUE

Fatigue is the phenomena of repetitive load-induced cracking due to
repeated stress or strain level below the ultimate strength of the material.
One form that the fatigue subsystem for considering the fatigue mode

of distress can take is as shown in Figure 3.]

TRAFFIC CHARACTERISTICS

An estimate of the traffic and wheel load distribution to be served
by the proposed facility is required.
For a Highway pavement, the following traffic information should be
determined:
i) the number of vehicles in each load and axle classification
ii) wheel and axle configurations (dual or single tires and single or tandem axles)
ii1) the distribution of truck traffic throughout the day, month and year
iv) contact (or tire) pressures of the various classes of vehicles

v) vehicular velocities; and lane distribution of truck traffic for multi-
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lane facilities
For airfield pavements, the required information includes:
i} gear configurafions of representative aircrafts using the facility
ii)  contact (or tire ) pressures of the various aircraft
iii) aircraft weights as affected by length of flight and takeoff and landing
operations
iv) daily and seasonal variations in aircraft movements
v} lateral distribution of loads on taxiways and runways and longitudinal
Toad distribution on runways
vi) aircraft velocities
Methodology for estimating traffic is discussed by Hudson2 and Deacon3
and they suggested a procedure for digcretizing the spectrum of loads to
make the traffic factor more manageable in the analysis stage, To simplify
the process even further, Havens, Deen, and Southgate4 use the concept of
equivalent axle loads, reducing all traffic to a common parameter--passages
of an 18,000-16 axle load. Witczak5 had made use of the same concept for
airfield pavements defining all aircraft in terms of equivalent passes of

a fully loaded DC-8-63F aircraft.

ENVIRONMENTAL CONDITIONS

Temperature

i)  In the case of an asphalt concrete pavement, since the response of
asphalt concrete to load is dependent on temperature, distributions of
temperature within the asphalt bound layer must be obtained. Such distfibu~
tions can be determined using a form of the heat conduction equations. It
is possible to include not only daily temperature varjations but also the

effects of solar radiation, sky or cloud cover and wind velocity in this de-

termination.

Moisture

i1} In addition to temperature effects, other environmental influences must - -*
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also be taken into account. Among the most important of these i< that of
water, particularly its influence on the response of paving materiais to
stress. Not long ago, a method was proposed for fine grained soils whereby
the influence of the environment (particularly as it influences water content)
- might be accounted for utilizing considerations of soil moisture suction7.
Data obtained by Deh1en8 for specimens obtained from the San Diego Test

Road indicated a distinct relationship between suction and resilient modulus.
It should be noted that the concept of suction permits an assessment of dis-

tortion of the pavement structure due to volume change in the subgrade.

MATERIAL CHARACTERIZATION

Fafigue tests can be conducted Ey several methods and various specimen
cize. The most common test method is a repeated load flexure device with
beam specimens. Split tensile test {or Repeated load Indirect Tensile tests)
have also been used. (See Yoder and Witczak Chapter 8, Pages 267-275; 282-
289)

Fatigue testing may be conducted under two types of controlled loading--
controlled stress or controlled strain. In the controlled-stress (1o0ad)
mode, a constant load is continuously applied to the-specimen and because
of the progressive damage to the specimen, a decrease in stiffness resultis.
This in turn causes an increase of the actual flexural strain with load ap-
plications. In the controlled strain (deflection) approach, the load is
continuously changed to yield a constant beam deflection. This results in
a stress that continuously decreases with load applications.

In the design subsystem of Figure 3, some measure of the fatigue response
of asphalt mixtures is required. For thick asphalt pavement layers {more
than 6 inches), this response is measured by means of Controlled-stress mode
of loading. For comparatively thin asphalt bound tayers (less than 2 inches),

the controlled-strain mode is more appropriate. At intermediate thicknesses,
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the probable fatigue response is governed by something intermediate to these
two test modes. Differentiation between the two modes of loading can be

placed on a more quantitative basis by introducing a parameter termed the

Mode Factor9 and defined as:

MF = |A] - |B

where:

MF = mode factor

A = percentage change in stress due to a stiffness
decrease of C percent

B = percentage change in strain due to a stiffness
decrease of C percent

C = an arbitrary but fixed percent reduction in stiffness

In the controlled-stress mode of loading, the mode factor would have
a value of -1, whereas for the controlled-strain mode of load the mode factor
would assume a value of +1.

In laboratory fatigue testing, it has been demonstrated that the influence
of stiffness of the asphalt concrete is an extremely important consideration.
Results of fatigue tests may be plotted either in the form of stress or strain

versus fatigue life (Figure 4). This results in a relationship represented

1 n
Nf =K {_smix]

by the equation:

where:

Nf = stress applications to failure
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cmix tensile strain repeatedly applied to the mix

k.n

constants depending on mixture characteristics
The coefficient n in the above equation appears to be dependent on
mixture stiffness. For the range of stiffness encountered in practice,

n varies in the range 2 to 6.

Fatigue Life Estimation

In practice, pavements are subjected to a range of loadings; accordingly,
a cummulative damage hypothesis is required since fatigue data defined by
the above equation are usually determined from the results of simple loading
tests. One of the simplest of such hypothesis is the linear summation of
cycle ratios, which in simple form may be stated as
éf”1‘=n

i=1 Ni

where N number of appiications at strain level i

N. = number of applications to cause failure in simple loading at

strain level i, and

D = total cummulative damage.

In this relationship, failure occurs when D equals or exceeds 1.0.
Thus the design procedure becomes one of checking the particular section
to ensure that D is equal to or less than unity for the anticipated design
conditions. When the value of D is considerably less than one, the section
may be underdesigned; when D is greater than one, a redesign or reanalysis
may be in order. As Deacon notes, various temperatures as well as loading
conditions can be considered and thus make the procedure adaptable to any
environmental condition.

Terrel 10 presents a number of examples illustrating the applicability
of such an approach to analyze fatigue distress occurring in either trial

or in-service pavements. The comparisons presented lend support to the use
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of this procedure for design purposes now.

Havens, Deen, and Southgate (4) in their procedure, described the fatique
life and thus the design section as associated with the number of repetitions
of 18 kips single axle load; and some equivalency between the other loads
and the 18 kips value is thus established. Witczak5 also made use of the
linear summation of cycle ratios to convert traffic to equivalent passes
of a DC-8-63F aircraft for design purposes. |

[t must be emphasizéd that the estimate made by this technique is
associated with no specific amount of cracking. If the analysis is based
on laboratory fatigue tests, the traffic will be that associated with crack

initiation and will provide a slightly conservative estimate.

PERMANENT DEFORMATION

Permanent deformation can be treated as follows:
i) traffic induced permanent deformation
ii) non-traffic induced permanent deformation

Permanent deformation due to moving traffic can be defined or at least
Timited to time-dependent distortion or volume change or both caused by densi-
fication of one or more layers within the pavement system. Deformation can
take place in one or all layers aithough it is noticeable only at the surface
in the form of ruts, lateral and longitudinal corrugations, shoving, and other
movements.

Other non-traffic induced permanent deformation are those having their
source or cause of deformation from hydrothermal vo]umé changes in elements
of the pavement structural section and the foundation thereof. Other sources
may be problems associated with distortion due to differential settlement
within embankments or displacement (creep) within embankment foundations.

Figure 1 shows that distortion or permanent deformation is one of the

Timiting distress response outputs of the pavement sytem. Within this frame-
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work, those items that can be considered under permanent deformation are
as follows:
1. Excessive loading

2. Time-dependent deformation {creep)

3. Densification
4. Consolidation, and
5. Swelling

Of these, item 2 appeared to be of most concern, whereas items 3,4,
and 5 can be lumped together as volume change. Item 2 and 3 could be taken
as the major causes of traffic-induced permanent deformation while items

3,4 and 5 can be the major causes of the non-traffic induced permanent de-

formation.

TRAFFIC TNDUCED PERMANENT DEFORMATION]]

Material Characterization

Research and experience have shown the response of most pavement materials
to be time-dependent and to be probably affected by the properties of materials
themselves, their relationships or proximity to other materials in the system
and the usual factors of load, environment, and so forth. Conventional materials
and their suggested form of characterization follow:
1. Asphalt mixtures--linear viscoelastic
2. Granular bases or subgrades--assumed to be elastic or linear viscoelastic
3. Cohesive subgrade--linear viscoelastic
4. Other materials including portland cement concrete and cement-treated

bqse——assumed to be elastic.

Characterization of these materials in the laboratory for input parameters
can best be accomplished by using a triaxial test apparatus. The types of
tests deemed suitable would include at least the following:

1. Constant stress or strain {creep)



2. Sinusoidal, and
3. Repeated load

[t is recognized that one or more of these tests may be used to
determine both the time-dependent and the volume change responses to loading

and environment.

STRUCTURAL ANALYSIS AND PREDICTIVE TECHNIQUES

A method of computing or determining pavement behavior in terms of stress,
strain, deflection, or permanent deformation is essential to the design or

analysis process. The following is a brief summary of the status of present

methodology.

EXISTING TECHNIQUES

The currently available methods based on stability criteria tend to
preclude permanent deformation at least for conventional materials and designs.
However, it is suggested that in the California method, if the resistance
value at the subgrade, R, is 10 and the asphalt concrete layer on top varies
from 5 to 7 inches, no traffic-induced permanent deformation is to be anti-
cipated. In order to prevent traffic-induced permanent deformation, the
subgrade needed to be strengthened. To minimize the strain in the subgrade
requires that the subgrade have a high bearing value (e.g. R=10) or be

stabilized.

QUAST-ELASTIC METHOD

The method developed by Shell suggests that, if the strain at the
top of the subgrade does not exceed 6.5x10-4, no permanent deformation could
be anticipated for 106 repetitions of an 18-kip axle load. This approach
is based upon the use of elastic theory and the results of plastic strains

determined by repeated load laboratory tests on pavement materials. The
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AASHO Interim Guide and the Kentucky method are also based on similar prin-

ciples.

LINEAR VISCOELASTICITY FOR LAYERED SYSTEMS

In order that we can estimate the manner in whicn deformation accu-
mulates in flexible pavements, a model is needed to account for the manner
in which this deformation accumulates as a function of load, environment;,
and material variables. Specifically, the model should be able to account
for the following variables:

1. Time-dependent behavior of materials

2. Temperature-dependent behavior of materials

3. Magnitude, duration, and number of repetitions of the loads
4. Influence of moisture changes

A linear viscoelastic model of layered systems that can account for
variables 1.2 and 3 have been developed. This operational model requires
that the creep properties of materials be given in the form of creep compliance
functions. It provides the total deflection and the permanent recoverable
deformation. The influence of temperature and its variation-can be accounted
for only if the time--temperature superposition principle is assumed to be
valid. The model accounts for randomness of toad, temperature, and material
properties in a simulative manner by using random number generators.

With regard to all three approaches, it can be recognized that the first
and second are primarily methods of preventing excessive deformation in the
form of ruééing. However, the quasi-elastic approach has.also been used
in approximating the amount of rutting to be expected. The third method,
based on linear viscoelastic theory, is an attempt to actually permit pre-

diction of accumulated deformation.
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Pavements are designed to resist fracture from a single load applicatipn
as well as from many load applications. Traffic loading conditions 1eading'.
to fracture include those associated with accelerating and decelerating |
traffic and occasional overload axles.

In addition to loading, pavements are subjected to environmental
influences. Such factors, acting alone or in combination with load, can
lead to distress. Potential contributing factors to non-traffic load
associated cracking of asphalt pavements may be summarized as:

1) Volume changes in the mix itself due to temperature changes, absorptive
aggregates, and volatilization of asphalt, :
2) Volume changes in underlying materials due to moisture changes, temperaturg

changes, and curing of cement.

FRACTURE CHARACTERISTICS

As with stiffness, the fracture characteristics of asphalt paving
mixtures are dependent on temperature and rate of loading. As temperature
decreases or rate of loading increases, the fracture strength increases. J
Heuketom 12 has developed a procedure to estimate the fracture strength

of a mix from a knowledge of the properties of the asphalt contained therein.

He has shown that

(Gb) asph Fif"' (?5) mi x

It

where

fracture strength of asphalt at a

13

(UB) asph

particular time of loading and tehperaturg

fracture strength of mix under corresponding.

( "b) mix

conditions
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’ mix factor (function of filler
content, aggregate type, and asphalt content,
This procedure minimizes the amount of laboratory tests to be performed.
According to Heukelom, the fracture strength of asphalt corresponding
to a particular time-of-lcading and temperature can be estimated from its
penetration and ring and ball softening point. Hence for a particular mix,
from one test condition the mix factor Mt can be deduced. An estimate of
the fracture strength under other load conditions can then be determined
utilizing his procedure for estimating the fracture strength of the asphalt.

rRACTURE UNDER L.OAD:

As with other performance aspects, development of stresses in the asphalt-
bound Tayer of such magnitude that fracture might result is dependent on the
characteristics of the other components of the pavement structure as well
as the asphalt mixture itself. Use can be made of layered-system theory
to bbtain an estimate of load stresses resulting from vertical loading
conditions for comparison with fracture strength.

A potentially more common condition leading to fracture is that re-
sulting from sheer stresses applied at the pavement surface (e.g., braking
forces). McLeod13 in his analysis indicated that as the asphalt layer
thickness is increased, the resistance to fracture is increased. Although
somewnat 1imited, Verstraeten]4 also emphasized that a combination of vertical
and shearing loads applied at the surface of the pavement may develop stresses
within the asphalt bound layer or at the interface between layers which may
exceed the strength of the material or the bond between layers,

A recent study at Ohio State Univefsityls.utilized the principle of
fracture mechanics to explain the mechanism of damage and the prediction
of the fatigue life of pavements. This method considers fatigue of asphaltic
mixtures as a process of damage where under a given state of stresses damage

grows according to a crack propagation law from an jnitial stage to a critical
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and final level.

ENVIRONMENTAL TINFLUENCES

Fracture may result from environmental influences as well as load
stresses. Of the environmental factors, only that of temperature is amen-
able to analysis at present. Monismith16 have calculated stresses in an
asphalt concrete layer due to temperature changes at the surface of the
pavement. He showed that only under the very severe temperature conditions
were stresses developed which would exceed the expected values for fracture
strength. It should be emphasized that these stresses occur at the surface
of the pavement. Because of the attenuation of temperature change with depth,
the tensile stresses due to temperature will decrease within the pavement.
This point is important when considering combination of load and temperature
stresses, since the tensile stresses due to Toad are at a maximum on the
underside of the asphalt layer. It is possible, however, that a combination
of tensile stress due to load with that due to temperature may lead to frac-
ture under certain circumstances.

Temperature stresses are influenced by the characteristics of the mix-
ture. For example, a mixture in which essentially elastic behavior is in-
duced at a comparatively high temperature would be more prone to fracture
at low temperatures than one which develops its elastic behavior at com-
paratively lower temperatures. This behavior in turn may be influenced by
the characteristics of the asphalt, with a softer, less temperature-suscep-
tible material appearing to contribute to better performance at these lower

temperatures through its influence on the lcw-temperature theologic behavior

of mixtures.
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Distress Distress

Mode Manifestation Examples of Distress Hechnnism(l)
Excessive loading
Repeated loading (i.e., fatigue)
~Cracking Thermal changes
: HMolsture changes
Slippage (borizontal forcea)
Fracture

LShrinka ge

Excessive loading

|cna : Repeated loading (L.e., fatigue)
- Spalling Thermal changes
-Moisture changes

T

-Excessive loading
‘Time-dependent deformation
_Permanent (e.g., creep)

deformation Dengification (i.e., compaction)
Consolidation

Swelling

Distortion

! _ : . I r-Excessive loading

L -} Densification (i.e,, compaction)
Faulting ' Consolidation

LSwelling

1

.rAdhesion (L.e., loss of bond)
Chemical reactivity

: Abrasion by traffic
Disinte- —
Zration thhesion {i.e., loss of bond)
Chemical reactivity
Abrasion by traffic
Pegradation of aggregate
Durability of binder

Stripping

aveling’
and
scaling

e

1
0 Not intended to be a complete listing of all possible
distress mechanisms.

Fig, 2 - Categories of Pavement Distress. {After Hudson, Valierga, Nair, McCullough)



Figure 3, Diagram of a fatigue subsystem.
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4, .\sphalt concrete tensite strain (x 10 =6 in.fin.)
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10000 ——p— T 7T T 4 L B LA 1L BRI B
1= .
| 40,000 psi Air voids = 5% ]
y California type mixes

. Percent asphalt = 6% |
1,000 -
1001~ 000, -
[~ 330, No fatigue damage for -
}- 4,000,000 strain below 70 u infin. -
Lot L1l N O 0 1 1 Y O S N & 0

102 108 164 108 105 107

N,, Number of repetitions to failure

Figurs 4, Typical fatigue criteria. (From Monismith)
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FLEXIBLE PAVEMENT DESIGN
AND MANAGEMENT SYSTEMS

Systems engineering is a broad concept with many definitions. Basically, it
is a codified procedure for attacking complex problems in a coordinated fashion to
permit realistic design developments that can be justified in the face of certain
decision criteria. Highway pavements can be viewed as compiex structural systems in-
volving many variables, e.g., combinations of load, environment, performance, pave-
ment structure, construction, maintenance, materials and economics. In order to de-
sign, build and maintain better pavements, it is important that most aspects of the
pévement system be completely understood and that design and research be conducted
within a systems framework.

Too often in the past the narrow view of the pavement design problem has pro-
duced unsatisfactory methods of constructing, designing, mafntaining, and evaluating
pavements. The narrow concepts of design previously used will not suffice for high-
speed, high volume, modern pavement facilities. Figure 1 shows the steps involved in
systems engineering. A concise statement of the objectives of the system is a nec-
essary step toward a solution. With these objectives in mind, it is possible to
establish systems requirements or define the problem. From these requirements, a
well-defined model of the problem can be developed and alternate solutions can be
generated. From the alternate 501utions, the engineer can select the best solution,
based on some type of decision criteria, and this squtfon can be implemented by con-
struction. The method does not end here, because it is necessary to obtain feedback
information and check the performance data that have been obtained from the construc-
ted pavement. These feedback data make it possible to modify designs and ultimately
to modify the method, if necessary. There is no one, unique, overall solution, but,
in general, this apprcach can be helpful in solving the problem.

There are many ways of modeling the problem, including physical, conceptual, and

mathematical models. The conceptual model of the pavement system is shown in Fig. 2.
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It includes not only a particular set of mathematical models or graphs, but also
decision criteria and a systems output function. In addition, an implementation plan,

equipment, and personnel necessary to implement the system are essential parts of the

over-all systems model.

SAMP

Although conceptualizing the over-all pavement system was essential to solving the
problem, it was necessary from an application standpoint to develop an operational sys-
tem. After a review of the efforts of researchers in the area of applying systems con-
cepts to pavement design, it seemed desirable to modify and extend the efforts of
Scrivner, McFarland and Carey at the Texas Transportation Institute, who had developed
the first known computer-oriented operational system for design of flexible pavement.
Thus, Systems Analysis Model for Pavements (SAMP) was developed as an extension of the
algorithm conceived and developed at the Texas Transportation Institute. SAMP is an
operational systems model; i.e., a set of models with its pertinent computer program
for making solutions. For easy identification, because improvements were constantly
being added to the system, numbers were added to the acronym (i.e., SAMP1, SAMPZ,
....SAMPn) to designate subsequent versions of the same basic program to which im-
provements had been made.

The purpose of the SAMP systems analysis is to design from available input data
a pavement that can be maintained above the specified minimum serviceability over the
specified design period at a minimum over-all cost. The computer program provides
the decision maker with a set of feasible pavement designs arranged in some priority
order. Other pertinent information necessary for use in making rational design de-

cisions is also provided.

SAMP5
Seven classes of input variables are required by the program. Each class of

variables is important in the solution of a problem by the computer. The classes are

as follows:
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1. Material Properties

2. Program Control and Miscellaneous Variables

3. Enviromnmental and Serviceability Parameters
4, Load and Traffic Variables
5. Constraint Variables

6. Traffic Delay Variables

7. Maintenance Variables
Figure 3 shows a typical computer listing of input data for the SAMP5 program and
Figure 4 is a typical computer output of SAMP5, Figure 5 is a block diagram of SAMP
pavement system.

Although the SAMP5 program used up to 100 input variablethhat were thought to
cover the range of variables normally considered in the pavement design process, it
still needed to be implemented; that is, to be applied to actual pavement design
problems. If discrepancies were noted between the program and practice then the pro-
gram needed to be changed to reflect as closely as possible the real decision-making
process. Full implementation of the computer program required detailed descripticns
of how it was to be used, how data was to be input, and how data was to be obtained

from the field using data feedback storage systems.

SAMPG
The primary objectives of this program were the furthér development of the SAMPS

program to the field application stage and its pilot testing in one or more state
highway departments. It was anticipated that meeting these objectives would involve:
1. Pilot testing SAMP5, including a sensitivity analysis on one or more state

highway departments using the current pavement structural design procedure

of the test state as the structural subsystem.
2. Revising the working system as necessary in accordance with the experience

gained during pilot testing.

3. Finalizing the SAMP3 working system as a pavement design and management tool,
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including tﬁe preparation of detailed descriptions for the User's Guide,
input forms, and feedback storage systems.
Determiring research needs in each of the subsystems of SAMPS, using sensitivity
anaiysis as needed.
The SAMP6 program requires twelve classes of input variables:
Program Control and Miscellaneous Input
Environmental and Serviceability Variables
Traffic and Reiiability Variables
Constraint Variables
Traffic Delay Variables
Maintenance Variables
Cross-section, Cost Model, and Shoulder Variables
Tack Coat, Prime Coat, and Bituminous Materiais Variable

Wearing Surface Variables

. Overlay Variables

Pavement Material Variables

Shoulder Laver Material Variables.

The SAMP6 computer program contains the MAIN program, nine subroutine programs,

and four function subprograms. Table 1 gives a cross-reference listing of the SAMP6

MAIN program and subprograms.

Figure 6 is an example summary of the input data and Figure 7 is an example out-

put summary of an optimum design strategy for a four-layer system.

Figure 8 is an example output summary of the better over-all designs.

REFERENCES

National Cooperative Highway Research Program Report 139, "Flexible Pavement Design
and Management Systems Formulation," HRB, 1973.

National Cooperative Highway Research Program Report 160, “Fiexible Pavement Design
and Management Systems Approach Implementation," TRB, 1975.
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TABLE 1

CROSS-REFERENCE LISTING OF SAMP6 MAIN PROGRAM
AND SUBPROGRANMS

CALLING PROGRAM NAME

|1-<-|DIU
R N ]
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ENVIRONMENT

(The Technological, Socio - Economic, Political
World in Which the System Will Exist) —

r-—-_“—_— l

PROBLEM DEFINITION PROBLEM RECOGNITION
-Standards - ~Review Existing
-lnpuis Situation
“Qutputs ~Preliminary Needs
~Canstraints Anclysis
=Value Functions —tf —— —— — e —Goais, Objectives
~Decisian Criteria I——
=Usar

MODEL THE PROBLEM

|

!

!

|

. |
]
I

|

|

|

l

1

SOLUTION ~ GENERATION

*.—“_——“-——. —— A SE—— SS—

Y L
SOLUTION EVALUATION - — — o =g
AND CHOICE <| IMPLEMENT
y ™ RECOMMENDED STRATEGY

r -Specitications

I —=Scheduling

l -Contracts
-~Construction

l ~Cantral

PERFORMANCE MEASUREMENT |l —= — g -Information Storage
AND EVALUATION et —Maintenance and Operation

Figure 1. General represzaiation of the svstemis engineering process.
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PROGRAM 3AMPS (SYSTEMS ANALYSIS MODEL FOR PAVEMENTS) REVISED 21 MAY 70
RUN TO SOLVE THE AVERAGE VALUE PROBLEM 6 JUN 70 DLP

PROB 4000

ALL VARIABLES AT ENGINEERING AVERAGE

THE CONSTRUCTION MATERIALS UNDER CONSIDERATION ARE

MATERIALS COST STR, MIN. MAX, SALVAGE
LAYER CODE NAME PER CY COEFF. DEPTH DEPTH PCT.
1 A ASPHALTIC CONCRETE 10.00 .44 .00 8.00 50.00
2 B CRUSHED STONE 5.00 .14 5.00 8.00 50.00
3 C GRAYEL 2.00 .11 5.00 10.00 50.00
. SUBGRADE =-G.00 -0.00 -0.00 -0.00 -0.00

PROGRAM CONTROL AND MISCELLANEOUS VARIABLES

SOIL
SUPPORT
0.00
.20
6,90
4.25

NMB - THE NUMBER OF OUTPUT PAGES FOR THE SUMMARY TABLE (10 DESIGNS/PAGE).

KM - THE TOTAL NUMBER OF MATERIALS AVAILABLE., EXCLUDING SUBGRADE,
CL - THE LENGTH OF THE ANALYSIS PERIOD (YEARS).

AL¥ - THE WIDTH OF EACH LANE (FEET).

RATE - THE INTEREST RATE OR TIME VALUE OF MONEY (PERCENT)

ENVIRONMENTAL AND SERVICEABILITY VARIABLES
R - REGIONAL FACTOR.
PSI - THE SERVICEABILITY INDEX OF THE INITIAL STRUCTURE.
PI - THE SERVICEABILITY INDEX OF AN OVERLAY,

P2 - THE MINIMUM ALLCWED VALUE OF THE SERVICEABILITY INDEX, (POINT AT WHICH AN

OVERLAY MUST BE APPLIED),

P2P - THE LOWER BOUND ON THE SERVICEABILITY INDEX WHICH WOULD BE ACHIEVED IN

INFINITE TIME WITH NO TRAFFIC

NONE - THE RATE AT WHICH NON-TRAFFIC FACTORS REDUCE THE SERVICEABILITY INDEX.

LOAD AND TRAFFIC VARIABLES

RO - THE CNE-DIRECTION AVERAGE DAILY TRAFFIC AT TEZ BEGINNING OF THE ANALYSIS PERIOD

RC - THE ONE-DIRECTION AVERAGE DAILY TRAFFIC AT THE END OF ANALYSIS PERIOD,
XNC - THE ONE-DIRECTION ACCUMULATED NUMBER OF EQUIVALENT 1B8-KIP AXLES DURING

THE ANALYSIS PERICD.

PROP ~ THE PERCENT OF ADT WHICH WILL PASS THROUGH THE OVERLAY ZONE DURING

EACH HOUR WHILE OVERLAYING IS TAKING PLACE
ITYPE -« THE TYPE OF ROAD UNDER CONSTRUCTIGN (1-RURAL, 2-URBAN).

CONSTRAINT VARIABLES
ATTU = THE MINIMUM ALLOwWED TIME 10 THE FIAST OVERLAY
XTOU - THE MINIMUM ALLOWED TIME BETWEEN OVERLAYS,
CHAA - THE MAXIMUM FUNDS AVAILABLE FOR INITIAL CONSTRUCTION

ICMAX - THE MAXIMUM ALLOWABLE TOTAL THICKNESS OF INITIAL CONSTRUCTION

OVMIN - THE MINIMUM THICKNESS OF AN INDIVIDUAL OVERLAY,
. OVMAX - THE ACCUMULATED MAXIMUM THICKNESS OF ALL OVERLAYS

TRAFFIC DELAY VARIABLES ASSOCIATED WITH OVERLAY AND ROAD GEOMETRICS
ACPR - ASPHALTIC CONCRETE PRODUCTION RATE (TONS/HOUR).
ACCO - ASPHALTIC CONCRETE COMPACTED DENSITY {TONS/COMPACTED cY).

XLSO - THE DISTANCE IN WHICH TRAFFIC IS SLOWED IN THE OVERLAY DIRECTION

XLSN - THE DISTANCE OVER WHICH TRAFFIC IS SLOWED IN THE NON-OVERLAY DIRECTION

XLSD - THE DISTANCE AROUND THE OVERLAY ZONE (MILES)
» HPFD - THE NUMBER OF HOURS/DAY OVERLAY CONSTRUCTION TAKES PLACE

TRAFFIC DELAY VARIABLES ASSOCIATED WITH TRAFFIC SPEEDS AND DELAYS

THE PERCENT OF VEHICLES THAT WILL BE STOPPED BECAUSE OF THE MOVEMENT OF

PERSONNEL QR EQUIPMENT,
PPQ2 - IN THE OVERLAY DIRECTION
PPN2 - IN THE NON-QVERLAY DIRECTION,

THE AVERAGE DELAY PER VEHICLE STOPPED BECAUSE OF THE MOVEMENT OF

PERSONNEL AND EQUIPMENT.
DDO2 -~ IN THE OVERLAY DIRECTION (HOURS)
DDNZ - IN THE NON-OVERLAY DIRECTION (HOURS)
AAS - THE AVERAGE APPROCACH SPEED TO THE OVERLAY AREA,
THE AVERAGE SPFED THROUGH THE OVERLAY AREA
ASO = IN THEI QVERLAY 170 7TIrw ooy,
ASN - IN THE NON=OQVEZLAY 1
MODEL - THE TRAFFIC HLNDLING MODEL

MAINTENANCE VARIABLES

X2-THE NUMBER OF DAYS PER YEAR THAT THE TEMPERATURE REMAINS BELOW 32F.

CL¥ - THE COMPOSITE LABOR WAGE
CERR - THE COMPOSITE EQUIPMENT RENTAL RATE.
CMAT - THE RELATIVE MATERIAL COST (1.00) IS AVERAGE),

Figure 3, T ypical computer listing of input data, SAMPS.,
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SAMPS RUN='S5AMPS EKAVPLE.PPOHLF“ 4 LAME IMTERSTATT WEGUWAY (K1 SWELLING CLAY)

PRAOA
INPUT CAT

PAOG

At MIN[WUM T[ME T CVESLAY OF WO YEARS,
&

RAM CONTROL AND MISCELLANEQUS VARTALES

NPG-THE NUMBER "F OUTPUT PAGES FOR THF SyUMMARY TARLE(10 OESIGNS/PAGE),
ML~-THE NUMBER OF LANES GN THE HIGHWAY [BOTH DIRECTIONS).

CL-THE LENGTH OF THE ANALYSIS PERTOD{YEARL).

ALWFT=-THE WIDTH OF EACH LANE (FEET).

PLTRAT-THE INTEREST RATE QR TIME VALUE OF MONEY!PERCENT),

UPLVL~-THF LEVEL-UP THICKNFSS REQUIRED PER OVERLAY(TINCHMES).
MSPR-WEARING SURFACE PRONUCT ION RATE(TONS/HOUR) .,

ENVIRONMENTAL AND SERVICEABILITY VARTABLES

LOAD

R-REGIQNVAL FACTOR,

PSI-THE SERVICEASILITY INDEX OF THE INITIAL STRUCTURE.
PL-THE SEAVICEABILITY INDEX OF AN OVERLAY,

PR=THE MINIMUM ALLOCWED VALUE OF THE SERVICEABILITY INDEX.,

AT WHICH &N OVERLAY WILL BE APPLIEO. .
SACY-PROPORY ION OF THE PROJECT'S LENGTH LIKELY TO SWELL
SRISE-VERTICAL DISTANCE THE SURFACE OF A CLAY LAYER CAN RISE(INCHES)
SMATE-CALCULATES HOW FAST SWELLENG DCCURS

AND TRAFFIC VARJABLES
RO=-THE ONE~DIRECTION AVERAGE DAILY TRAFFIC AY THE START OF THE ANALYSIS PEl!oo.
RC-THE DNE-DIRECTION AVERAGE DAILY TRAFFIC AT THE END OF ANALYSIS PERIOQO.
KNC~THE ONE~DIRECTION ACCUMULATED NUMBER OF EQUIVALENT 18-KIP AXLES DURING
THE ANALYSIS PERIOD.
PROPLCT-THE PERCENT OF ADT wWHICH WILL PASS THROUGH THE OVERLAY IONE DURING
EACH HWOUR WHILE OVERLAYING [$S TANING PLACE.
ITYPE-THE TYPE OF RCAD UNDER CONSTRUCTION(L~RURAL ¢ 2-URBAN) .,
COEFVR-COEFFICIENT OF VARIATION.
MCONF-CONFIDENCE LEVEL INOICATOR,

COMSTRAINT VARIABLES

ATTO=THE MINIMUM ALLCWED TIME YO THE FIRST OVERLAY.

XTBO-THE MINIMUM ALLOWED TIME BETWEEN OVERLAYS.

CRAX-THE MAXTIMUM FUNDS AVAILABLE FOR INITIAL CONSTRUGCTION.

THAXIN-THE MAXTMUM ALLOWABLE TOTAL THICKNESS OF TMITIAL CONSTIUCTiUNIIMCHESl.

TMOVIN-THE ACCUMULATED THICKNESS MAXIMUM OF ALL OVERLAYS [(IMCHES),
TEXCLUDING MEAR-COAY AND LEVEL-UP).

UPGCST-COST/CU. YD. TO UPGRADE AFTER AN OQVERLAY,

WIDUPG-WIDTH OF PAVEMENT & SHOULOERS TO BE UYPGRADED( FEET).

TRAFFIC DELAY VARIABLES ASSOCTATED WITH OVERLAY ANO ROAD GEOMETRICS

"ACPR-ASOMALT I CONCRETE PRODUCTION RATE(TONS/HOUR) .

ACCO-ASPHALT IC CONCRETE COMPACTED DENSITY(TOMS/COMPACTED CY)

ALSO~THE DISTANCE OVER WHICH TRAFFIC IS SLOWED M THE OVERLAY DIRECTION.
XLSH~THE DISTANCE OVER WHICH TRAFFIC [S SLOWED IN THE NON-OVERLAY DIRECTION.

Wy Oh Pt mTCTaper seesciom WhoiE o marwms oaw ImaiTrads e
A SLET N PR MA L AP WAL ser i LEfSIs = haC K1WT me omE r FIRILES Y.

MPO-THE NUMBER OF HOURS/DAY OVERLAY CONSTRUCTION TAKES PLACE.
MLARD-THE NUMBER OF LANES IN THE RESTRICTED IOME IN THE CVERLAY DIRECTION,
NLRN-THE NUMBER DOF LAMES IN THE RESTRICTED IONE IN THE NOM-DVERLAY OIRECTION.

SAMPS RUNS*SAMPG EXAMPLE PROSLEM & LANE INTERSTATE WIGHWAY (KO SWELLEING CLAY)

*%1 WINIMUNM TIME TO OVERLAY OF TWO YEARS.

TRAFFIC DELAY VYARIABLES ASSOCTATED WITH TRAPFIC $PEEDS AND OELATS

THE PERCENT OF VEHICLES STOPPED DUE TOD MOVEMENT OF PERSOMMEL OR EQUIPMENT.
PPO2~IN THE OVERLAY OIRECTION.
PPNE-IN THE NON-OVERLAY OIRECTION.
THE AVERAGE DELAY PER VEHICLE STOPPED DUE TO MOVERENT OF PERSOMMEL € EQUIP.
002 ~IN YTHE OVERLAY DIRECTION(MOURS).
DN2 —1IN THE NON-OVERLAY DIRECTICNIHOURS),
AAS<THE AVERAGE APPROACH SPEED TO THE OVERLAY AREA.
THE AVERAGE SPEED THROUGH THE OYERLAY AREA
ASO~IN THE OQVERLAY DiBELCTIONINDGM]) .,
ASN-IN THE NON—OVERLAY CGIRECTIDMIMPN).
MODEL~THE TRAFFIC HANDLING MODEL USED.

y MAINTENANCE VARIABLES

Figure ) . An example stunmary of the input dgia.

ANTAGD-THE RAINTEMANCE WMODELIEXPLICITa]l,NCHKPe2),
CRL-INITIAL ANMUAL ROUTINE CNSTIS/LAME MILE, MNTMOO=1}.
CM2-AMNUAL JhiT1r “-“Yl* DT e T by JDATSUMALANE MILE/YE, RMTAGD=Y)Y,

R2-DAYS THE TT o e aYo=g LIS PELCH 2ZFL(DAYS/YEAR, WMRTMOD=2),
CLW=THE courosrts LAL™ 32 {Bery,
CERR-THE CL.iFGSITE £ 200 . 4F 2e4TaL RATE.

CNAY-THE RELATIVE PMATERCIAL COST(1.00 15 AVERAGE).

PAGE 1

20.
lzl
3.00
0.5
5.0

5635.
B8635.
&T00000,

5.5

0.0
3

2.0
2.0
10.00
32.00
10.00

0.0
0.0

3.0
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PAGE 2

5.00
0.0
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CROSS SECTION ~-3EL, COST AND SHOULDER VARTARLES
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ROXSEC-T~. CROSS SECTION ™OOEL USED. 1
NOCOST-THE COST mODEL usSED, 1
MASPHS-ASPHALTIC SHOULDEA #aNEL (g IF NOT ASPMALYIC SHOULDEARS), |
SOMIO-WIOTH OF DUTSIDE SHOLDER, [N FEET 10.00
SIMIO-WIOTH OF [WSIDE SHMCLLOER, IN FEET 4.00
XOWID—CROSS SECTION wiOTH DUTSIOE CFf CUTSIOE SHOULDERIFEET} 6.0
XIWIO~CROSS SECTION MIOTH QUTSIOE OF INSIOE SMOULDER(FEEY) 2.0
ADDATIONAL WIDTHIFEET) OF LAYERS RELATIVE TO LAVER OME.
LAYER  PAVENENT—LAYERS SHOULDER~L AYERS
© N0 DUTSIDE INSiDE OUTSIDE [msiDE
4 2.0 6.0 G.0 0.,¢
2 2.00 2.00 0.2% 0.25
3 10.25 4.28
4 10.2% 4.2%
TACK, PRIME, ANO BITUMINOUS YARTABLES
ACTL-TACY  COAT COSTIS/GaL), 6.0
ALPC-PRINME COAT COSTI(S/GAL), 0.0
ACC-BITUNINOUS MATERTAYL CISTLa/GAL ). 0.0
FLMAX-MAXIMUR LAYER DIPTH FoR KX TACR COATS, ImCrMes 4,00
TLINC-RAXINUN DEATH OF EACH LIFT ABOVE TLMAX. IMCHES 1.00
SANPG RuM=*SAMPY EXamPLE PRGBLEM & LANE INTERSTATE HIGHWAY (MO SMELLENG CLAY) PAGE 3
PROB ='1 NINIKUM TIME TO OVERLAY OF Two YEARS,
THE CONSTRUCTION NATERIALS UNDER CONS IDERATION ARE
LAYER ~PAVEMENT MATERIALS— STRENGTH SOIL == MINTMUM-—— oo A X [N SALYAGE
w0, CODE ' DESCRIPTION COEFF. SUPPORT DEPTH  $/CU.YD. DEPTH $/CU. Y0, VALUE [NCREMENT
- - MO SEP. W.S. 0.0 ———— 0.0 0.0 ———— - 0.0 —
- = AC.TYPE) 0.64 —— . t.oz iz,a5 c.ep i3.0u .00 400
i & AITHRAIORC,TrEE 3 D.44 0.0 1.50 18,00 1.50 18.00" 30.00 0.50
2 3 ASPHLCONCLTYPES 0.40 10.00 2,00 18.00 12.00 18.00 30.00 2.00
3 L LIRME STig.S-~c-C C.l1 T.80 4.00 T.00 20.00 S.00 50.00 4.00
4 ®  SELECT MATERIAL 0.06 3.50 4.00 2.00 10.00 2.00 $0.00 Z2.00
- = SUBGRADE —— 3.10 —
~—=APPLICATION RATES=— xSPMALT
LAYER -—PAVEMENT MATERIALS~ TACK PRIME ASPHALT CONTENT
N0, CODE DESCRIPTION CoaT COAT (LB/IN) (PCT)
- NO SEP., W.S. a.0 0.0 0.0 0.0
- ACTYPES 0.0 0.0 0.0 0.0
1 A ASPH.CONC.TYPE 3 6.0 0.0 o.0 a.0
2 3 ASPM.CONC.TYPE) 0.0 g.0 0.0 0.0
3 L LIME STAB.S-C~G 0.0 0.0 0.0 0.0
[N B SELECT MATERTAL Q.0 0.0 0.8 c.C
' ===APPLICATION RATES—~—— ASPHALT
LAVER ~SMOULOER MATERIALS~ ~=emm ~———=~ SALVAGE TACK  PRIME ASPHALT CONTENT ADJUST.
ng, DESCRIPTION DEPTH $/CU.YD. VALUE COAT COAT (LB/IN) {PCT) VCLUME
1 = AC-WC~SH-MIX 1.50 18.00 30.00 c.0 0.0 Q.0 0.0 0.0
2 = SELECT MaTe 8.00 2.00 50.00 0.0 0.0 0.0 0.9 0.0
- = NO FILL maT,. - -— 0.0 0.0 —-_— 0.G

Figure§, (Continued)
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JAMPE RUNsTSAMPA EXAMPLE PROSLEM & LANE INTERSTATE HIGHWAY [NO SWELLING CLAY)
OB =t]  WINIMUM TIME TO OVERLAY OF TuO YEARS,

DESIGN TYPE 4. A & LAYER DESIGN
MATERTAL ARRANGEMENT a3LM

EXCLUDING TACK, PRIME, BITUMEN, AND THE SHOULDERS,
THE MATERIAL LAYER COSTS/150.¥0.) ARE . +

LAYER =—=—=MATER[ALS~=——=== ~00L L ARS~PER~SQUARE-YARD~
wW0. - CODE DESCRIPTION MINTMUN MAXIMUN TNCREMENT
1 A ASPH.COKC.TYPE 3 0.750Q 0.750 -
2 3 ASPH.CONC.TYPED 1.000 6.000
3 L LEME STaB.5-C-G Q.778 2.778
4 M SELECT WATERIAL Q.222 0.556

& THE OPTIMAL DESIGN FOR THE MATERIALS UNDER CONSIDERAT {ON-—
POR INITIAL CONSTRUCTION THE ODEPTHS SHOWLD BE
a

ASPH.CONC,TYPE 3 1.50 INCHES
3 o ASPH.COMC.TYRED 8.00 IMNCHES
L LIME STAB.S5-C-G 4.00 INCHES
L] SELECT MATERIAL 4.00 INCHES
THE LIFE OF THE INITIAL STRUCTURE = 8.6 YEARS STRUCTURAL NUMBER 4.48

THE OVERLAY SCHEDULE 1S

L+OOINCHIES) (EXCLUSIVE OF LEVEL-UP AND WEAR-COURSE) AFTER 8.5 YEARS.

THE TOTAL LIFE = 22.6 YEARS.

THE TOTAL COSTS PER SQ. YD. FOR THESE CONSIDERATIONS ARE
INLITIAL CONSTRUCTION COST 7.6%3
TOTAL ROUTINE MAINTENANCE COST 0.45%3
TOYAL OVERLAY CONSTRUCTION COST 0.781
TOTAL USER COST ODURING

OVERLAY CONSTRUCTION 0.028
L4 YACE wALuE =.13%
TOTAL OVERALL COST 7.780

SAMPS PROGRAM ACTIVITY REPORT, DESIGN TYPE AN

INITIAL DESIGNS
T2 WITHIN CCST AMD THICXNESS CONSTRAINTS
45 FEASIBLE TO FIRSY OVERLAY

OVERLAYS
163 CONSIDERED
90 FEASIBLE
T2 FEASIBLE OVERLAY POLICIES

COMPLETE DESIGNS
43 FEASIALE

Figure].. Example output summary of an optimum design sirategy for a four-layer system.

"AGE
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SAMPE RUN=®SAMPS EXAMPLE PROBLEM - & LANE INTEASTATE WIGHWAY [NO SWELL ING CLAY) PAGE &
PROB= s'l MINIMUM TIME TO QVERLAY OF Twd YEARS,
PROBLEM SUMMARY OF THE BETTER FEASESLE DES IGNS
IN ORDER DF INCREASING TOTAL COsT

1 2 3 » 5 . [} 7 a 9 1g
t..tttt.t"“it-"*'-iittitt!ittt.tlt!-tl--attttt‘n.ﬁtttttlntotttt-ttt:ttttattttt.n.ttu.ttntatst-t--
MATERIAL ARRANGEMENT A3 43 AlLM Al A3L AL A3Lm A3 ALK A3t M
INIT. CONST. COST 6,049 T.215 7.653 T.349 7-.29% T.808 7.81t 8.074 T.527 2,009
OVERLAY CONST, (35T 2.302 Q0.680 0.781 1.513 1-338 O.ats 0.742 0.781 LoaST .791
USER COST 0,082 0.026 0.028 0.05% C.050 d.029 C.027 0.028 0.053 0.026
ROUTINE MAINT, COST 0.115 0.515 0.453 0.231 0.400 0.4%80 0.452 Q. 453 0.276 Qunis
SALVAGE VALUE ~1.101 =-0.955 -1.13¢% =1.300 -~1.202 -1.252 -1.189 -~1.399 ~1.334 -1.222

.‘l..tttt-tt.-ttttttt..ttt-ul--tttnttttt-:-ttt.t-tntttttltt---..tb-t-.tt.atttut-tt.t--a-atsnnntscug.
TOTaL COST Ttk T.e?l 7. 780 1.867 7.882 7.883 7.831 T.948 T.9719 3.01%
Ottt.ttttttttttttt-t.att-ttt:aa.attt-tttt-o.ctttt-tc-.t--t-ttt‘ltnttttlttta-uttt---.st-nattttt‘ta-a-
‘!lt.tttt--.tcnt.tlcsttt-tattt-tt-tttatt!tttttll-tttt:tlatltsttttt.tt.t--ot-tt-t.-'tttscttttlotuta-t
NUMBER (F LAYERS 2 2 L » 3 3 4 3 & “

..i....l“ll.t..‘ltitt..lltttt'ttit."t‘.‘t.t-‘."..tttt-.l..‘l"lt.t""“.-‘.t.t-.“‘.ttttlﬂlt-tt-
LAYER DEPTM (INCHES)

0otl) .50 1.50 1.50 150 1.30 1.50 1.50 1.5¢ 1.50 1.50
b2} 8.00% 10.00% 8.00% 6.00% 8.00% 6.00% .00 «.00" 6.00 8.03e
ot 4.00 8.00 4.00 12.00 4.00 20.00 8.00 .00
0ts) 4.00 4.00 6.00 65.00 8.00
.‘i.‘..tttttttlllttltltt-C...“ttilttlttttttt.ttltt.tttt!it..!l“t-tltl.ilttttttil-...nt-l.tttttat-u
STRUCTURAL NUMRER 3.86 4 .56 bbb 4.10 4.30 4,318 “a 54 b.hé .18 4.52
O.Cttt.t‘ttt‘alaaatt.tlttl.tt‘tt'.‘!‘t.‘t.t.tt-ll.‘t.tttttt--ttttttl.ttt-t-..ltt".ttittt.ttttil‘.tt
NO.OF PERF,PERIQDS L] 2 2 3 3 2 2 2 3 2

PERF, TIME [YFARSI)

Tt 1.3 tl.4 8.6 4.9 4.8 Tt 9.6 8.4 5.6 10.8
"2) 9.4 24,4 224 14.0 18 ¢ 22.4 2%:.5 Ii.s it.5 e
Tid La.s 2l.7 2l.6 ! 24.1

Ti4) 20.7

-l‘t‘..ttttttttttt-tt#attttt-tntttttia.'t.--'t.-ttll..tttt't.‘.tlth“-..ttt.‘.t-tttl.‘.t“ttl--‘.t‘t
OVERLAY POLICY(INCH)
EXCLUSIVE OF LEVEL-UP £ WEAR-COURSE)

Gl1} 1.00 1.00 L.00 .00 1.00 1.00 1.00 1.00 L.00 1.00
0t2) 1.00 1.00 1.00 L.00
o3 1.00

...‘...‘...l‘.t‘.li‘t‘tt-lt‘..“-.l‘tlt.'.‘!..t--tt“..‘..O.t“‘..".“.t..‘l."...‘.“‘t..‘.'.‘-‘.‘
Figure 8. Example output summary of the better aver-all designs.
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DESIGN SUBSYSTEMS USING MECHANISTIC ANALYSIS

Ovaer the past thirty years there have been many efforts by individuals and
organizations to establisi design procedures for thickness of pavements which would
be based on some rational criteria. Some of these methods are widely used, a few
have even become firmly astablished within certain design organizations. These
methods can be grouped as follows:

(1) Elasticity Methods: according to this classification consider the behavior of

pavements under working conditions, when defiections, by assumption, remain propor-
tional to app]iéd loads. Their principal design criterion consists of limiting
stresses or strains as determined by a calculation based on Theory of Elasticity to
certain values established by observation to be "safe." Some methods of this group
are:

a) Kansas Highway Department Method

b) Portland Cement Association Method

c) U. S. Corps of Engineers (CBR) Method

d) Shell Method

e) Texas Highway Department Method

(2) Ultimate Strength Methods: are concerned with pavement behavior at failure.

Their basic design criterion is that the pavement must possess an adequate safety
factor against assumed shear failure of tne pavement éystem. This group include:
a) Early English Method |
b) Yield-Line Method

{(3) Semi-Empirical and Statistical Methods: are based on assembled (and in soie

cases statistically processed) information of conditions under which pavements of
certain composition and strength have experienced performance failure. They included
no theoretical considerations of pavement imechanics, yet the thicknesses are de-

termined by an empirical "“strength" test. The methods belonging to this group include:



a) The Original CBR Method - 170
b) State of California Method

c) Canadian Department of Transport (McLeod) Method

d) AASHC Interim Guide for Flexible Pavements

e) AASHO Interim Guide for Rigid Pavements

f) Asphalt Institute Method

g) Kentucky Method.

(4) Empirical and Environmental Methods: relate the pavement thickness to some

particuiar soil and environmental conditions. No mechanical tests, other than those
needed for soil classification, are used for determining the supporting characteristics
of the pavement subgrade. Two of these are:

a) Michigan Highway Department Method

b) Canadian Good Road Association Method.
Reviews of some of the methods that are widely used, especially those of Group 3 are
given in this paper. Each of the reviews will include a short description of the
history, principal design criteria, assumptions, determination of material properties
and experience with the method, where applicable. A short bibliography will be given

at the end of each method.



171

. SHELL METHOD OF THYCKNESS DESIGN FOR FLEXIBLE PAVEMENTS

History: This method was developed by engineers of the Shell Oil Company during
“the 1950's and early 1960's.

- Principal Design Criteriont

1. The horizontal (radial) tensile strain on the underside of the asphalt-
. bound layer must be sufficiently small to prevent cracking in the
L agphalt layer.

2. The vertical compressive strain in the surface of the subgrade must
be maintained sufficiently small to prevent permanent deformation of
the top of the subgrade.

Assggggions: - ‘ ' . -

1. The pavement structure can be represented as a three-layer elastic
system with no relative displacement between layers at their
boundaries,

2. Subgrade strains can be determined by considering a 9,000 lb. wheel
load applied uniformly over a single circular ares with a six-inch
rading,

3. Tensile strains in the asphalt layer are determined using a circular
area with a radius of 4.2 inches subjected to a uniform contact
pressure of 80 psi.

Determination of Material Properties: The only experimental determination of
material properties is the CBR of the subgrade soil., This has been previously
correlated to the subgrade modulus and the modulus of the aggregate base. The
elastic stiffness of the asphaltic concrete is assumed at an average value.

Experience: Comparisons between thicknesses developed by this procedure and
results from both sections of the AASHO Road Test still in gcod condition after
two successive spring periods with a PSI of 2.5 or greater after 1 million load
applications support the results of this design method.
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CBR METHOD OF THICKNESS DESIGN FOR FLEXIBLE PAVEMENTS

-l

by O. J. Porter prior to 1930, while Porter was Materials Engineer for the Califor-~
nia Highway Department. The test procedure and design method have been medified
somewhat by various agencies, vhich employ the method. Despite this, the basic
philosophies involved and the method in general remain as originally established
by Porter.

History: The California Bearing Ratio {CBR) test and design method were develoned

Principal Design Criterion:

1. Materials within a pavement structure must be protected (or
insulated) from surface loadings by overlying layers whose
thickness can be empirically related to the strength of the
material as indicated by the CBR test.: Porter, originally,
and many others since have established exverience relations
between thickness required and CBR.

2. Extensions and modifications o permit treatment of traffic
volume, minimum ultimate subgrade strengths, etc., vary greatly
between organizations currently using the CBR method.

Assumptions:

l. Surface loading is distributed to the lower layers in a pave-
ment structure as a function of thickness alone.

-2. The strength required of any layerin a pavement structure to
sustain the loading delivered to it from above is directly
reflected by its CBR value.

Determination of Material Proverties: The CBR is generally determined as indicated
in ASTM D-1883. Lo other material properties are required by the basic, unmo-
dified CBR method. .

gfgerience:

1. The CBR method of flexible pavement design is currently used by a
number of state highway departments.

2. This method has been extended for use in airfield design by the
U. 8. Corps ¢f Engineers and has been used satisfactorily for over
-25 years for design and evaluation of military airfields throughout
the world.
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» THE STATE OF CALIFORNIA (AﬂD STATE OF WASHINGTON) METHOD
FOR THICKNESS DESIGN OF ASPHALTIC CONCRETE PAVEMENTS

History: This method was developed by Hveem in the 1940%s and has been modified
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California.

Principal Design Criterion: Favement thickness in this empirical method is
determined by the requirement that permanent deformation in each layer of the
pavement system be prevented. The thickness desired to accomplish this is con-
sidered to be a function of the traffic, tensile properties of the paving materials,
and the shear.strength characteristics of the paving materials as measured by

the stabilometer tests. ' '

Assumptions:

This method is largely empirical, and therefore is based on the general
assumption that the relationships developed apply under 211 conditions ia which.
they will be used. In addition the feollowing assumptions are made:

1. The effect of traffic repetitions and vehicle weight can be

- expressed by a "Iraffic Index" which is presumed to be a measure
of the number of repetitions ot 3 =000 pound equivalent wheel
load during the design life. '

2. The stabilometer tests can provide an appropriate measure of tha
atrength characteristics of the paving materials for use in design.
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3. There is an egquivalency between various thicknesses of different
materials in the pavement system. 'This eguivalency is a function
of the tensile properties of the material, and can be described
in terms of an empirically-determined "gravel equivalent factor"
which represents the thickness of a given material equivalent to
& unit thickness of gravel subbase.

. Determination of Material Prcoperties: The material properties used to select
a pavement thickness by this method are:

1. "R"-Value as measured by the stabilometer. Normally a particular
material is prepared at a series of water contents and dry
" densities,

y 2. The exudation pressure. This is the pressure required to force
water from a sample of the appropriate material which has been
compacted in a mold by kneading methods.

3. Tensile strength of paving components as measured by the cohesio-
meter test.

k. Expansion pressure of subgrade materials.
Experience: This procedure has been used successfully by the California Division
of Highways in a number of modified forms since the early 1940's. It is also
‘used by a number of other Western states,

‘Bibliography:

-n, - - . - ar I-._...p Q\ 1P - - - -

‘Hveem, T, DL, sul Curmany, R. ML, (15%2), "Tne Tootors Undszlying ths Delticnzd

Design of Pavements,” Proceedings, Highway Research Board, Vol. 28, 1943.

Rveem, F. N., (1955), "Pavement Deflections and Fatigue Failure," Design and
Testing of Flexible Pavement. Washington, D. C., Highway Research Board,
1955. pp. 43-87 (Bulletin 114%).

Hveem, F, N. and Sherman, G. B., (1963),_"Thickness of Flexible Pavements
by the California Formula Compared to AASHO Road Test Data." Flexible
Pavement Deswgn, tighway Research Record No., 13, Highway Research Board,
1963. pp. 142-166.

Bveem, F. N., Zube, E., Bridges, R., and Forsyth, R., (1963), "The Effect
of Resilience - Deflection Relationship on the Structural Design of
Asphaltic Pavements,” Proceedings, Internstionsl Conference on the Struc-
tural Design of Asphalt Pavements, University of Michigan, 1963.

Sherman, G. B., (1958), "Recent Changes in the California Design Method
for Structural Sections of Flexible Pavements,” Proce: iinzs, First
Annual Highway Conference, College of PaC¢11P, Stockten, California, 1993.
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.{ CANADIAN DEPARTMENT OF TRANSPORT METHOD FOR
THICKNESS DESIGN OF FLEXTBLE PAVEMENTS

History: This empirical method is based on conclusions drawn freom evaluation
by N. W. McLeod of the performance of Canadian airport pavements,

Prineipal Design Criterion: The surface deflection of a pavement under repeated
load is the criterion for determining the adequacy of the structural design,

Assumgzions:

- 1o The load carrying capacity of a given pavement can be determined
s from the results of a repeated plate loading test, conducted at the
surface of the pavement. The contact area of the rlate must be the
same as the contact area of the tire considered to apply pressure
to the pavement. ’ :

2. The effect of one pavement material, i.e. asphaltic concrete or
granular base course, relative to that of another material in the
pavement system is proportional to the ratio of their thicknesses.
Thus the concept of equivalency of a thickness of one material o
& different thickness of another material is assumed.

3;' The pavement deflection arises from the deflection of the subgrade
under load. This load carrying capacity of the subgrade can be
measured by a repeated plate loading test.

1. The subgrade strength is determined by repetitive static plate
tests according to ASTM Designation: D 1195. Tt is expressed
in terms of the load carried at the surface of the subgrade by
8 30-in. diameter rigid plate at 0.5-in. deflection after 10
repetiticns of loading. Since load testing is normally conducted
in summer, the bearing value obtained thus are reduced to allow,
in part, for the reduction in bearing capacity in the spring.

If no test of any kind can be obtained, the load carrying capacity
* of the subgrade may be estimated on the basis of s0il classifica-
tion, moisture, drainage conditions, ete.

2. Standard densely graded, hot mix asphaltic concrete mixture made
up of two layers of different gradation is used for the wearing
course. The mixture is designed according to the Marshall Method |
(ASTM Designation: D 1559). The penetration grade of the bitumen
in the mixture is based on the freezing index of the location and
the particwlar use of the mixture.

3. Standard soil-aggregate materials are used for the base course and
the subbase. The quality of these materials is controlled by
Specification requirements.,
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Experience: According to Dr. G. Y. Sebastyan, Chief, Engineering Design Division
‘of the Construction Engineering and Architectural Branch of the Canadian Depart-
ment of Transport, the following problems have been enccuntered in using the
method: )

1. The correlation determines the overall ravement thickness require-
ment and the design does not provide for the stability of the various
pavement structural components.

2. For a given subgrade strength and applied load the total pavement
© thickness determined by this method will be mainly related to the
value "K" or the size of plate or contact area used in the design,
which give rise to some inconsistency. This was one of the reasons
- Why the Department standardized on a 30-in. diameter plate in
. pavement design and evaluaticn work. '

3. The original study indicated a constant "K' value for given diameter
~ plate. As "K" is an inverse measure of pavement strength increase
per inch thickness, its value, within certain limits should be a

: function of the type of the material incorporated into the pavement
. structure.

L. "K' should also be a function of the thickness of the various pavement
components. This matter has been investigated by Dr. McLeod and
indirectly by Dr. Sebastyan.

" 5. The correlation between the paverent secant modulus of deformetion
and pavement performance is based on subjective knowledge and
experience, )

6. The design equation gives some difference in results if the contact
area of the applied load is converted to an equivalent 30-in. plate
on the pavement surface and then compared with a subgrade strength
value determined on a 30-in. diameter plate and alternatively, if the
subgrade strength is given on an equivalent plate size basis and
compared with the actual contact area on the surface.
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" AASHO INTERIM GUILE FCR THE DESIGN CF FLEXIBLE PAVEMENTS

History: This method was developed frcm results of the AASHO Road Test by the
AASHO Operating Cormittee on Design and released for study and trial use in 1961.

(B

Principal Design Criterion: The adequacy of the structural design is messured

by the change in ihe Zresent Serviceapility Index (P51, of the pavement. 1he
PST is defined as the momentary ability of a pavement to serve traffic, The

change in PST is a function of maximum axle load, number of axles, number of

load repetitions, seasonal effects, thickness of pavement components and the

subgrade soil support.

Assgggtions:

1. The significant relationships found between the number of
repetitions of specified axle loads, the thicknesses of surface,
base and subbase, and the basement soil used on the Road Test are
valid for all soil types. This assumption permits the establishment
of a soil support scale. .

2. Each axle load applied to a pavement structure in a mixed traffic
stream has the same relationship to pavement performance as was
‘found in the Road Test for pavements carrying axle loads of a
fixed magnitude. This assumption leads to the develotment of
equivalence frctors and the expression of traffic lcadings in
terms of 2 ccrmon dencminator.

3. An envirommental factor may be introduced into the design analysis
on the basis o 2 surmation of the seasonal weighting factors used
to weight the z.le load applications on the Road Test.
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ASPHALT INSTITUTE METHOD FOR THICKNESS DESIGN OF
ASPHALT PAVEMENTS

History: This method was dsveloped from the statistical analysis of data from
the AASHO Road Test. Information from the WASHO Road Test, from British Test
Roads, older editions of the Asphalt Institute manual, and state highway and
other existing design procedures was incorporated. The present version was
published in 1963.

Principal Desien Criterion: The adequacy of the structural design is measured
by the change in the Present Serviceability Index (PSI) of the pavement. The
PSI is defined as the momentary ability of the pavement to serve traffic. Thne
change in PSI is a function of the number and rate of all axle and wheel loads,
strength of the subgrade soil in its eritical moisture condition and strength,
or relative strengths of the surface, base and subbase courses.

. Assumptions:

1. The number of applications of various wheel loads can be expressed
in terms of an equivalent number of 18,000 pound single-axle load
- applications. This assumption leads to the development of equival-
ence factors and the expression of traffic loadings in terms of a
cammon dencminator.

. 2, The effect of one pavement material, i.e., asphaltic concrete or
granular base course, relative to that of another material in the
pavement system is proportional to the ratio of their thicknesses.

- Thus the conceps o equivalency or a thickness of one material to
a different thickness of another material is assumed.

3. The relationships found between the equivalent pavement thickness,
the equivalent number of 18 kip axle loads and the soil support
value for the AASHO Road Test data are valid for all soil types.

L. The soil support value can be measured by either the California
Bearing Ratio (CBR) or the Stabilometer R-value.

Determination of Material Properties: The soil support value is determined
by either the California Bearing Ratlo test or the Stabilometer test. No
determination of properties of the other pavement components is made. However
. it is assumed that all such components exhibit at least the minimum quality

specified in terms of gradation, CBR, Marshall stability and other standard
tests normally used in highway work,

-

P —— e o
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" . AASHO INTERIM GUIDE FOR THE DESIGN OF RIGID PAVEMENTS

History: This method was developed from results of the AASHO Road Test by the
AASHO operating committee on design and released for study and trial use in 1961,

Principal Design Criterion: The adequacy of the structural design is measured
by the change in the Present Serviceability Index (PSI) of the pavement. The
PSI is defined as the momentary ability of a pavement to serve traffiec. The
change in PSI is considered to depend upon the maximum tensile stress in the
concrete relative to the tensile strength. This stress is a function of
_maximum axle load, number of axles, number of load repetitions, seasonal

effects, thickness, stiffness, and strength of the concrete, and the subgrade
soil support.

Assumptions:

1. The significant relationships found between the number of repeti-
tions of specified axle loads, rigid pavement thickness, character-
isties ol the pavemsnt 2nd subzrade on the AASHO Road Test are
valid for all soil types. ’

et e
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2. Each axle load applied to a pavement structure in a mixed traffic
stream has the same relationship to pavement performance as was
found in the AASHOQ road test for pzvements carrying axle loads of
a fixed magnitude. This assumption leads to the development of

- equivalence factors and the expression of traffic loadings in
terms of a commen denominator,

3. An environmental factor may be introduced into the design analysis
on the basis of a sumation of the seasonal weighting factors used
to weight the axle load applications on the AASHO road test.

4, The capacity of the subgrade to support traffic loadings can be
measured by the modulus of subgrade reaction.

" 5. The maximum tensile stress in the concrete can be predicted from
the Spangler equation of corner load stresses.

Determination of Material Properties: The material parameters required are
the modulus of rupture of the concrete and the modulus of subgrade reaction of
- the subgrade. The modulus of rupture of the concrete is determined from a
compression test on Ea-day old concrete using the test procedure specified in
-AASHO Designation T-97. The modulus of subgrade reaction is determined from
a plate loading test conducted in accordance with ASTM Designation D 1196-57,
using a 30-inch diameter plate. This modulus may also be estimated in such
cases a3 this is warranted by experience.
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 THE_KENTUCKY METHOD

History: This method was developed in 1958 and presented by Havens, Deen and Southgate

to fit conditions in Kentucky.

Principal Design Criterion:

The subject design, like other elastic layered design procedures, considers both
permanent deformation (rutting) as well as fatigue cracking of the asphalt-bound layer
as the two most significant failure mechanisms. The information necessary to solve

the pavement thickness solution is the CBR of the subgrade, design number of equivalent

axle load and the desired thickness percentage of A.C. in the structure.

Assumptions:

1. The method is based on CBR and equivalent wheel load.

2. Use of limiting tensile strain criteria for fatigue cracking.

3. Development of a F value for the granu]af base modulus to account for the known
dependency of the value upon the underlying subgrade modulus.

4. E, range from 150,000 to 1,800,000 psi

E. =F x CBR x 1800
4

E3 CBR x 1500

5. Poisson;s ratio of layer 1-

= 0.40
layer 2 = 0.40
layer 3 = 0.45
6. Tire pressure = 80 psi
7. F =1 when E] = E2 = E3

8. Procedure is based on arriving at design thickness for each of the two distress

modes.

Description of Material Properties

Soil support value is determined by the California Bearing Ratio Test.
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Pavement Response and Equivalencies for
Varijous Truck Axle-Tire Configurations

ABSTRACT

Many changes in allowable loading and operating procedure for trucks are
under consideration in Washington and other states. For example, dual tires
versus single "flotation" tires for heavy truck loads may have varying damaging
effects on pavements. Further, at least for asphalt pavements, the time of
year and vehicle speed may also influence the analysis for special heavy load
permits. This paper is a brief attempt to consider some of these variables on
a relative basis.

This paper is intended to be a 1imited state-of-the-art approach to an-
swer several pertinent questions from a theoretical study based on hypothetical
pavements and loads, but based on reasonable material characteristics and pave-
ment behavior from previous research. The computer program was used to compute
structural behavior. By using known fatigue and failure design curves, maximum
allowable numbers of load applications were determined. The results are a
series of relationships based on pavement 1ife which can be used to determine
any number of "equivalencies." These equivalencies can be used to compare the
relative destructive effects of various sizes of single and dual tires, axle
loads, pavement thicknesses, speed and temperatures.

The general nature of these relationships provide a wide range of condi-
tions for comparison on a relative basis. Within reason, interpolation is
valid. One must keep firmly in mind, however, the fact that these relationships
are for assumed conditions (although reasonable) and do not represent actual

pavements.
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INTRODUCT ION

There are indications that many trucks now have front axle loads ap-
proaching the maximum allowable (18,000 1bs. in Washington) for single axles.
The fact that these are on single tires increases the potential for pavement
damage. In addition, many changes in allowable loading are under considera-
tion in other states. For example, substituting single "flotation" tires for
dual tires on heavy truck loads may have varying damaging effects on the pave-
ments. Further, at least for asphalt pavements, the time of year and vehicie
speed may also influence the analysis for special heavy load permits. This
paper is a brief attempt to point out the relative effects of some of these
variables.

Most of the past studies and literature deal only with relationships
between dual tired single axle and dual tired tandem axles. Therefore, this
study is to examine relative destructive effect of the single tire versus dual
tires and especially between wide single tire (super single, flotation) and
conventional dual tires.

Although this paper is not intended to be a "state-of-the-art" approach,
it is a summary of a larger study (1) based on hypothetical pavements (with
reasonable material characteristics and pavement behavior determined from
previous research) and loads, to answer several pertinent questions using
current technology. The results are a series of behavior-response relation-
ships based on pavement life. One can then use them to determine any number of
"equivalencies" of relating variables based on a certain set of conditions.

Basic variables considered in this study include:

1. Wheel load,
2. Tire contact pressure and width,

3. Thickness and nature of pavement Tayers,
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4. Speed of yehicle, and
5. Pavement temperature.
A three-layer pavement structure with an asphalt concrete surface, AC,
untreated aggregate base, UTB, and natural soil subgrade were selected for
this study. Multilayered elastic theory is used to compute structural response.
The deflections, stresses, and strains are computed by using the Chevron
n-layer computer program. The horizontal tensile strain at the bottom of the
asphalt treated layer, eh,and the vertical compressive strain at the top of the

subgrade, ¢,, are examined in determining the maximum number of load applica-

v
tions to failure (see Figure 1). The maximum strains, especially in the thin
pavement layers, can occur directly under one of the dual wheels rather than
midway between them.

The maximum number of load applications, N, are determined (a) from the
criteria developed from laboratory fatigue tests on asphalt to minimize pave-
ment cracking from repeated loading and (b) from the criteria developed from
that of Shell to minimize surface rutting caused by over stressing the subgrade.

Based on the maximum number of the standard axle load applications,
fatigue and rutting equivalencies are established. These equivalencies can be
used to compare the destructive effects of various sizes of single and dual
tires, and various axle loads.

The effects of changes in the level of temperature and variation in

vehicle speeds on the fatigue in terms of the maximum number of load applica-

tions are also examined.
BACKGROUND INFORMATION

As noted by a number of researchers, the assumption of the pavement re-

sponding as a layered elastic system appears reasonable at this time. Several
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computer solutions are available and CHEV 5L was selected for this project to
facilitate determination of the stresses. When using such solutions for
material response characteristics that depend on stress, it is necessary to
use an iterative type of solution for pavement section containing a granular

material,

Material Characteristics

In general, asphait materials are visco-elastic and therefore their stress-
strain characteristics are dependent on both time of loading and temperature.

A number of experimental methods have been developed to describe the relation-
ship between stress and strain for asphalt mixes (2). For this study, the
resilient modulus (MR) for typical Washington mixtures was used and was con-
firmed by the stiffness concepts of Van der Poel, et. al., (3,4).

For untreated granular materials and untreated materials such as the sub-
grade, a measure of stiffness termed the resilient modulus can be determined
from:

1. The resilient modulus test using repeated load triaxial apparatus (5).

2. The California bearing ratio (CBR) test (6).

3. The repeated plate load test (7).

In this study, data from the WSU test track studies (8) and other tests of
typical Washington materials (9) were used for the subgrade and base Tayers.

Other materials and localities would require appropriate adjustments.

Distress Criteria

Fatigue has been defined as the phenomenon of fracture under repeated or
fluctuating stress having a maximum value generally less than the tensile
strength of the material. Stiffness plays a predominant role in determining
the fatigue behavior of asphalt mixes and maximum principal strain is a major

determinant of fatigue crack initiation.
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In practice, payements are subjected to a range of loadings; accordingly,
a cumulative damage hypothesis is required since fatigue data are usually de-
termined from the results of simple loading tests. One of the simplest of such
hypotheses is the Tinear summation of cycle ratios. Fatigue life prediction
under compound loading becomes a determination of the time at which this sum
reaches unity.

Numerous studies have been conducted to evaluate the fatigue behavior of
asphalt concrete and data are available for materials similar to those used in
Washington (10), These data were used as the basis for cumulative fatigue
damage due to truck traffic.

The other mode of failure considered in this study is permanent deformation,
more commonly called rutting. Structural failure due to rutting can occur in
one or more pavement layers. For example, recent research has shown that rut-
ting in the asphalt layers can be predicted reasonably well. This failure mode
may be particularly important for thick asphalt sections in hot climates.

A somewhat broader approach to rutting failure is utilized in the Shell
design method (11) as well as in this study. It appears that there exists a
critical subgrade stress/strain level beyond which the rutting is extended into
the subgrade soil. For example, if the vertical subgrade strain does not exceed
the critical level, ruts are not formed due to subgrade faflure. From experi-
ence in Washington, rutting failure is not a significant factor, but was used
here to illustrate the different failure modes which the highway engineer must

guard against.

Qther Factors

Pavement temperatures can be computed from weather data by solving the heat
conduction equation by numerical technique, such as finite-difference procedure

or finite-element procedure, or by closed form techniques as presented by
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Barber (12). Alternatively,a representative temperature can be estimated by one
of several methods.
As indicated above, fatigue 1ife is dependent on the asphalt stiffness and

temperature changes throughout the year will affect the analysis of pavement

life accordingly. Considering a Timited example in this paper, reasonable pave
ment temperatures were assigned and computations of pavement Tife made to show
this relative effect.

In addition to temperature, speed of the moving vehicle has often been
considered to affect stresses induced in the pavement and, ultimately, the
pavement life. In order to illustrate this factor, only thechange in stiffness
of asphalt as caused by variable rates of loading was considered. .The other

pavement layers were assumed to be unaffected, for simplicity.
COMPUTATIONS

Varjous wheel loads and tire widths to be considered as input variables in
the computer analysis were suggested by the Washington State Highway Department.
Although it is generally known that the tire-pavement pressure interface is
somewhat complex and affected by tire design, simplifying assumptions were made
to accommodate the CHEV 5L program. These include a circular contact area with
tire pressure equal to the contact pressure. Various tire pressures were cal-
culated by dividing the wheel load by a reasonable contact area.

Several thicknesses of pavement structure have been selected: 3-in., 6-in.
and 9.5 in. of asphalt concrete surface on 8 in. of untreated base. The sub-
grade layer is assumed to be semi-infinite.

The types of material in each layer of the pavement structure selected for
this study are based on the availability of the laboratory and field test data
in combination with those common in Washington. They are Class "B" wearing

course, untreated aggregate base and the natural undisturbed clay subgrade soil.
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The CHEV 5L computer program (13) was used to caiculate the stresses,

strains and deflections. The effect of the dual load on any point is then de-

termined by 1inear superposition of the effects of each of the loads at the

point in question. The application of superposition implies linear response

and thus, the utilization of this principle is an approximation of the dual

wheel load.

The computational procedure includes several iterative steps. For a par-

ticular computation, these can be summarized as follows:

1.
2.
3.

Select thickness of each layer.

Estimate moduTus and Poisson's ratio for each layer.
Select wheel load and contact area (radius of circular
area of contact with pavement).

Select points for calculation of stresses, strains and
displacements. These will usually include depths ranging
from the surface downward at least into the subgrade.
Points are selected radially from the center of load
sufficiently far to include the adjacent dual tire (if
any). Preliminary calculations indicated that tires at
the opposite end of the axle from those under considera-
tion do not contribute significantly.

Following computer calculation, appropriate values are
selected from the printout and compared to the material
behavior data. If the required moduli are not within the
given range, they are adjusted and the computation repeated
until reasonable agreement is attained. When dual tires
are utilized, the additive values are used for this com-

parison so that maximum values are always considered.
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6. When agreement is attained, the final iteration is used as
being representative of that combination of load and pave-
ment response.

7. The above steps are repeated for each combination of load,

tire width, pavement thickness, etc.

EQUIVALENCY DETERMINATION

Surface deflection is often a good indicator of pavement behavior changes,
but in itself it cannot be readily related to performance over a wide range of
conditions. Therefore, the main concern will be with radial tensile strain on
the bottom of asphalt concrete layers as it relates to fatigue cracking or
failure. 1In addition, vertical compressive strain on the subgrade is examined
with respect to its relationships to 1imiting rutting in the pavement structure.

Ufi]izing the computed data, a series of steps were made to reduce these
data to a form directly applicable to pavement 1ife. This was a relatively
straightforward but time consuming procedure to eventually arrive at the pri-

mary relationships shown in Figures 2 and 3.

Fatigue

A complete and reasonably convenient summary of all the data is shown in
Figure 2. In this figure, the relative number of applications of a particular
load or combination of loads can be determined. As a basis for comparison in
establishing Figure 2, a "standard" condition was defined as an 18-kip axle
load with 10-inch wide dual tires on a pavement with 6 inches of asphalt con-
crete. Thus, this point on Figure 1 has an equivalency equal to unity. With
the data normalized in this manner, any two points can be compared (divided)

directly using the relative equivalencies on the vertical scale.
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Rutting
Similar to that for fatigue, Figure 3 has been prepared as a summary of
all the combined data for rutting behavior. Use of these data are similar to

that for Figure 2. Any two points can be compared in terms of their relative

life to fajlure in terms of their ratio or equivalency.

Climate (Temperature)

For the average case, 68.5°F was assumed to be the temperature for asphalt
concrete at all depths. It is known, however, that a range of temperatures is
encountered such as during the summer and winter months. A profile of tem-
perature within the asphalt concrete for these pavements was estimated from
weather data.

Because of the excessive computations and analysis required, the effect of
temperature on pavement behavior is limited to the case for 10-inch tires,
18-kip axles load, and for the usual range in asphalt concrete thickness,
appropriately adjusted for stiffness by sublayers. Using the same fatigue cri-
teria as before, the number of load applications to failure were determined
and plotted in the format shown in Figure 4. Remembering that these data are
for 18-kip axle loads only, they can be extrapolated to include other axle

loads by utilizing the Tinear nature of curves in Figure 2.

Vehicle Speed

Speed analysis has also been limited to the standard 18-kip axle load with
10-inch wide tires. Using the 10-inch diameter contact area between tire and
pavement as the contributing lToaded area, the wheel was assumed to be rolling
at a range of speeds and these were converted to load duration. These loading
times were then used to determine stiffness of the asphalt concrete based on
the principles of Van der Poel and calculated for a particular mix as by

Monismith, et al. (14) and from data on Washington mixtures (15).
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Using fatigue data, the relative effect of speed on the number of appli-
cations of load to failure is shown in Figure 5. Although the basic equiva-
Tency relationships shown earlier in Figures 2 and 3 did not indicate a speed,
most of the stiffness data were developed for testing load duration of about
0.5 sec., i.e., about 10 mph. The user of these data should be cautioned,
however, that relative values only should be compared and not actual lcad

applications to failure, for example.
SUGGESTED USE AND APPLICATIONS

Appropriate utilization and recognition of the 1imiting factors in this
study are very important. The user must realize that comparisons among the
variables considered are only relative and should not be used for actual pave-
ment life predictions, for example. This approach is predicated on the fact
that computed data are based on hypothetical pavements, although they are
reasonable approximations of typical pavements constructed in Washington.

Using the key relationships developed herein, Figures 2 through 5 can be
used to determine a wide range of equivalencies as illustrated in the form of

examples or typical situations.

Example 1
Compare the relative pavement fatigue life expectancy of a

3-inch asphalt pavement when subjected to an 18-kip axle load with

10-inch dual tires and 18.5-inch single flotation tires.

Solution

From Figure 2, the relative 1ife for the single and dual cases
are 250 x 10”2 and 180 x 10"3, respectively. Therefore the equiva-
Tency of these two are: 250 x 10-3 )

— = 1.38
180 x 10
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j.e., the single tire would be 38% more damaging in terms of
fatigue, or conversely, the pavement will last 38% longer

under the dual tires.

One should note that these equivalencies are compared for conditions that

are all constant except for those being compared.

Example 2

Determine the equivalency for the same loads as in Example 1,

but in terms of rutting distress.

Solution
From Figure 3, for 3-inch asphalt concrete, for dual tires,

N = 32 x 107> and the single N = 14 x 1073, The equivalency

) -3
would then be: 32x 19 __ 53 for rutting damage, indi-
14 x 1073

cating that the pavement will last 2.3 times longer under dual

tires.

Assuming that the pavement was originally designed to preclude failure
over a reasonable design life, one can compare the two examples. By changing
the 18 kip axle load from duals to single tire as illustrated, the pavement life
will be shortened when considering both fatigue and rutting. From this anal-

ysis, one would expect fatigue to be more critical.

Example 3
Using the results from Example 1, what difference will it

make for summer and winter.conditions?

Solution
From Example 1, the equivalency was equal to 1.38 and this

can be considered the "average" condition in Figure 4, The actual
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equivalency between 10-inch dual and 18.5-inch single would re-
main about the same, but actual 11fe to failure (for a particular
case) would need to be adjusted. From Figure 4, summer, average,
and winter applications for 3-inch asphalt concrete would be

7.4 x 103. 3.3 x 104 and 2.7 x 105, respectively. Therefore,
pavement 1ife could be expected to be increased by:

5
2.7 x 10 . .
7 = 8.2 times in winter,
3.3 x 10

and decreased by 4
3.3 x 10

7.4 x 103

4.5 times in summer.

One must realize, however, that the actual range of winter to summer tempera-
tures are distributed throughout the year, month by month, and a weighted
average would be more realistic. The data in Figure 4 are primarily for
illustrative purposes and show that due to higher stiffness of asphalt concrete

in winter, it is more resistant to fatigue cracking.

Example 4 )
Again using Example 1 results, what is the effect of reducing

average truck speed from 70 mph to 55 mph?

Solution
The curve in Figure 5, although developed for the "standard"
load, can be used for general speed comparisons. At 70 mph, load
applications to fatigue cracking is 1.25 x 106. At 55 mph, this
value is 1.15 x 106. Therefore, pavement 1ife is reduced by a
factor of 1.15 x }06

—hg' = 0-92 or 8%9
1.25 x 10
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Example 5
A special highway user requested permission to use a 3-mile
segment of h1ghway for trucks having average single axle loads
of 24-kips and 18.5-inch single flotation tires. The existing
pavement is 3 inches of asphalt concrete with otﬁer conditions
similar to those developed in this report. What change in pave-
ment would be required to provide equivalent pavement 1ife com-

pared to the standard 10-inch dual, 18-kip axle load?

Solution

Provide an asphalt concrete overlay. Locate the given con-
ditions on Figure 2 (24-kip axle load, 18.5-inch single tire,
3-inch AC pavement}. This point 1s approximately 82 x 1073
on the vertical equivalency scale. Next, locate the "standard"
condition (18~kip, 10-inch dual, 3-inch AC) which is approxi-

mately 250 x 1073, That is, pavement thickness must be in-

3 3

creased sufficiently to increase the 82 x 10°° to 250 x 10 ~.
By examining the family of AC thickness curves, i.e., 3-in.,
6-in. and 9.5-in., it is possible to interpolate any point in
between. Therefore, by moving vertically along the 24-kip axle
load line from 82 x 1073 (single 18.5-in. tire) to 250 x 1073
(dual 10-in. tires), the AC thickness can be interpolated as
approximately midway between the 3-in.and 9.5-in. curves, i.e.,
use 6.2-in. This indicates that 6.2-in. is required and 3-in.
is existing (assuming it is new), therefore, a 3.2-in. overlay of
this 3-mile sectijon would be required to make it equivalent to

the adjoining highway which will receive "standard" traffic.
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An additional solution(s) may be more appropriate depending
on the conditions:
(1) Add axles to reduce average axle weight.
(2) Change tires to duals (Figure 1 does not
include large enough duals--11- or 12-inch
would be required by extrapolation, but may
not be practicable).
(3) A combination of the above.
Also note that, for larger special loading, the speed may be re-
duced considerably and this should be considered in the equiva-
Tency evaluation. Further, the time of year may be a factor--
special hauling may be seasonal and compensation for tempera-

ture correction may increase or decrease the equivalency.
SUMMARY AND CONCLUSIONS

This study was initiated in an attempt to examine relative destructive
effects of wide single-tire and conventional dual-tires on the pavements. Basic
variables are wheel load, tire width and thickness of asphalt concrete. Based
on available laboratory and field data three pavement layers consisting of as-
phalt concrete surface, untreated aggregate base and clay subgrade were selected
as the materials for this study. The CHEV 5L program was used to compute de-
flections and critical strains. Prior to determining the fatigue and rutting
equivalencies, maximum computed deflections and critical strains were compared
with other sources. These experimental data seem to agree reasonably well. By
using known fatigue and failure design curves, maximum allowable numbers of
various axle load applications were determined. Fatigue and rutting equiva-

lency relationships for various axle loads are established by dividing the
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maximum number of axle load applications by the maximum applications of 18-kip
axle loads on an asphalt concrete thickness of 6-in. and the dual 5-in. tires.
These equivalencies, shown in Figures 2 and 3, can be used to compare the
relative pavement 1ife when subjected to varfous sizes of single and dual
tires and axle Toads.

The effects of variation in temperature between summer and winter were
also examined. It can be said that as the temperature is decreased, as in
winter, the rigidity of the pavement structure is increased, thus resulting 1in
a decrease of vertical stress and thereby permitting a greater number of load
applications. As can be seen in Figure 4, the destructive effect of a vehicle
on the pavement during the surmer period is much greater than in winter, ex-
clusive of spring frost break-up conditions and other soil-moisture variations.

The effect of variation in vehicle speed on the pavements was also briefly
considered. In general, slower speed tends to cause longer load duration, re-
sulting in an increase in vertical stress and thereby permitting fewer load
applications to failure as can be seen in Figure 5. This figure can be used to
compare the relafive pavement life at various speeds as illustrated in Example 4.

The general nature of Figures 2 through 5 provides a wide range of condi-
tions for comparison on a relative basis. Within reasen, interpolation is vatid.
One must keep firmly in mind, however, the fact that these relationships are for
assumed conditions (although reasonable).and do not represent actuallpavements.
Comparison must be made on a relative basis and not actual pavement life as
shown in load applications to failure,

On the basis of this study, several conclusions appear warranted:

1. Single wide flotation tires are in general more destructive than

dual tires with equivalent contact area.
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2. Similarly, wide flotation tires require a thicker asphalt
pavement than dual tires.

3. Pavement requirements for both wide single and dual tires
increase at about the same rate as total axle load increases.

4. Pavement 1ife in terms of fatigue is at least an order of
magnitude greater in winter than in summer for the condi-
tions of this study.

5. Pavement life is increased directly with speed of the vehicle,

all other factors being equal.
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