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INTRODUCTION

BACKGROUND

In the rational design of flexible pavements, consideration of
permanent deformation (or distortion) constitutes an important factor in
the overall design system. Excessive amounts of pavement rutting ad-
versely affect riding quality, and rutting can also cause the pavement
to crack and thus result in the loss of pavement serviceability.

Permanent deformation in a pavement is a manifestation of two
different méchanisms: densification (volume decrease) and shear deforma-
tion (plastic flow with no volume change). Monismith® has summarized
the various forms of permanent deformation resulting from both traffic-
and nontraffic-associated causes, and these are listed in Table 1.

Excessive deformation resulting from densification can be mini-
mized by proper compaction requirements. Control of plastic flow is
actually one of the basic distress modes upon which all pavement struc-
tural designs are based. In designs of pavement systems to minimize
permanent deformation, it is general practice to place a sufficient
thickness with adequate strength of each component layer to keep the
stresses in the subgrade to a low level relative to the strength of the
soil (as in the CBR design procedure).

Since the advent of high-speed computers, two approaches have
been advocated using the layered elastic method or others to solve the
problems of design to minimize permanent deformation. One of the
approaches involves limiting the vertical compressive strain at the
subgrade surface to some tolerable amount associated with a specific
number of load repetitions (as in the Shell procedurez). By controlling
the characteristics of the material in the pavement section through
materials design and proper comstruction procedures (unit weight or
relative compaction requirements) and by ensuring that materials of
adequate stiffness and sufficient thickness are used so that the strain
level is not exceeded, permanent deformstion can be limited to a value

equal to or less than the prescribed amount. The major advantage of the



Table 1

Examples of the Permanent Deformation Mode of

Distress for Asphalt Pavements (after Monismithl)

General Cause

Specific Causative Factor

Example of Distress

Traffic-associated

Nontraffic-
associated

Single or comparatively
few excessive loads

Long-term (or static)

load

Repetitive traffic load-
ing (generally, large
numbers of repetitions)

Expansive subgrade soil¥
Compressible material
underlying pavement
structure

Prost-susceptible material

Plastic flow (shear
deformation)

Creep (time-
dependent )
deformation

Rutting (resulting
from accumulation
of small permanent
deformations asso-
ciated with passage
of wheel loads)

Swell or shrinkage
Consolidation

settlement

Heave (particularly
differential
amounts)

* Soils in this category exhibit high shrinkage as well as swell

characteristics.



approach is the fact that it is currently a workable tool for the pave-
ment design, and several agencies have introduced procedureées based upon
it. A summary of existing criteria taken from Reference 3 is shown in
Table 2. It should be pointed out that pavements designed based on this
procedure will have sufficient thickness to protect the subgrade soil
from shear failure but not to insure that permanent deformation in the
upper pavement layers will not occur.

The other approach involves prediction of the actual amount of
deformation which might occur in the pavement system using material
characterization data developed from laboratory tests. In the new,
improved pévement design procedureh prepared for the Office, Chief of
Engineers, U. S. Army, and the Federal Aviation Administration (FAA),
two primary distress modes, fracture and distortion, are considered.

The consideration of fatigue cracking did not fall within the purview
of this study. Rather, the prediction of accumulated permanent deforma-
tions in pavement systems under ajircraft loadings was studied and the

results presented.
PURPOSE AND SCOPE

The purpose of this study was to examine the rutting characteris-
tics of pavement component materials and to develop a prediction model to
accurately estimate the amount of rutting occurring in each component
layer of a pavement system under traffic loadings.

A literature survey was first conducted on the rutting charac-
teristics of pavement component materials and the computational tech-
niques used to predict the amount of rutting. A series of laboratory
repeated load tests measuring permanent strains was performed on subgrade
soil and untreated granular materials. The results were used in con-
junction with a layered elastic computer program to determine the accumu-
lated permanent deformation occurring in each layer of the pavement
induced by aircraft loadings. Pavements analyzed were full-scale,
multiple-wheel heavy gear load test sections constructed and tested at
the U. S. Army Engineer Waterways Experiment Station (WES) and typical

pavements as designed using the Corps of Engineers CBR eguation.
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Table 2

Limiting Subgrade Strain Criteria (After Yoder and w1tczag§1

Original Revised Asphalt
Shell 0il Co. Shell 01l Co. Institute Kentucky Highway
Strain parameter¥ e € € €
vs vs vs vs
Year introduced 1962-1965 1970-1972 1971-1973 1971-1973
Type pavement Highway Airfield Airfield Highway
Allowable strain
N, =10 -— -_ - -
J 2
10 - - 2548 -
103 2700 4500 190k 790
10h 1680 2700 1646 639
lO5 1050 1700 1508 502
106 650 1030 1423 364
107 420 650 - 227
1o8 260 koo - 89
o - - 1060 -
Effective E , ksi 140 (thin AC) 150 100 480 (33 percent AC)
200 (thick AC) - - 300 (100 percent AC)
¥ ¢ is maximum compressive subgrade strain, 10 ~ in./in.

vs



Design implications based on the results of computations were analyzed,
and recommendations for the design of flexible pavements to minimigze

permanent deformations were determined.
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LITERATURE REVIEW

In recent years, much research effort has been devoted to the
study of permanent deformation in flexible pavements. Experience indi-
cates that under normal pavement conditions deformation within asphaltic
materials occurs only during warm weather. Under cold weather conditions,
little deformation occurs in either the asphalt material or the subgrade,
due mainly to the very stiff condition of the former. In some cases, the
subgrade soil may be frozen in the winter and provide firm support for
the overlying asphaltic concrete (AC) layer and thus reduce pavement
deformation. While rutting and fatigue are two separate modes of
distress, rutting can contribute to fatigue failure of a pavement due
to tensile strains in the surfacing which result from bending caused by
rutting in the base and subgrade.

In this chapter, reviews are presented for AC, untreated granular
materials, and fine-grained soils. A literature review was not conducted
on stabilized soils because it is the general consensus that stabilized
soils with sufficient amounts of agent experience insignificant amounts

of permanent deformation under traffic loadings.
ASPHALTIC CONCRETE (AC)
INTRODUCTION

Hofstra and Klomp5 investigated permanent deformation of AC using
a laboratory test track. The pavement structure was simplified by
utilizing full-depth AC construction with 2.0-in.,* 3.9-in., 5.6-in.,
and 7.9-in. layers of various asphalt mixes laid directly on subgrade
with a CBR of 18. The mixes had high asphalt contents to induce greater
rutting than would normally occur in practice, and a strong subgrade
was used to minimize deformation in that material.

Experiments to investigate the effect of temperature indicated
that for a 2-in. layer of AC, rutting was partly due to deformation of
the subgrade but for the 3.9- and 5.6;in. layers rutting was due entirely

* A table of factors for converting units of measurement is presented
on page 3.
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to deformation in the AC. It was found that deformation was due to
plastic flow of the material and not to densification. A range of tem-
peratures from 20 to 60° C was investigated, during which the AC modulus
decreased by a factor of approximately 60 but the permanent deformation
increased by a factor of 250 to 350.

A series of tests was carried out to investigate the mix variables
of asphalt type, asphalt content, and aggregate type. It was found that
stiffer asphalts produced mixes less susceptible to permanent deforma-
tion, and the same effect was noted for mixes with low asphalt contents
or higher percentage of coarse aggregates. It was also found that rut
depth per wheel pass decreased with an increasing number of wheel passes.
It appeared that the mix built up a resistance to flow during the process
of deforming under repeated loading. This was probably due to the asphalt
being expelled from between aggregate particles producing greater inter~
locking, which ﬁould explain why angular aggregate produces better
performing mixes than rounded aggregates.

Studies of the distribution of permanent deformation with depth
in the AC layers showed that deformation was almost uniformly distributed
through the entire depth. Calculations of vertical strain distribution
with depth using the computer program, BTISTRO, and assuming a constant
asphalt stiffness modulus showed a reasonably uniform strain distribu-
tion. However, in a 7.9-in. layer, the calculated strain was much higher
at the top of the layer than at the bottom, whereas measured permanent
deformation was only slightly higher. The strains and deformations were
not in agreement with observations of Heukelom and Klomp.6 This could
be partly explained by the fact that vertical strains measured near the
bottom of the layer were much larger than the values calculated at that
position, possibly due to the constant modulus assumed for the whole
layer.

McLean7 describes a methodology to permit estimation of permanent
deformation in pavement structures from laborsastory triaxial repeated
load and creep tests. His analysis concentrated primarily on techniques
to estimate the distortion characteristics of AC and the use of these

data together with both linear elastic and linear viscoelastic theory
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to prediet rutting in asphalt-bound layers of pavement structures. This
approach when used to study the influence of a number of parameters on
pavement response resulted in the following observations:

a. BSubgrade stiffness appeared to have little influence on the
accumulation of permanent deformation in the asphalt-bound
layer--at least for the range in stiffnesses examined.

b. AC stiffness exerted a significant influence on rutting in
the asphalt-bound layer.

c. Like the measurements of Hofstra and Klom.p,5 the calculation
procedure indicated that rut depth in the asphalt layer was
independent of layer thickness for the range examined.

Morris8 developed a mathematical model from the laboratory experi-
mental results to predict the rut depth of the full-depth sections at
the Brampton Test Road in Canada. The computed results match very well
with the measurements. However, Morris found that the majority of the
deformations occurred in the lower portion of asphalt layer where tensile
stresses exist. The conclusions of Morris's study were different from
those of Hofstra and Klomp5 and McLea.n.7 The details of these works
will be explained in the later sections.

METHODS TO PREVENT PERMANENT

DEFORMATION OF AC
159

The following discussion is taken from Monismith study of
avellable methods to prevent excessive deformation in the AC layers of
a pavement.

Standing and Uniformly Moving Traffic. Two of the methods in

widespread use (presented in Corps of Engineers Technical Manual

™ 5-82h—2lo and California Division of Highways Materials Manual,

Test Method 30hll) have the capability to produce reasonably performing
mixtures so long as the actual service conditions correspond to those

for which the basic criteria were developed. For conditions beyond the
realm of current procedures, the triaxial compression test has the poten-
tial to provide parameters which, when used with analyses of systems
representative of pavement structures, can provide useful design guides.
A number of investigators, as will be seen subsequently, make use of
bearing capacity relationships for materials whose strength characteris-

tics can be represented by an equation of the form
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T=c¢c+ 0tan ¢ (1)

where

L
i

shear strength

¢ = cohesion
o = normal stress
¢ = angle of internal friction

By performing triaxial compression tests at temperatures and rates of
loading associated with specific field conditions, the parameters ¢ and
¢ can be ascertained for design estimates. The analysis of Nijboer12

can be helpful to properly define the parameters ¢ and ¢ for deslgn
purposes

" de, __2cos ¢ 9 = %3 _ o) * 03 tan ¢ . (2)
mass dt 3 -sin ¢ |2 cos ¢ 2 T e
where
nmass = viscosity of mass
del
i rate of application of axial strain
Oy 03 = major and minor principal stresses, respectively
de
7 = 1nitial cohesion when -=——= 0
e dt
and
de
_ 1
© = Te ¥ Mmass T (3)

For standing loads, the value of ¢ corresponds to T

Equations 2 and 3 are used to solve for ¢ and c¢ , respectively.
Data indicate that ¢ is relatively unaffected by rate of loading, and
both Nijboerlz‘and Smith13 have recommended a minimum desirable value
of 25 deg. To develop ¢ values equal to or greater than thils, the
aggregate should be rough-textured,-angular, and well-graded.

The investigation of Nijboer can be of assistance in providing
mixtures with specific values of ¢ necessary to setisfy particular
loading conditions. He has shown that ¢ Increases with an increase

in asphalt viscosity; is dependent on the fineness of mineral filler

15



(minus 0.00029-in. fraction); increases with an increase in the amount of
filler; increases up to a point with an increase in the amount of asphalt;
increases with an increase in the rate of loading; increases with increase
in mix density; and is dependent on the proportion of coarse aggregate
(>0.004 in,) in the mix. More specifically, Nijboer has shown that

. L.2 )-o .36
c'09 os) (20 ()
where
V = void factor [1 - (eir void content)2/3], when the air void
content = 0.03 and V = 0.9
- . s volume filler
FB = filler-bitumen factor; i.e., volume filler + volume Dbitumen
D = equivalent particle size of filler (0.00000k4 in.)

The triaexial compression tests appear quite useful since they
provide friction ¢ and cohesion ¢ factors which, as suggested by
Nijboer,12 can be used in a solution of the Prandtl equation for a con-

tinuous strip loading:

Q4 = C ° F(¢) (5)

where
Qs = bearing capacity, psi or kg/cm2

F(¢) function dependent on ¢ ; e.g., for ¢ = 25 deg,
F(¢) = 20.7

When U1t is made equal to a specific contact pressure, c¢ and ¢

1}

are related as shown in Figure 1. 1In this figure, a mixture with a
value of ¢ &and ¢ 1lying on or to the right of the curve would be
adequate for vehicles equipped with 100-psi tires.

Saa1l?

nizing that the bearing capacity for a circular area is larger than that

has suggested modification of this relationship recog-

for a continuous strip. The corresponding values for ¢ and ¢ ac-
cording to this relationship are also shown in Figure 1, which is
recommended with ¢ and ¢ derived from triaxial compression tests

at slow rates of loading and high temperatures.

16



Tire contact pressure

— —yield ding t
yield [according to 2100 pei

Saal )15

e

$’25_- minimum angle of friction
Q dccording to Smith!3
S- 201
0
§ 15 __—Smith'3

10+

15
Saal

182
l

| | ! | 1 1 !

075 10 15 20 25 30 35 40 45
Angle of internal friction, ¢-degrees

Figure 1. Relationship between cohesion and angle of
internal friction to prevent plastic flow or overstress
at a paﬁticular point in an asphalt mixture (after
McLeodl™)
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Smith13 has presented a relationship between ¢ and ¢ and
bearing capacity for a circular area based on a yield criterion rather
than a plastic flow condition as in the above formulations. For the same
contact pressure, larger values of ¢ and ¢ are required than in the
previous case, as seen in Figure 1. Smith also suggests a minimum angle
of friction of 25 deg to minimize the development of instability from
repeated loading.

The relationships suggested by Sa.al15

would appear reasonable for
standing load conditions with ¢ and ¢ determined from triaxial com-
pression tests at a very slow rate of loading and a temperature corre-
sponding to an average high value expected in service. For moving traffic,
Smith's relationship would appear most suitable; in this case, however,

the values for ¢ and ¢ should be developed under conditions repre-
sentative of moving traffic and an average high temperature expected in
service.

Decelerating or Accelerating Loads. Results of one such analysis

by McLeodlh for a load with a contact (or tire) pressure of 100 psi are
presented in Figure 2. The terms P and Q are measures of friction
between tire and pavement and pavement and base, respectively. The
curves A and B in this figure indicate the importance of pavement thick-
ness in minimizing this form of instability when a frictionless contact
between AC surfacing and base is assumed (P - Q = 1). As the AC thick-
ness increases, the ratio &/t (ratio of length of tire tread to AC
thickness) decreases, resulfing in lower values of ¢ at a given ¢

to prevent instability.

When P - Q =0 (full friction between pavement and base--a more
practical situation in well-designed and constructed pavements) and the
thickness of the AC is in the range of 4 to 6 in. (curve C), the more
critical conditions are defined by the curve suggested by Smith13 as

shown in Figure 2.

Nijboer'® and saa1l®

have considéred shoving by decelerating
traffic to be the accumulation of permanent parts of successive visco-

elastic deformations and these permanent deformations to occur above a

18



Cohesion,

Note: curves (A), ( B)and (C) based on relationship

N
[ &b
N 2/ 1509 (3tang o0 EI0E 13- bl
i Gult=100psi=c i
N % (P-Qltane + 1=Sin®
B ~N {esncd

N

\-\———— Smith's relationship!3

! !

5 10 1 20 25 30 35 40 45 50
Angle of internal friction,¢ - degrees

Figure 2. Stability curves for asghalt mixtures sublected
to braking stresses (after McLeodl
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shear strain of 1 percent for time and temperature conditions critical
for shoving (0.33 sec and 122° F for their experience).

Using the relationship

!
Syt = 3% & ()
where
S . = minimum stiffness
min 3
1t = shear (braking) stress at surface
y = shear strain (1 percent)

and considering a coefficient of friction between tire and pavement of
sbout 0.5, a minimum stiffness at this time and temperature of about
15,000 psi is indicated for a contact pressure of 100 psi.

Recent work by Valkerinng on the effects of multiple-wheel
systems and horizontal surface loads on pavement structures could provide
8 better framework for design against shoving. Attention should be
drawn to the fact. that, at high temperatures in pavements with thin AC
layers, the shear stresses at the AC/base interface will be the highest,
and that adhesion between the layers is very important if serviceability
is to be retained.

For gap-graded mixes, with a stone content in the range of 30 to
50 percent, Mara1518 has suggested limiting values of various mix prop-
erties to prevent permanent deformation.

Recent developments by Shell for the solution of stresses and
deformations in layered elastic systems due to horizontal forces applied
to the pavement surface (BISARlT) may provide the framework for a proce-
dure to examine the influence of braking or accelerating stresses on
distortion using a procedure similar to that suggested by Heukelom and

Klompl9 for vertical loading.

METHOD TO PREDICT PERMANENT
DEFORMATIONS OF AC

The methods presented in the previous section are limited in that

they do not give an indication of the actual amount of rutting which may

20



occur under repetitive traffic loading. Unfortunately, no method pres-
ently exists whereby such estimates can be made. Promising procedures

20-22

include the use of linear viscoelastic theory and the use of

linear elastic theory suggested by Heukelom and Klom.p,6 Ba.rksda.le,23
and Romain.2h In the layered elastic procedure, the stresses and strains
are computed in the pavement structure and from these values permanent
deformations in each material are predicted from constitutive relation-
ships determined by laboratory repeated load triaxial tests on the
materials.

Elastic theory together with creep data from simple laboratory
tests may also be used to estimate permanent deformation. This approach

25-27

has been pursued by Shell investigators to estimate the rutting
occurring in asphaltic layers.

In the Heukelom and Klomp procedure, the vertical strain distribu-
tion along a vertical axis is estimated within the asphalt-bound layers
utilizing layered elastic theory. Permanent deformation can then be

determined by means of the equation

h
5=/, fle) az (1)
b 0 v
where
GP = permanent deformation
f(e_) = function relating the permanent strain €5 to total

strain e, i.e., e, = f(ev)

Such a technique appears useful at this time to assess, at least,
the effects of changes in tire pressure and/or gear configuration (and
load) on asphalt-bound layers. In addition, it may be possible to estab-
lish limiting values for ep by comparing computed strains for particular
field sections for which well-documented field measurements are available.
Like fatigue characteristics, however, it is highly probable that any
such criteria established for permanent deformation will be dependent on

mixture stiffness (and thus on temperature).

In this review, investigations to determine permanent deformation

. . . 2

at the University of Nottingham, 8,29 University of California at

Berkeley,T University of Waterloo,8’3o and at the Esso Laboratories in
31

France are discussed.
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University of Nottingham.28 Repeated load triaxial tests were

carried out by Sna.ith28 on a dense bitumen macadam. The effects of six
major variables were investigated: (a) vertical stress, (b) confining
stress, (c) temperature, (d) frequency of the vertical stress pulse,
(e) rest periods, and (f) asphalt content.

In confined tests, some samples developed longitudinal cracks
during the test, and all unconfined samples showed & volume increase.
The cracking was caused by the cyclic variation of tensile hoop strain
at the surface of the sample, and would contribute to volume increase
and sample failure. In confined tests, volume increase did not occur
and cracking was observed. This result is comparable to in situ condi-
tions in which restraint is offered by the large mass of material.
Hofstra and Klomp5 measured strains of up to 15 percent in situ, whereas
strains measured at failure by Snaith were only about 2 percent, sup-
porting the theory that adjacent material in situ prevents the cracking
which hastens failure of a test sample.

The effect of confining stress was not thoroughly studied in
Snaith's investigation. Problems arose in predicting permanent strains
in the AC layers if the extreme points in the layer were considered,
since the range covered by Snaith's results only dealt with stresses
near the center of the layer. However, he suggested, as an approxima-
tion, that the layer could be considered as a whole, and stress condi-
tions at the center taken as a mean, since Hofstra and Klomp5 found that
the permanent strains were reasonably constant with depth. Snaith found
that, when considering a pavement with a 7.9-in. layer (such as that
tested by Hofstra and Klomp) that was divided into three sublayers, he
could determine the permanent strain in the two top sublayers and
obtain good agreement with measurements made in them. The computer
program BISTRO was used in the elastic analysis to calculate the
stresses and the center of each sublayer, using appropriate values of
stiffness and Poisson's ratio.

The following conclusions were drawn from Snaith's work on

repeated loading of dense bitumen macadam:
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. An increase in temperature caused a significant increase in
strain.

|o

An increase in vertical stress caused an increase in strain.

o

An increase in confining stress caused a decrease in strain.

i |0

The level of static confining stress which gave the same strain
as the dynamic confining stress was approximately equal to the
mean level of that stress.

Realistic changes in the relative lengths of vertical and
confining stress pulses did not affect the strain.

fo

. The rate of strain appeared to be time-dependent at fre-
quencies above 1 Hz.

g. Rest periods between vertical stress pulses had a negligible
effect on strain.

An optimum asphalt content of 4 percent existed for maximum
resistance to strain between 10 and 30° C. At 40° C better
resistance was achieved with a 3 percent asphalt content.

>

(L
.

The results obtained from laboratory tests when applied to the
pavement design problem produced reasonable values of rut
depth.

Conclusion h indicates the relative importance of aggregate interlock
and asphalt viscosity in resisting permanent strain. The former 1s
paramount at high temperatures. It should be pointed out in conclusion h
that asphalt content of 3 or LI percent is optimum only with respect to
rutting, but may not be optimum with respect to other considerations,
such as fatigue and stability.

So far, when calculations of permanent deformations have been
made, one combination of the principal stresses has been used at the
center of each layer, whereas, in situ, this combination will change at
a particular point each time a vehicle passes. It remains to be seen
whether the adoption of a standard wheel load can accurately represent
the wide variation of random applications of wheel loads. A limited
test program is under way at Nottingham,32 using Snaith's equipment
suitably modified, to investigate this. In particular, the effects
of temperature change and vertical stress change during a test are
being investigated.

University of Californla at Berkeley.7 Repeated load triaxial

tests were carried out on AC specimens by McLean. An attempt was made

to cover the whole range of stresses to be encountered in situ by
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adopting three types of tests to reproduce conditions at the top, center,
and bottom of an AC layer. These were triaxisl extension (cycling lateral
stress only), unconfined compression (cycling vertical stress only), and
triaxial tension (ecycling vertical stress in tension and lateral stress

in compression).

The permanent deformation, strain, and stress states of a 0.79-in.
layer of material such as that used by Hofstra and Klomp5 were investi-
gated by applying the theoretical model derived from the experimental
results and using Barksdale's approach.23 Good agreement with Hofstra
and Klomp's results was noted. In particular, the same form of rut
depth versus load applications curve was obtained. Figure 3 shows the
distribution of elastic stresses and strains and permanent strains with
depth for a particular condition. The similarity between the distribu-
tions of permanent strain, stress difference, and elastic strain could
be significant. Unlike the observed results of Hofstra and Klomp, the
distribution of permanent strain was not uniform, possibly due to the
simplifications adopted by McLean with regard to loading time.

The following conclusions were drawn from the investigations:

a. The subgrade stiffness appears to have little influence on the
accumulation of permanent deformation in the AC layer, at
least for the range of stiffness examined.

b. Asphalt concrete stiffness exerts a significant influence
on rutting in the AC layer.

c. Like the measurements of Hofstra and Klomp, the calculation
procedure indicated that rut depth in the AC layer was
reasonably independent of layer thickness.

8,30

University of Waterloo. Research carried out at the University

of Waterloo by Morris was based on an approach for the prediction of rut
depth using a combination of linear elastic theory and the results of
laboratory triaxial testing of AC. Two series of laboratory tests were
carrled out, compression tests and tension tests. Both involved the
application of a cyclic confining stress and this was combined with
cyclic axial compressive and tensile stresses, respectively. Both
vertical and lateral deformations were measured. For the compression
tests, the vertical deformation was of interest for prediction purposes

while the lateral deformation was relevant for the tensile tests since
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it represented the vertical in situ deformation in the lower half of the
AC layer.

The results showed remarkably good agreement in view of the many
potential sources of error both in the laboratory test technique and in
the application of the results to practice. A typlcal result showing
the variation of permanent deformation along the pavement section is
shown in Figure 4. Tt can be seen that nearly all permanent deformation
in the AC layer occurred in the lower half of the layer and resulted
from the action of tensile lateral stresses, which is in contrast with

> T

the observations of Hofstra and Klomp” and the predictions of McLean.

In a recent paper, Brown33 commented that the methods used by

Morris30 and McLean7 may not be as sound as their good respective pre-
dictions for permanent deformation at the surface suggest. 3Brown sug-
gested a procedure involving the use of stress invariants which are
functions of the principal stresses, mean normal stress, and octahedral
shear stress, but are independent of the orientation of the axes. Cor-
responding strain invariants can be determined from the laboratory tests
and better estimates of the in situ vertical strain obtained.

Using this approach, some of the inherent disadvantages of the
triaxial test can be overcome. In particular, the tension zone stresses
in an asphaltic layer can be reproduced more accurately under the condi-
tions when large permanent deformations are likely. Lower temperatures
and thin layers, however, do still present a problem.

RELATIONSHIP BETWEEN RUTTING

AND CREEP TESTING

The use of creep tests on asphaltic materials together with
elastic layer theory to represent the response of the pavement structure
to load is an alternative approach proposed recently by Shell investiga-

25-27

tors to eatimete the amount of rutting eccurring in the AC

layers of the pavement. Three phases may be distinguished in the work
carried out by Shell, i.e.:31

a. A study of the creep properties of asphalt mixes.25
26

b. A correlation of rutting and creep tests on asphalt mixes.
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c. The systematic discrepancies observed in the second phase

were studied with regard to the main points of difference
between the creep and rutting tests, i.e., unconfined-confined
and static-dynamic.27 A design procedure was then proposed

for estimating, from the creep behavior of a mix in the labora-
tory, the performance of the actual pavement based on the
"predetermined criteria of the pavement deformation and
desired service life."

The overall aim of the work, as stated by Hills,25 was to provide
a procedure whereby rut depth could be predicted when the asphaltic mix
and the in-service conditions are known. To this end, creep tests were
carried out in a modified version of a soil consolidation apparatus.
The ends of the specimens were lubricated by powdered graphite thus
eliminating barrelling.

Tests were carried out in a controlled temperature room at either
10, 20, or 30° C on specimens that were usually 0.79 in. in height and
2.36 in. square in cross section. Specimens were cut from a slab of the
mix. Some tests were carried out on cylindrical specimens of Marshall
dimensions, the load being applied in the axial direction. Failure of
test specimens was defined as the point at which the rate of strain in-
creased, and the experimental data given were confined to those parts of
the creep curves where the strains were less than the critical "failure"
values. Creep tests were carried out on a range of mix compositions and,
in the case of one composition, for a series of specimens that had been
compacted by various methods.

Earlier work by Shell?’h’35 had shown that for short times of

loading and low temperatures, the stiffness of the mix Smix was a

function only of the stiffness of the bitumen Sbit and the volume
concentration of the aggregate when the void content did not exceed
25

3 percent. The results reported by Hills indicate that, at higher
temperatures and longer times of loading, Smix becomes insensitive

to variations in the corresponding low values of S and tends to

bit
level out to a limiting value. Furthermore, in addition to the effect
of the volume concentration of aggregate, the gradation and shape of

the aggregate play a role and the state and method of compaction exert

a strong influence on the behavior. Other results indicate that:
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a. In the case of two mixes with the same aggregate grading but
with different asphalt contents and compacted in the same way,
the mix with the lower asphalt content has a higher value of

Smix et any particular value of Sbit .

b. The effect of substituting crushed for rounded aggregate is

to produce, at low values of Sbit s higher values of Smix

¢. Void content of the mix cannot be used in 1tself for speci-
fying the state of compaction.

Hills suggested that creep curves indicate a continuous change in
the internal structure of a mix during the course of a test, and theoreti-
cal models for the deformation were developed to take this into account.

A study of the correlation between the creep and rutting properties
of asphalt mixes in laboratory tests is described by Hills, Brien, and
Van de Loo.26 There were two types‘of rutting tests in both of which
a wheel was rolled on the material in a single-wheel path. In the one,
rutting tests were carried out on an indoor circular test track. A wheel
ran at a constant speed in a circular path on a track which was 27.6 in.
wide and consisted of an AC layer laid on sand compacted to give a uniform
CBR of 10. The average tire contact pressure was T2.5 psi. In the other
test, a solid rubber-tired wheel passed back and forth over an 11.8- by
11.8- by 2-in. 'AC .slab which lay on a rigid steel base., In all tests,
tire contact pressure was 117.5 psi.

To enable comparison between the results of the creep and the
rutting tests, it was necessary to express the results of both in the
same units, i.e., in terms of S and S . For the purpose of

mix bit
evaluating S x for the rutting tests, use was made of the BISTRO com-

puter program?io take into account the differences in geometry between
these tests and the creep tests together with effects due to modular
ratio between the AC layer and the supporting medium. The effect of
repeated loadiﬁg was accounted for by a summation procedure in which it
was assumed that only the viscous component of the stiffness modulus of
the AC contributed to permanent deformation. The results of creep and
rutting tests were then compared diréctly by plotting the stiffness
modulus of the mix S against that of the bitumen for the

mix Sbit
creep tests and ageinst the viscous part of the bitumen modulus

(?bit) . for the rutting tests.
vise
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It was concluded that, when plotted in this way, there was good
agreement between the creep and rutting curves for a variety of asphalt
mixes and test conditions and that the internal deformation mechanisms
in the mixes were the same for both rutting and creep. It was further
concluded that the analytical procedures used for the two types of test
were satisfactory. It was thus considered reasonable to make use of the
creep test in predicting the deformation that would occur under prescribed
conditions in a rutting test in which the loaded wheel runs in a single- -
wheel path.

The calculated and observed rut depths for 10 mixes tested in the
tracking machine and the laboratory test track were compared. It was
found that for both kinds of rutting test and a wide range of mix types,
rut depths can be predicted from the results of creep tests within a fac-
tor of about 2 for rut depths ranging from approximately 0.0k to 0.4 in.

The results showed that the observed deviations were systematic,
and the measured deformations were generally higher than those calculated.

27

It was thus decided to investigate the main differences that exist be-
tween the two test methods; i.e., an unconfined, static test (creep) and
a confined, dynamic test (rutting experiments).

In determining Smix for the rutting tests, use was made of a
correction factor of 2 derived from an analysis using the BISTRO computer
program. To establish if this assumption of elastic behavior was in
fact an oversimplification, parking tests were carried out with a static
wheel on the test track pavement. The parking tests were carried out
for 24 hr at ambient temperature and the contact stress was taken to be
equal to that in the rutting test, i.e., 72.5 psi. A comparison of
the measured rutting and parking deformations at equal values of
(?bit)visc indicated that the parking deformations showed the same
systematic deviations from the rutting values as those calculated from
the creep test. The fact that the systematic deviations in the parking
. test were almost a factor of 3 as opposed to a factor of 2 for the creep
tests suggests that the use of an "elastic" correction was a better
approximation than a procedure in which the geometry was simulated in‘

a continuous parking or indentation test. It was thus concluded that
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the systematic difference between the two types of test d4id not result
from the use of the "elastic" correction factor or from the fact that
the one was confined and the other was not, but rather from the fact
that the one was statié and the other dynamic.

The assessment of the "static-dynamic" contribution to the
observed deviation was made by carrying out unconfined creep tests, with

continuous and repeated loading. The measured total and permanent

deformations, or the stiffness of the mix derived from them (Smix

o/emix) , Wwere in all cases compared at equal values of Sbit and

(?bit)visc , respectively.

It was concluded that, with regard to permanent deformation, the
dynamic stiffness modulus of an asphalt mix is always lower than the
Spiy nd (Sbit)visc
It was found that even in the most simple laboratory rutting

static one, compared at equal values of

experiment (constant speed, constant load, single-wheel path, controlled
temperature) it was not possible to predict rut depth with a higher

accuracy than a factor of 2. The accurate prediction of rut depths on

the actual road was thus considered to be extremely difficult and 1t was

concluded that the main purpose of laboratory test methods must bhe

limited to the ranking of materiasls rather than the prediction of rut

depths.

Some creep testing was also undertaken by Snaithz8 in association

with his repeated load tests. The object was to see if a relatively
simple test could be used tp predict the permanent deformation under the
more complex repeated load situation. Similar ranges of vertical stress
and temperatures to those used in the repeated load tests were investi-
gated. It was intended to determine the level of static stress which
gives the same creep curve as a particular dynamic stress. This has
been done in Figure 5 where the strains after 100 and 500 sec have been
plotted against the applied stresses. It was found that at low stresses
the static and dynamic results are similar. However, at the higher
stress levels, a static stress of about 65 percent of the dynamic value
would be required to produce the same strain at a particular time.

In the creep tests, the mechanism of deformation was not compli-

cated by the cracking noted for the dynamic tests. Shorter lives would,
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therefore, be expected in the dynamic case under comparable conditions.
The fact that the creep stress necessary to produce strains simllar to
those in a dynamic test is 65 percent of the dynamic stress rather than
50 percent supports this.

Lateral deformations were not measured in the creep tests, so no
measure of volume change was obtained. Hills, Brien, and Van de Loo26
have, however, reported volume decreases in similar creep tests. This

suggests a different mode of failure from that occurring in the dynamic

case where dilation takes place.
UNTREATED GRANULAR MATERIALS

No effort has been made to investigate the characteristics of
deformation of pavement materials and to predict rut depths of a pavement
using rational methods until very recently. Research in this area con-

23 36 37 38 39

ducted by Barksdale, Allen, Kalcheff, Brown, and Barrett s

presented below.

GEORGIA INSTITUTE
OF TECHNOLOGY

Barksdale23 was first to investigate the plastic deformation of
a variety of granular materials tested in the repeated triaxial cell and
developed a method for estimating the rut depth in flexible pavement.
Table 3 summarizes the 10 different kinds of base materials Barksdale
tested in the repeated load triaxial cell. The specimens were tested
to an average of 100,000 load repetitions at constant confining pressures
of 3.5 and 10 psi. The tests were performed using deviator stresses
varying from approximatély 1l to 6 times the confining pressure.

The relationship for a granite gneiss (Base 6) between the axial
plastic strain occurring in the cylindrical specimens and the number
of load applications for varying deviator stresses is shown in Figure 6.
The plastic strain accumulates approximately logarithmically with the
number of load applications. For very low deviator stresses, the rate
of accumulation of plastic strain tends to decrease as the number of
load applications increases. As the deviator stress increases, a

critical value is reached beyond which the rate of strain development
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Table 3

10

Deszription —_—

Orange-tun, slightly clayey,
silty sand

40% silty fine sand end 60%

Mo, 46T crushed granite
gnelss

40% silty sand and 60%
To. U6T cruched blotite
gneiss

17% silty sand and 83%
crushed biotite granite
gneiss

21% sandy silt and T9%
crushed biotite granite
gnelss

Crushed prophyritic
granite gneiss - 3% fines
Scurce 1\

Crushed porphyritic
granite gneiss = 11,25
fines

Sourcze A

Crushed blotite granite

gnelss - 3% fines
Source B

Crushed biotite granite

gneiss ~ 11.25% fines
Source B

Crushed biotite granite
gneiss - 22% fines
Source B

Grain-Size Distribution

Percent Passing

1 3/% Ko. ¥o. No,
in. in. 20 60, _200
100 100 100 63 M
9 8s k2 25 13
100 T2 39 23 1
95 60 30 13 . 8
97 78 28 28 1h.8
100 60 25 . 9 13
100 90 [} ‘21 1,28
100 60 25 9 13
100 90 &5 T 11.25
100 90 ks a1 22

—_Maximm Density

Test Ta opt |
Met hod® pef percent
GHD-T7 115.4 13,0
am-h9 138 b2
T-180c 13 1.5
oHp-49  1h3 k.6
T-180¢ 1h1.6 5.9
GHD-k9 1hk0 6.0
T-180C  1h0 6.3
GHD-h9 136 3.7
T-180C  137.h 6.5
OKD-Lk9 135 5.7
T-180C 135 6.0
T-180C  13T.M 6.5
T-180C 135 6.0
T-180c  132.9 6.1

Liquid

Limit
IL -
2

s1ct

8IC

35

Soil Characteristics

Plasticity
Index
PI

6

N.P,

135

Classification®®

M(1); ML

A-2-h{0); sM

A-2-4{0); M

A-2-4(0); &M

A-6(5); W

* laxioun density olLtained by the Btate Highway Departaent of Georgia's test methods GHO-T and GED-h9, corresponding spproximately to AASHO

desigrations T-99 and T-180. respectively.
The AASHO Classification System is given first and the Wﬂd Soil Classification Hnt- second.
t Sofl slid in cup of Atterberg limit device.
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tends to increase with increasing numbers of load repetitions. Further-
more, after a relatively large number of load repetitions, the specimen
may undergo an unexpected increase in the rate of plastic strain
accumulation,

To study rutting in pavement systems in a rational manner, plastic
stress-strain curves can be plotted, such as shown in Figure 7. These
curves are analogous to the stress-strain curves obtained from a series
of static tests performed at varying confining pressures. Similar
plots were also obtained for the other nine base materials. The plas-
tic stress-strain curves exhibit a typical nonlinear response. At a
given confining pressure for small values of deviator stress, plastic
strain is almost proportional to the deviator stress. As the deviator
stress becomes greater, the development of plastic strain increases
at an increasing rate until the plastic strains become very large as
the apparent yield stress of the material is reached. Elastic strain
is also strongly dependent upon the confining pressure, undergoing a
significant decrease as the confining pressure increases.

' A summary comparison of the plastic stress-strain characteristics
of the base course materials investigated is given in Figure 8 for a
confining pressure of 10 psi. Although the average confining pressure
in a typical pavement structure is probably less than 10 psi, the com-
parisons are shown for this value since these stress-strain curves were
more well defined. All materials compared in this figure were compacted
to 100 percent of AASHO T-180 density or its equivalent except the silty
sand which was compacted to 100 percent of AASHO T-99 density.

The base materials exhibiting by far the largest plastic strains
were Base 1, a fine silty sand base, and Base 2 which was a 40-60 soil
aggregate base. For deviator stress ratios greater than 2.5, the mea-
sured plastic strains in the silty sand were larger than those in the
L0-60 soil aggregate. Base 3, which was another L0-60 soil aggregate
base, exhibited approximately one-half the plastic strain occurring
in the first 40-60 soil aggregate base due apparently to slight dif-

ferences in the soil properties. For deviator stress ratios greater
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than 2.5, the average plastic strains in this soil aggregate base were,
however, still almost twice those occurring in Bases 4 and 5 which had
only approximately 20 percent soil. Figure 8 shows that both soil aggre-
gate bases tested having nominally 20-80 blends had significantly better
plastic strain characteristics than did the two 40-60 bases. The plastic
strain characteristics of the graded soil aggregate bases tested in the
as-compacted condition were thus found to vary from very poor to quite
good depending apparently on the soil characteristics, the percent of
soillused in the base, and the degree of saturation.

For deviator stress ratios greater than about 2.5, the 17-83 soil
aggregate (Base U4) exhibited significantly more plastic strain than did
the best performing crushed stone (Base 6) which had 3 percent fines.

For deviator stress ratios less than 5, the plastic strains occurring
in the 21-79 blend soil aggregate (Base 5) were on the average about
20 percent less than those occurring in the best crushed stone; at
greater stress ratios, however, apparently the trend was reversed for
21-79 blend and best crushed stone.

The curves shown in Figure 8 for the crushed stone bases indicate
that the plastic strains occurring in the biotite granite gneiss (Bases 8
and 9) are greater than those in a porphyritic granite gneiss (Bases 6
and 7) for the same specified gradations. The significant influence of
an increase in percent fines and deviator stress on the plastic strains
occurring in a crushed biotite granite gneiss is illustrated in Fig-
ure 9. The plastic strains increased significantly as the percent fines
increased, with greater differences occurring at the larger deviator
stress levels,

A limited number of repeated load triaxial tests were performed
on specimens at 90, 95, and 105 percent of maximum density. The results
indicated that for all of the materials studied an average of 185 percent
increase in plastic strain occurs if the base is compacted at 95 instead
of 100 percent of maximum density. For an increase from 100 to 105 per-
cent of maximum density, the corresponding average reduction in plastic
strain was only about 10 percent. Barksdale remarked that more extensgive

testing may show the effect to be somewhat greater.
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The experimental results also indicate that for all of the
materials tested an average increase in plastic strain of 68 percent
occurs when the test is performed on specimens that are soaked, as
compared with the results obtained from tests performed on specimens
in the as-compacted condition. It should be remembered that the
"soaked" specimens had a high degree of saturation but may not have
been completely saturated. These specimens were tested in a manner
which permitted a free flow of water 1nto and out of the specimen so
that a significant buildup of pore pressure was not likely to have
occurred durlng application of the 100,000 load repetitions. Therefore,
if a significant buildup of pore pressure should occur in the field in
any of these materials due to poor drainage conditions, the laboratory
test results would probably underpredict the effects that sosking of
thg base would have on the actual amount of rutting. Materlals having
the lower permeabilities such as the silty sand and graded aggregate
bases would be more susceptible to such a pore pressure buildup 1n the
field.

In summary, the plastic strains of granular materials increase
with increasing devliator stress; decrease with increasing confining
pressures; and increase significantly with increasing fines, with greater
differences occurring at the larger deviator stress levels. Laboratory
tests also revealed that the plastic strains increased drastically if
the base is compacted at 95 instead of 100 percent of maximum density.
The failure of plastic deformation could be more serious than predicted
in the laboratory if a significant bulldup of pore pressures should occur
in the field due to poor drainage conditions.

In order for the rutting characteristics of base materials to
be easily combared, Ba:r'ksdaleg3 proposed the concept of a rut index.
This is defined as the sum of the plastic strains 1n the center of the
top and bottom halves of the base, multiplied by th. This requires
that values of deviator and confining stresses be selected for a typical
pavement, and the plastic stralns obtalned at a particular number of

load repetitions. Barksdale presents rut indices at lO5

load repetltions
for the materlials tested. These give a numerical comparison representa-

tive of the curves shown in Figure 8, and are given in Table L.
b1
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Summary of Elestic and Plastic Base Characteristics

Table U

Evaluated From Repeated Load Triaxial Tests

10

Base Description:

Sample
Condition

Silty fine sand

Soil aggregate 40-60 blend
Soil aggregate 40-60 blend
Soil aggregate 17-83 blend
Soll aggregate 21-TY blend

Crushed porphyrite granite
gneiss - Source A 3% fines

Crushed porphyritic granite
gneiss - Source A 11.25%
fines

Crusned biotite granite
greiss - Source B 3% fines

Crushed bilotite granite
greiss - Source B, 11.25%
fines

Crushed biotite granite
gneiss - Source B 22% fines

100% GHD-T
soeked
100% GHD-49
soaked
100% T-180C
soaked
100% GHD-L9
soaked
100% GHD-L49
soaked
100% T-180C

95% T-180C
soaked

100% T-180C

95% T-180C
soaked

100% T-180C

100% T-180C

101.4% T-180C

Plastic Strein, 102 percent, of Cited Deviator

Stress Retio of 100,000 Bepetitions'

2.5
11k

128

1z
58
90

30
36

30
‘bo

38
50
T0

38
126
170

36

hé

L6

3.5

00

270
270

120
190

82

Lk
6h

56
14
T2

large
large

78

105

105

6.0%%

00

31k

Rutting Characteristics

Rut Index at
100,000
Repetitions

Very Large
1050
{Extrapolated)
Los
332
164

176

298

258

385

b19

Rut Potential at
1,000,000
Repetitions

1130
LET
372
202

25k

360

292

630

5520

03 = 10 psi.

These values were in most instances extrapolated from laborsfory test data.




It is desirable to be able to predict rutting at higher numbers
of load repetitions, i.e., 106 or more, but, to test specimens to this
extent would be time-consuming and expensive in practice. It is thought
acceptable to extrapolate through one decade on a plastic strain versus
log number of repetitions plot and then use the results to construct
plastic stress-strain curves from which the rut potential can be esti-
mated. Rut potentials at 106 load repetitions are presented in Table k.

The rut index and rut potential offer a rapid approximate compari-
son of rutting characteristics of base materials of the same thicknesses,

subject to the same loading and environmental conditions.
UNIVERSITY OF ILLINOIS

Allen36 conducted a series of laboratory repeated triaxial tests
on three different granular materials subjected to both constant and
variable confining pressures. Test data indicated that the nonrecoverable
deformations associated with the constant confining pressure (CCP) por-
tion of the tests exceeded those associated with the variable confining
pressure (VCP) portion for every specimen. Table 5 shows the total
plastic exial strain accumuilated by each specimen during the entire test
series. It also shows the percentage of the total plastic strain acerued
during the CCP and VCP portions of each test deries. From Table 5 it can
be seen that the CCP portion of each test series produced results from
2 percent to 56 percent greater plastic axial strains than the VCP portion
test. Finnho has shown tﬁat, on the basis of the Mohr-Coulomb yield
criteria for soils, plastic strain is accompanied by volume change. From
this viewpoint, the greater volume change observed during the CCP test
is compatible with the greater resultant plastic strains.

NATTONAL CRUSHED

STONE ASSOCIATION

An extensive laboratory repeated triaxial test was conducted by
the National Crushed Stone Association (NCSA) to study the character-
istics of plastic deformation of graded aggregates. Kalcheff37 reported
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Table 5

Percentage Total Axial Strain Accumulated
During VCP and CCP Tests

Total Plastic
Axial Strain ep Percent ep During Percent ep During

Specimen in./in. VCP Test CCP Test
"HD-1 0.0036 L9 51
MD-1 0.01k49 22 78
LD-1 0.0191 48 52
HD-2 0.0158 42 58
MD-2 0.0173 L3 57
ILD-2 0.0204 43 5T
HD-3 0.0063 L9 51
MD-3 0.0152 L6 54
LD-3 0.0193 43 57

that the plastic strains are greatly dependent on the degree of consoli-
dation for the same gradation, the amount and type of fines in the
gradation, the stress sequence and magnitude, and for some types of
fines the moisture content. The procedure is extremely useful for
optimizing materials combinations or for the relative ranking of dif-
ferent materials at the same stress conditions. The NCSA investigations
show that graded aggregates can be proportioned for minimum plastic
deformations to provide a base that improves its resistance to rutting
with time and one which will not crack or lose stability with age.
Figure 10 is an illustration of how density affects the plastic strains.
The load magnitude for this mﬁterial was the same.

Kalcheff37 also illustrated in Figure 11 the effects of different
types of fines on the plastic response of two types of aggregates. The
gravel mix shown in the figure with either type of dust had the same
elastic properties. Kalcheff thus emphasized that all graded aggregates
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Figure 10, Effect of density on the plastic strain

accumlations with load application (after Kalcheff3
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Figure 11. Effect of type of fines on the
plastic strains of two graded aggregate bases
(after Kalcheff37)
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do not have the same plastic strain responses under the same loading
conditions even though their elastic properties and the quantity of
fines may be the same.

Similar to the report made by Ba.rksdale,23 Kalcheff also noted
the plastic strain accumulated approximately logarithmically with the
number of load repetitions. In practice the magnitude of plastic strain
which may occur during the first year would double only after about
10 years of carrying the same type of traffic. Kalcheff promoted the idea
of stage construction which will provide time for the majority of plastic

strains to teke place when good clean stone base is used.
UNIVERSITY OF NOTTINGHAM

Brown38 conducted a series of laboratory repeated triaxial tests
on a crushed granite with a 0.2-in. maximum particle size. Plastic
deformations were measured for each specimen. He found that under
drained conditions the permanent strain reaches equilibrium values after
approximately th cycles of deviator stress. The permanent strain at
equilibrium could be related to the applied stresses by the equation
sp = 0.01 (q/03) , where q 1s the effective deviator stress and 03
the confining pressure.

In a recent extension of this work at No‘c‘c:l.nghza.m’41 researchers
investigated the influence of loading sequence and that of applying
cyclic cell pressure to the same granular material, The limited study
of loading sequence showed that the resilient modulus was unaffected by
this but that permanent strain was significantly affected. The perma-
nent strain which built up after successive applications of about 105
cycles of gradually.increasing level was less than half the value
resulting when the highest stress level was applied constantly. This
finding is similar to that reported by Monismith, Ogawa, and Freeme
for a fine-grained soil.

COMMONWEALTH SCIENTIFIC AND

INDUSTRIAL RESEARCH ORGANIZA-
TION, AUSTRALIA

39

Barrett examined existing data on permanent strain behavior of

base course materials in an attempt to define the variables that affect

ke



the recorded material response. He commented that permasnent deflection of
the pavement surface is due not only to vertical strain in each pavement
layer, but deformation also occurs transversely due to the lateral
spreading of the pavement materials. The author further commented that
the emphasis on characterization through static triaxial tests often
ignores the different structural changes that occur under trafficking

as well as stress history, reorientation of load axes, and compound
loading conditions. The use of repetitive triaxial tests to mirror
traffic conditions fails to provide for any difference between the
intermediate and minor principal stresses and for the continuous change
between the orientation of the structural and loading axes during the
trafficking. Experimental results for sands show that reorientation

of principal stress axes during cyclic shear tests produced large
increases in density. The density increase was related directly to the
magnitude of the cyclic shear strain and was virtually independent of
the normal pressure. The effect of stress reorientation in granular
meterials would thus seem to be to produce larger permanent strains
than those predicted by cyclic triaxial testing. This would involve

an increase in densification with a resulting increase in stiffness

of the material and perhaps lead to stress-induced anisotropy.

Barrett also commented on the inadequacy of characterizing
granular base materials as continuum rather than as a dense, graded
assembly of oriented particles. He suggested that a particulate
approach to internal load distribution should be used to study the
deformations of granular base materials under traffic loads. The
results of such an analysis would include coupled stresses rather than
only satisfying equilibrium conditions at grain-to-grain contacts, and
would be distinetly different from those based on a nonlinear stress-
dependent continuum as is often used at present.

Barrett concluded that no model has been put forward which
would adequately characterize base course material behavior under

realistic field conditions.
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FINE-GRAINED SOILS

Very little work has been done investigating the permanent
deformations of fine-grained subgrade soils. Recently, Monismith,
Ogawa, and Freeme)42 conducted a series of repeated load tests on
fine-grained soils to ascertain the effects of compaction conditions,
stress magnitude, and stress sequence on the accumulation of permanent
strain with repeated stress repetitions.

Test results were plotted semilogarithmically with axial,
radial, and volumetric strain against the number of stress repetitionms.
Plots of change in strain per cycle showed that the rate of strain
decreases with increasing load repetitions and that permanent strain
increased with increasing deviator stress. The results also showed
that speclimens compacted to near the maximum dry density tended to
deform less.

Results of the tests to investigate stress history showed that
specimens subjected to small levels of stress before being subjected to
greater stress levels deformed less than those without the conditioning
stress. A test series in which various combinations of 3, 5, and 10 psi
were applied to specimens showed again that when the smaller stresses
are applied first the specimen deforms less.

When results were plotted on a log-log basis, straight lines were
obtained, as in Figure 12. These log-log plots strongly resemble similar
ones plotted by Snza.ithz8 for bituminous material, and the form of the
equation developed to represent them is the same.

In practice, subgrades are generally subjected to lower stress
levels than those to which the specimens in the laboratory were subjected.
The laboratory values were chosen to obtain measurable strains. Monismith,
Ogawa, and Freeme applied the hyperbolic rule to their test results, and
found good comparison between predicted and actual curves. Deformations
at lower stress levels could then be prédicted.

Equations were developed to reﬁresent the relationship between
applied stress and plastic strain at a particular number of stress
repetitions, and these may be used to predict permanent deformation in

fine-grained soils.
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Figure 12. Relationship between permanent axial strain and number of stress repetitions
(after Monismith, Ogawa, and Freeme“?)



Monismith, Ogawa, and Freemehz also introduced the concept of
cumilative loading in this type of material, i.e., of predicting the
effect of cumilative loading in the field., There are two methods
available to obtain the cumulative permanent strain from results of
simple loading tests: a "time hardening" procedure, and a "strain
hardening" procedure. These are illustrated in Figure 13, total
deformation after N, repetitions at o and N2 repetitions at o5

1

being e . + € When these two approaches were used to predict the

behaviorpif spziimens tested with a combination of stress levels of

3, 5, and 10 psi, neither gave results that agreed quantitatively, but
they were in qualitative agreement. The time hardening procedure
provided better agreement when the stress levels were successively in-
‘creased, while strain hardening gave better results when the loads
were successively decreased. These two methods can, therefore, be
used as a rough guide to bound the actual response.

Recently, Barkerh3 analyzed data of repetitive triaxial tests
reported by many agencies and showed that relationships exist between
permanent strain and resilient strain in these data. A procedure was
presented by which these relationships could be used for predicting the
magnitude of rutting that a pavement would develop under traffic. Pre-
dictions of rutting were made for full-scale test sections and the
predicted rut depths compared with the measured rut depths. The predicted
rut depthvat low levels of traffic was greater than the measured but at
higher levels of traffic the measured rut depth was greater than the
predicted rut depth. The difference between measured and computed
values was believed to be caused by the inability to compute resilient
strains. The procedﬁre is currently under review, and a separate study
is being conducted at WES to improve the technique to compute the

resilient strain.
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LABORATORY REPEATED LOAD TESTS

The laboratory repeated load tests measuring the elastic and
permanent strains were performed on fine-grained subgrade soils and
untreated granulsr materials. Two series of tests were conducted on
the fine-grained soil, but tests were not conducted for AC specimens.
Details of the testing procedures and results can be found in Ref-
erences 44 and U5; however, they are described briefly in this report

for the convenience of discussion.
SOURCE AND ‘DESCRIPTION OF MATERIAL

Several representative 100-1b bag samples of the sand and gravel
subbase and crushed stone base materials were obtained from a field test
section at WES. These samples were alr-dried and stored in the labora-
tory until the tests could be conducted. Sieve analyses ﬁere conducted
on representative sanmples of each material to determine the grain-size
digtribution. Specific gravity and Atterberg limits tests were also
conducted on representative samples of each material.

The fine-grained soil was a heavy clay (CH) material which has
an IL of 73 and a PI of 48. The material is locally known as Vicksburg
buckshot clay;

SPECIMEN PREPARATION, TESTING
EQUIPMENT, AND PROCEDURES

Large molds 6 in. in diameter and 15 in. high were used in molding
the specimens of untreated granular materials. The large-diameter
specimen was chosen so that the full range of aggregate sizes could be
used. All specimens were compacted using a drop hammer with a 2.0-in.-
diem striking face, a weight of 10 1b, and a fall of 18 in. Specified
densities were attained by varying the number of layers per specimen
and the number of blows per layer. A triaxial cell similar to most
conventional triaxial cells was used for untreated granular soils except
that it was made sufficiently large to accommodate the large samples.
The repeated axial stress was applied to the specimen through a closed-
loop electrohydraulic-actuated piston. Program input was provided by
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a function generator connected to the axial load controller. Loading was
applied in a haversine stress-time wave form for a 0.2-sec duration at
2-sec intervals. The actual loading applied to the specimen was
monitored internally by placing a miniature 5000-1b electronic load

cell on top of the specimen cap. Axial strains were measured inside

the chamber by an LVDT arrangement calibrated to the nearest 0.0001 in.
LVDT clamps were mounted 3.4 in., on either side of the specimen midheight
and strain was measured by monitoring the relative movement between
these two clamps. The radial strains were measured by LVDT's mounted

on the LVDT ring clamps so as to measure twice the actual radial
movement,

Two series of laboratory repeated load tests were conducted on
fine-grained soil specimens prepared at several water contents to obtain
different CBR values. The batched materials were sealed in a container
and allowed to cure for several days. Several 2.8-in.-diam by 6.0-in.-
high specimens were compacted.from each batch using CE 12 compaction
effort. Each specimen was compacted and sealed in a rubber membrane at
least 48 hr before it was tested. This was done to insure that the
water content was uniform throughout the specimen. One CBR specimen
was prepared from each batch using the CE 12 compaction effort so that
laboratory CBR tests could be conducted. A conventional triaxial cell
was used for testing, and the repeated axial stress was applied pneumat-
ically. Loading was applied in a trapezoid stress-time wave form for
a 0.2-sec duration at 2-sec intervals. The loading was monitored by
placing a miniature electronic load cell on top of the specimen cap.
Axial strains were measured over the central 4 in. of the specimen by
an LVDT arrangement. LVDT ring clamps were placed approximately 1 in.
from each end of the specimen and strain was measured by monitoring
the relative movement between these two clamps. Radial strains were
not measured. Frictionless end platens, incorporating a layer of Teflon

between the end platens and the specimen, were used to minimize end
restraint effects. A membrane was placed on each specimen to minimize
the loss of moisture during testing. No confining pressure was used in

the first series of tests, but a constant confining pressure of 2 psi

3



was used 1n the second series of tests. The details of the equipment
can be found in References L4 and U45.

Prior to the repeated load tests, an unconfined compression test
was conducted on the fine-grained soil to determine its compressive
strength. The applied repeated load stress equal to or less than
T0 percent of the unconfined compressive strength was used in conducting
the repeated load tests. Higher stress near the failure strength of

the so0il was not used in the tests.
TEST RESULTS 4

During the laboratory repeated load tests, both elastic (resilient)
and plastic (pefmanent) strains were measured. Analyses were made on these
measured values. The details can be found in References 43, 4k, and U5,

In this section, only the permanent strain data are presented and analyzed.

Figures 14 and 15 show the accumulated plastic strains for crushed
limestone base and gravelly sand subbase materials. The specimens were
prepared in a uniform condition, but small variations in density were
observed. Two expressions of stress ratios were used in the analysis.

One is the ratio of deviator stress to confining stress (ol - 03)/03 R
and the other is the ratio of octahedral shear stress to octahedral
normal stress Toct/coct . It was found that the use of octahedral
stresses was more advantageous in this study. They will be discussed

later in the report. The expressions for the octahedral shear stress

and octahedral normal stress are shown below, respectively.

_1 ~ 5 ~ 5 3
Toct ~ 3 \l (o) - 0,)" + (0, - 03)" + (o) - 03) (8)
Opot = %— (cl +o, ¢+ 03) (9) .

where O s 95 s and 03 are the mejor, intermediate, and minor
principal stresses, respectively..

Figures 1k and 15 show that the permanent deformation of untreated
granular materials increases with increasing load repetitions and stress
intensity, but decreases as the confining pressure is increased. The

inconsistencies of some data may be due to the variations in density.
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For instance, Specimens 5 and 8 in Figure 14 had nearly the same stress
ratios but had different densities. The accumulated plastic strain for
Specimen 8 (137.l-pef density) was much higher than that for Specimen 5
(141.9-pctf density).

Figures 16a-~16d show the permanent deformations of fine-grained
soils having four different CBR values in the first series of tests. The
CBR values were 2.4, 3.2, 5.4, and 6.3, as shown in Figures 16a, 16D,
l6c, and 164, respectively. The water contents, dry densities, and other
information of each specimen tested are listed in Table 6. The repeated
load tests were conducted with zero confining pressure, and the tests
were carried out only up to 1000 repetitions.

Figures 17a-1Te show the permanent deformations of fine-grained
soils of three different CBR values in the second series of tests. The
CBR values were 3.7, 7.5, and 13.8. The water contents, dry densities,
and other information for each specimen tested are listed in Table T.

A constant confining pressure of 2 psi was applied to the specimens
during the tests and the tests were carried out to 50,000 repetitions.

Results for both series of tests shown in Figures 16 and 17
indicate that the permanent strain increases with an increase in load
repetitions, and increases rapidly with an increase in load intensity.
Figure 18 shows the relation between permanent strain and load intensity
at four CBR values for the soils of the first series of tests. The load
repetition level was extrapolated to 5000. It can be seen that as the
CBR of the soil increases, the soll's resistance to permanent deformation
increases rapidly.

Flastic strains were measured in each soil specimen during the
tests. TFigure 19a shows the relationships between the elastic and
permanent strains measured at 1,000 repetitions for soll specimens from
the first series of tests. Figure 19b shows the relationships at
50,000 repetitions from the second series of tests. It can be seen that
the permanent strain increases with increasing elastic strains, and at
a given elastic strain, the permanent strain increases with decreasing
soil strength. Similar relationships are also found for other strain
repetitions. The significance of this observation will be discussed

later,
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Table 6

Specimen Identification and Composition Data
(First Series of Tests)

Moisture Dry Cycled
Specimen Content Density Saturation Stress CBER at
No. percent _pef percent psi 0.1l-in. Penetration
Batch I
1 27.6 93.0 92.4 12.7 -
2 27.7 92.h 91.1 16.1 -
3 27.9 92.1 91.k4 16.1 -
7 27.4 92.1 89.6 9.1 -
17 27.1 93.1 90.8 12.1 —
CBR-TI 27.6 9L.1 95.0 - 6.26
Average 27.6 92.8 91.7 — -
Batch IT
Y 28.7 91.6 92.7 5.2 -
5 28.7 91.6 92.7 7.7 -
6 28.8 90.9 91.7 10.6 -
18 28.6 91.9 91.9 11.7 -
CBR-II 28.7 92.9 95.3 - 5.404
Average 28.7 91.8 92.9 —_ -
Batch IIT
8 30.9 88.8 93.2 2.50 -
9 31.0 88.9 94.0 5.25 —
10 30.8 89.0 93.4 4.10 _—
1L 31.2 88.5 93.h4 5.70 -
CBR-III 31.1 88.2 92,4 - 3.23
Average 31.0 88.7 93.3 - -
Batch IV
11 33.1 85.8 93.0 2.70 -
12 33.3 85.7 93.0 2.3h4 _—
13 33.3 85.8 93.7 3.37 -
15 33.1 85.9 93.2 1.hh S
16 32.7 86.3 93.0 L.14 -
CBR-IV 33.5 85.8 94,3 - 2.40
Average 33.1 85.9 93.h - -
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Table T

Specimen Identification and Composition Data

(Second Series of Tests)

Moisture Dry Cycled CBR at
Specimen Content Density Saturation* Stress  UCS*¥ 0.1-in.
No. percent pef percent psi percent Penetration
Batech V
1 19 25.43 96.27 91.90 13.8 35
2 20 23.24 97.7 86.95 27.5 70
3 21 24,17 95.95 86.70 5,89 15 UCS = 39,3
y o2 23,19 96 .64 86.45 21.91 55.8
Average of
Specimens 24.13 96.64 88.0 13.8
CBR 23.2 98.2
Batch VI
5 23 26.78 ol. 77 93.26 10.0 32.4
6 24 26.77 94.89 93.59 21.6 70
7 25 26,69 95.52 94,16 4,63 15 UCsS = 30.9
8 26 26.83 94,96 93,92 16.97 15
Average of
Specimens  26.77 95.04 93.73 7.5
CBR 26.0 95.9
Batch VII
9 27 31.0 89.15 9k.38 3.6k 25,3
10 28 30.45 89.97 9k.52 6.50 L5 }
11 29 30.55 89.83 94.53 2.27 15 UCS = 1L4.L
12 30 29.69 91.15 914.83 8.73 60
Average of
Specimens  30.L42 90.03 9k,57 3.7
CBR 30.4 90.0

* Based on Gg = 2.69 est.

** Percent of unconfined compressive strength (UCS) represented by
cycled stress.
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Results of the first series of tests (Figure 16) were much more
consistent than those of the second series (Figure 17). Figure 1Tb
(CBR = 3.7) indicates that the permanent strains for a specimen subjected
to a deviator stress of 6.49 psi (Specimen 10) were greater than those
for a specimen subjected to a deviator stress of 8.75 psi. This is
obviously due to the wide difference in water content of the specimens.
Also shown in Figure 17a, the permanent strains for a specimen subjected
to a deviator stress of 2.27 psi (Specimen 11) were greater than those of
a specimen subjected to a deviator stress of 3.64 psi (Specimen 9), while
the water contents of the two specimens were nearly the same.

COMPUTATIONS OF
PERMANENT DEFORMATION

METHODOLOGY

A number of procedures are available to estimate the amount of
- permanent deformation resulting from repeated traffic loads. They may
be categorized as:

a. Use of an elastic layered system to represent the pavement
structure and materials characterization by:

(1) Repeated load triaxial tests.

(2) Creep tests (not for untreated granular materials).

[=2

Use of a viscoelastic layered system to represent the pave-
ment structure and materials characterization by means of
creep tests.

Since linear layered elastic program has been used by many
researchers, such as Monismith,l McLean,7 Morris,8 Ba.rksda.le,g3 Brown,
Peil, and Brodrick,32 Snza.ith,28 and Hofstra and Klomp,5 it was decided
that it would be used along with laboratory repeated load tests in this
study. The layered elastic program used in this study is described in
Reference 46 and only linear behavior is considered.

Monismithl proposed that, to use the layered elastic analysis,

relationships between plastic strain and applied stress must be available

for each of the pavement component materials; i.e.,
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ef = £(o,,) (10)

where

P

plastic or permanent strain
ciJ = stress state

For a particular layer, it is then possible to estimate the
permanent deformation occurring in that layer. This is done by computing
the permanent strain at a number of points within the layer, the number
being sufficient to reasonably define the strain variation with depth.
Permanent deformation is then determined by summing the products of the
average permanent strains and the corresponding difference in depths
between the locations at which the strains were determined (Figure 20),

i.e.,
\Y - 1Y
6i(x, y) = El(FiAZi> (11)

where

d?(x; y) = permanent deformastion in the i#h position at
point (x, y) in the horizontal plane

AZ
? average permanent strain at depth (Zi + —Ei)

difference in depth (or the thickness of the layer)

€

AZ,
Total permanentldeformation may be estimated by summing the contributions
from each layer.

With the knowledge of plastic strain at various numbers of load
repetitions, the development of permanent deformation with traffic can
thus be estimated. In this study, AZi was taken as 6 to 8 in. in the
granular layer, and was a variable in the subgrade. The thickness of
the layers used in the computations AZi , measuring down from the sub-
grade surface, were 10, 10, 10, 20, 20, 20, 50, 50, 100, 100, 100, and
200 in. The stress intensities became very small below that depth. For

single-wheel loads, the permanent strains were computed at points along
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the load axis. For multiple-wheel loads, the permanent strains were com-
puted at points along the vertical axis at the centroid of the Boeing T4T
twin-tandem assembly and at points along the vertical axis under one of
the inner wheels in the second row of the C-5A 12-wheel assembly, where
the computed values are generally the maximum. The gear configurations
for a C-5A 12-wheel gear assembly and a Boeing TUT twin-tandem gear
assembly are shown in Figure 21. To compute the stress states using the
layered elastic computer program, the selections of modulus values for

AC, unbound granular materials, and subgrade soils are explained below.
ASPHALTIC CONCRETE (AC)

Because of the thermo-viscoelastic nature of asphaltic materials,
the most important factors influencing the stress-strain relationships
are temperature and rate of loading. The resilient moduli of asphaltic
materials should be evaluated in the laboratory at different temperatures
and at different rates of loading. However, such data for the actual
asphaltic mixtures were not available during the preparation of this
report; therefore, resilient moduli of asphaltic mixtures developed

by The Asphalt Institute were used.)47

For each test pavement, a mean
temperature versus depth relation for the entire traffic period was
determined and was used in the computations. For pavements designed
by the CBR equation, moduli of 140,000, 150,000, and 160,000 psi were
selected for AC layers having thicknesses of 2, 3, and 4 in., respec-
tively., In the computations, Poisson's ratio of 0.4 was used for all

asphaltic mixtures.
UNTREATED GRANULAR MATERIALS

The modulus ratios of the untreated granular layer to the subgrade
used by The Asphalt Instituteh8 were adopted in this study. The ratios
were used by The Asphalt Institute in the development of subgrade failure
criterion of the full-depth AC airfield pavements based in part on the
analysis of Corps of Engineers field test data. The ratios used were
2.9, 2.3, and 1.8 for CBR's of 3, 5, and 10, respectively. The values

were selected from a theoretical study of the stress dependence of the
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‘resilient modulus of the granular layers, as evaluated from laboratory
tests. Studies conducted at WES have found that these modulus ratios

are very reasonable for Corps okangineers and FAA type pavements; i.e.,
3-in, AC surface, 6-in. crushed stone base, and a thick sand and gravel
subbase. In the computations, Poisson's ratio of 0.45 was used. It will
be seen later that the criterion developed using these ratios is very
close to that developed by The Asphalt Institute (shown in Table 2).

SUBGRADE SOILS

The empirical relation E = 1500 CBR was used in the analysis

L9

to determine the moduli of subgrade soils. A discussion of the adequacy

of this relationship for characterizing subgrade soils can be found in
the review of the state of the art in material cha.racterization.50

Poisson's ratio of 0.4 was used in the computations.
TEST PAVEMENTS

Table 8 gives test data for 11 selected test pavements under
multiple-wheel heavy gear loads. The pavements were trafficked by
prototype loadings of a 12-wheel assembly (one main gear of a C-5A) and
a twin-tandem assembly (one twin-tandem component of a Boeing Tu4T). All
test pavements were constructed over a 4-CBR subgrade soil, except test
pavements 2 and 6 in which an extra-weak layer (3 ft) of 2-CBR material
was placed 21 in. below the surface of the 4-CBR subgrade. The purpose
of this arrangement in the test program was to determine possible effects
of a deep soft layer beneath very heavy multiple~wheel aircraft. The
results of the multiple-wheel heavy gear load tests51 revealed that the
existence of a deep soft layer in the pavement has no significant effect
on the overall performance. The failure coverage of each pavement shown
in Table 8 was determined when either of the following two conditions
occurred :

a. Surface upheaval of 1 in. or greater of the pavement adjacent
to the traffic lane (pavement shear failure).

b. Severe surface cracking to significant depths.
Surface rutting was not considered in the failure criterion; however,
this has a vital significance in the design considerations of rutting.
It will be discussed further in this report.
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Table 8

Multiple-Wheel Data

Assembly Coverages
Test Aircraft Load Tire Contact Thickness, in. Subgrade at
Pavement Type kips Area, in.2 Surface Base Subbase CBR Failure
1 Boeing TUT 2Lo 290 3 6 ) 3.8 Lo
o% Boeing TUT 240 290 3 6 ) I 4o
3 Boeing T4T 2Lko 290 3 6 32 L 280
L C-5A 360 285 3 6 6 3.7 8
5 C-5A 360 285 3 6 2k 3.8 1500
6* C-5A 360 285 3 6 ) L 1500
T C-5A 360 285 3 10%# 0 L 98
8 C-5A 360 285 15 0 0 L 425
9 C-5A 360 285 3 6 15 L 10k
10 C-5A 360 285 0 15 L T34
11 C-5A 360 285 15%%* 0 L 2198

Note: 1 kip = L.uk822 kN; 1 in.% = 6.451600 cm.

* A 3-ft~thick layer of 2-CBR soil was placed 21 in. below the subgrade surface.

## Asphalt-stabilized.




In the use of laboratory repeated load test data (as shown in
Figures 13-16) to compute the permanent deformations occurring in the
pavement induced by the traffic loads, 1 coverage in the field is assumed
to be equal to 1 strain repetition in the laboratory.EJConcerning the
lateral distribution characteristics of aircraft or runways, this
assumption is not correct. However, as will be seen later, this

assumption would not change the conclusions derived from this study.
RESULTS

AC Surfacing. Computations of permanent deformations were not

made on the AC surfacing due to the following reason: The present state
of knowledge on the prediction of pérmanent deformations of AC is still
in its infancy. Controversial concepts and different results have been
presented by different agencies.7’8 In a recent paper, Brown33 suggested
an improved approach to overcome some of the inherent disadvantages of
the laboratory triaxial test. However, Brown admitted that for lower
temperatures and thin layers, the approach still has inadequacies. It
was thus decided to concentrate the effort to the study of permanent
deformations only in untreated granular materials and subgrade soils.

Untreated Granular Materials. Difficulty was encountered in the

computations of permanent deformations in granular materials due to the
fact that the stresses computed by the linear 1ayered elastic program
do not truly represent field conditions.

Thompson52 in utilizing layered elastic theory for computing
stresses in granular materials under highway pavements encountered the
same difficulty and made the foilowing statement:

According to these calculations a small amount of
tension develops in the base. However, it has been stated
previously that this particular base material cannot take
tension and yet the unsoaked pavements did not deteriorate
significantly. Therefore, it is suggested that the particles
of the -base move, and the stresses are redistributed so that
no—tension exists.

Also, Morgan and Scala.,53 in a review of flexible pavement behavior and
application of elastic theory to pavement analysis, came to the following

conclusion:
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The general failure of two- and three-layer systems to
satisfy the Burmister prediction appears to be due to lower-
than-expected modulus for the stiffer layers resulting from
their inability to withstand tension, or their dependence on
confining stress which may not be sufficient.

Even when nonlinear finite element analysis is applied to airport

pavement analysis, stresses are computed which violate accepted failure

5k

laws. In such an analysis, Barker makes the following statement:

Tensile stresses were generated in the granular material
to such an extent that the pavement response (referring to
computed response) was dictated more by limiting minimum
moduli than by true material properties. The field data
indicated much better performance of the granular material
under the high loads than was indicated by the finite element
analysis. The most plausible explanation is that a marked
increase in Poisson's ratio probably occurred as the granular
material approached failure. The increase of Poisson's ratio
in the crushed stone would be greater than the increase in the
sandy gravel and could explain the better comparative perform-
ance of this material than was indicated in the analysis. It
is felt that at near failure Poisson's ratio for both mate-
rials go above 0.5 and thus generate additional complications
in the analysis of heavily loaded pavement systems.

Prior to further discussion, it will be beneficial to present
“he experience gained from this study.

&. When the layered elastic computer programs were used to obtain
information on the stress states in the pavement structures,
tensile radial stresses were generally computed at the bottom
layers of the granular materials. This posed a serious prob-
lem in the use of laboratory repeated load test data.

I&

In conducting laboratory repeated load tests on untreated
granular materials, confining pressures were required during
the test to prevent the specimen from collapsing under the
load applications. The magnitude of the required confining
pressure o3 depended upon the magnitude of the applied
vertical pressure o3 . In general, the ratio of oq/0

could not exceed a value of 5. In other words, if the applied
vertical stress o7 was 20 psi, the confining stress o

must be kept at L4 psi or greater. 3

When the stress states in the granular layers were computed and
expressed by the relation (ol - 03)/03 (as shown in Figures 14 and 15),
the expression becomes negative when tensile radial stresses 03 were
computed. Consequently, the laboratory repeated load test data could

not be used to estimate the permanent strains because the tests were
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conducted with compressive confining pressures; i.e., 03 was always
positive. To circumvent the situation, the ratios of octahedral shear
stress to octahedral normal stress Toct/coct were used. The advantage
of this expression is that the stress ratio was always positive even

though the value of o was negative. This can be readily seen in

Equations 8 and 9. In3using Equations 8 and 9, the intermediate stress
o, was equal to the minor principal stress 03 .

Although the octahedral stress ratios eliminated the problem
caused by the negative confining stress 03 , difficulties still
existed. TFigure 22 shows the relationships between permanent strain
and octahedral stress ratio plotted for 5000 strain repetitions. It
can be seen that the octahedral stress ratios for specimens tested in
the laboratory have magnitudes less than one, and the rate of increase
of permanent strain with stress ratio is very rapid. However, the
stress ratios computed using linear layered elastic computer programs
have values greater than three in most cases. Extrapolations have to
be used to estimate the permanent strains at high stress ratios. It
can be seen in Figure 22 that the extrapolation to a stress ratio of
two is beyond the acceptable confidence level.

The problem of estimating permanent deformations in granular
layers using a mechanistic approach, such as the one used in this study,
lies in the difficulty of computing the stress states. It is believed
that when heavy wheel loads are applied on the pavement surface, radial
tensile stresses tend to develop at the lower part of the granular base
layer and slip of the material becomes incipient. The granular mate-
rial can sustain a certain amount of tensile stresses which are resisted
by frictional stresses developed between the granular particles caused
by the vertical compressive stresses that exist in the base. Once the
material starts to slip, passive pressure due to overburden will be
mobilized and the confining pressure will be increased. Consequently,
the moduli of the granular materials will increase. Since granular
pafticles will separate under tensile stress and since granular layers

in a well-constructed pavement do not fail under a few passes of traffic

loads, the author believes that the large radial tensile stresses in
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granular layers computed by the linear layered elastic program do not
truly represent realistic field conditions. The author also believes
that eventually the granular particles start to move, and since energy
is dissipated during the movement, the stress intensities may be sub-
stantially changed as compared to those during the stress buildup stage.
Since the magnitude of vertical compressive stress under a wheel load
depends upon the magnitude of confining pressure in granular materials,
the magnitude of verticel compressive stress 9 in a pavement structure
may not be a constant but rather will vary during the loading process.
Also, since aircraft loadings are not always applied at one point but
vary laterally with respect to the center line of the runway, it is
likely that material in a pavement may move in directions other than
the vertical when the load is not directly over the point where the
mterial is located. It can be concluded that (a) the states of stress
existing in the granular layers under aircraft loadings are extremely
complicated, which cannot be simply described by constant values of
vertical compressive stress 9 and horizontal stress 03 , which are.
computed by the layered elastic program; and (b) the response of the
granular materials to the repeated applications of aircraft loads cannot
be simulated by the laboratory repeated load triaxiel tests.

A nonlinear finite element program which incorporates the stress-

dependent moduli of granular materials was also used to compute the
stress states in the granular layer. Compressive radial stresses were
computed in many cases, but the magnitudes were very small; i.e.,
1/2 to 1 psi. The octahedral stress ratios computed at the bottom of
the granular layer were generally two. However, extrapolations beyond
the confidence level still had to be used to estimate the permanent
strains (see Figure 22).

It should be pointed out that although layered elastic program

predicts radial stresses incorrectly, the presence of radial tensile

stresses in granular layers does not seem to affect the predictions of
vertical stresses and deflections appreciably. ' Reference 55 presents the

results of comparisons of computed and measured stresses and deflections.

A nonlinear finite element program was used to compute stragses and
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deflections in a prototype test section constructed at WES and the com-
puted values were compared with instrumentation values. The comparisons
were favorgble.

It can be concluded that the response of granular materials to
repeated applications of aircraft loads in an actual runwey are extremely
complicated and are not fully understood. The stress states in the
granular layers cannot be accurately predicted using existing computer '
programs. For design purposes to minimize the potential of permanent
deformation in untreated granular materials, it may be the best, at
least at the present time, to specify strict compaction requirements I
and select materials with higher modulus values.

Fine-Grained Subgrade Soil. Since vertical subgrade strains have

been used in rational pavement design as a means to insure that permanent
deformation in the subgrade does not lead to excessive rutting at the
pavement surface, relationships between the computed vertical strains at
subgrade surface and coverage levels for all the pavements analyzed were
included in the figures which show permanent subgrade deformations
(Figures 23, 26, and 27).

Stress Factor. The concept of a stress factor was explored in

this study to estimate the potential of permanent deformation in sub-
grade soils. As shown in Equation 10, permanent strain in the subgrade
soil is proportional to the applied stress state. (It is the deviator
stress in this case.) When the deviator stresses in the subgrade along
the vertical depth are increased or decreased, it is anticipated that
the permanent deformation will also be increased or decreased accord-
ingly. Therefore, the computed deviator stresses along the vertical
depth of the subgrade soil of a pavement may be used as an indirect
measurement of the potential permanent deformations in the subgrade.

The term stress factor is defined in this report as the summation of

- deviator stresses along the vertical depth of the subgrade, which can

be computed as the sum of the products of the deviator stress computed
at various points in the subgrade and the thickness of the corresponding

sublayer. The stress factor is expressed in units of pounds per inch.
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It will be seen later that the stress factor is very useful in discussing
the differences in stress conditions in pavements under single- and
multiple-wheel loads.

The following example illustrates the computation of a stress
factor in the subgrade of a pavement. The procedure is shown in
Table 9 and the stress factor computed is 1580.9 1b/in. It should be
pointed out that for a given pavement under a given wheel load the
stress factor is always a constant, but the accumulated permanent
deformation in the subgrade always increases as the number of load
repetitions increase.

Multiple-Wheel Heavy Gear Load (MWHGL) Tests. The relationships

between the computed values of vertipal strains, permanent deformations,
and stress factors in the subgrade and the coverages at failure of the
11 MWHGL test pavements are shown in Figures 23a-23c, respectively.
Information oh‘the 11 pavements is shown in Table 8. Because of the
special subgrade condition in pavements 2 and 6, the computed values of
these two pavements deviated from pavements 1 and 5, respectively.
Straight lines shown in Figures 23a-23c were drawn through data points
without considering pavements 2 and 6. The significances of the com-
puted values of these two pavements are discussed separately.

Figure 23a indicates that good correlation exists between the
subgrade vertical strains and the coverage levels, indicating that
subgrade strain is a good parameter to correlate pavement performance.
Of special interest is the fact that straein values shown in Figure 23a
are very close to those developed by The Asphalt Institute and shown
in Table 2. Figure 23b shows permanent deformations computed at the
failure coverage for the 11 test pavements. Figure 23b also shows
that the computed subgrade deformations for the test pavements are
independent of the coverages by a given type of wheel configuration and
load; however, the deformations are different for the two types of wheel
configuration and load. For the C-5A 16ading, a subgrade permanent
deformation of approximately 0.2 in. (computed) failed the pavement.

In Figure 23b, the measured magnitudes of upheavals, maximum permanent

surface deformations, and pavement thicknesses for each test pavement

85



Table 9

Computation of a Stress Factor

* %
Depth¥* Thickness Deviator Stress

in. of Layer, in. 91 = 93 > psi Deviator Stress x Thickness
5 10 23.68 236.8
15 10 17.91 179.1
25 10 13.96 139.6
Lo 20 10.06 201.2
60 20 6.95 139.0
80 20 5.91 118.2
115 50 3.63 181.5
165 50 2.09 104.5
240 100 1.11 111.0
3ko 100 0.6L 64.0
440 100 0.46 46.0
590 200 0.30 60.0

Sum = 1580.9 1b/in.

¥ The depth is measured from the subgrade surface.
## The stress is computed at the midpolnt of the layers.
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are given in parentheses by the pavement numbers. It can be seen that
for all pavements the measured surface deformations or ruttings were much
greater than computed subgrade ruttings. It is interesting to note that
surface ruttings for pavements with thick AC layers (pavements 7, 8, 10,
and 11%) were much greater than those for the corresponding conventional
flexible pavements. The large ruts must have been caused by the hot
temperatures during the traffic period. The asphalt contents of these
pavements are shown in Table 10. “Since pavement L was failed by less
than 10 coverages, the measured surface rutting and upheaval were con-
sidered to be unreliable and are thus discarded in the subsequent
discussions. TFor conventional flexible pavements (i.e., pavements 1

and 3 for the Boeing TUT and pavements 9 and 5 for C-5A), it can be

seen that the measured surface ruts are not constant but increase as

the pavement thickness increases, At a given performance level, say
280 coverages, the measured surface rutting of the thicker pavement
needed for the heavier load¥** (Boeing TYWT) was greater than that of

the thinner pavement required for the lighter load (C-5A). This
observation is of vital significance in design for the prevention of
pavement rutting, and will be discussed further. Similar results were
also noted for test sections containing stabilized layers; the measured
surface ruttings are tabulated in Table 11. Each test section was con-

structed with sufficient width to conduct traffic tests with different

*  Although the total load of the C-5A assembly (360 kips) is heavier
than that of the Boeing T47 twin-tandem assembly (2L0 kips), the load
per wheel for the C-5A (30 kips) is much lighter than that of the
Boeing 747 (60 kips), and the gear configurations (Figure 21) are
such that the load is more concentrated for the Boeing TL4T than for
the C-5A and thus induces more rutting in the pavement.

*¥* Since the measured permanent deformation in pavement 11 (2L-in. AC
layer) was much less than that measured in other deep asphalt pave-
ments (pavements T, 8, and 10), it leads to the belief that the
majority of rutting in a deep AC pavement occurs in the upper portion
and the subgrade soil is well protected from rutting under the thick
AC layer.
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Asphalt Contents

Table 10

in the Full-Depth AC Pavements

Pavement
No. ¥ Top 3 in. Other Layers
8 AC surface 3 to 15 in. Bituminous stabilized base course
course (L.,5 gravelly sand with 6.5 percent
percent asphalt) cement filler (2.9 percent
asphalt)
7 3 to 9 in. Surface mix (5.0 percent asphalt)
base course
9 to 15 in. Surface mix (2.9 percent asphalt)
base course
11 3 to 9 in. Surface mix (5.0 percent asphalt)
base course
9 to 24 in. Bituminous stabilized gravelly
sand subbase (2.9 percent asphalt)
10 3to 9 in. Surface mix (5.0 percent asphalt)
base course
9 to 24 in. Unstabilized gravelly sand

subbase

*

Numbers refer to pavement

number in Table 8.
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Table 11
Measured Surface Ruttings in Pavements with Stabilized Layers

Measured Maxi-{ Degree
Fave- Assently | Thickness of | __ Pavement Dencription mn Deforma- of Coverages
cent Aircraft Load Surface Thickness 8tabilizing | Thickness Stabilizing | Subgrade tion at Pavezent to
lis. Tyze kips Course, in. in, Material Agent in, Material Agent CBR Fai.ure, in. | Cracking | Failure
la Boeing T4T 200 3 6 Crushed - 2h Lean 3 percent 5.6 1.2 Severe 3,660
Stone . Ylay line
2 percent
portland
cement
10 percent
. fly ash
16 | Boeing 757 R 3 Bane as la bk 3.2 Severe 670
za ! Boeirg T47 200 3 - - - 25 Lean 5 percent 5.4 1.1 Severe 3,660
clay portland
cement
2o 3ceing TUT 240 3 Same as 2a h.0 1.b Severe 340
3a Boeing TUT 200 3 25 Gravelly | 5 percent - - -— 3.6 1.5 Severe | T,B20
' Sand portland
cement
3% Boelng 74T 240 3 Some as 3a 3.2 2.5 Slight £20
ia 2oeing T4T 200 3 25 Clayey |5 percent - - - k.9 0.7 Severe | 1,330
Sand portland
cement
LIy Zoeing T4T 2Lo 3 Same as La 5.2 1.7 Severe 120
Sa C-S¢. ) 360 3 6 Crushed - 15 Lean 3.5 per- 5.0 0.96 Severe 173
12 Wheels B Stone clay cent lime
St Boeing T4T 160 3 Same as S5a 5.0 0.96 Severe 10
Sc Single 50 3 Sane as Sa 5.0 0.6 Severe Lo
6a | Ce5a 3v0 3 6 Crushed -— 15 Lean 10 percent k.3 1.08 Bevere | 1,200
12 ¥heels Stone clay portland
cement
£5 | Poelng TAT 160 3 Sace as 6a b3 1.8 Severe | 1,000
fe finzle 50 3 . farne as fa . h,3 1.0 Severe 29
Ta | C-5A 360 3 2 Clayey |6 percent - -— - k.3 0.6L Blight | lo Feil-
12 ¥heels Gravelly| portland ure at
Sand cement 10,900
T Eoeing TLT 160 3 Same as Ta h.2 1.32 Severe | 1,610
Te | Sirgle 75 3 Semo as Te k.2 0.8 Severe 120




gear assemblies. It can be seen that for the same pavements, which the
sections trafficked by heavier load failed earlier, the measured surface
ruts were greater than those failed by lighter loads. Table 11 also
shows that under a given load assembly, the measured surface ruts in-
crease with increasing coverages. The relationships are plotted in
Figure 24. In other words, two different pavements failed by a given
assembly load at different coverage levels can experience different
degrees of surface rutting, with greater rutting measured in stronger
pavements,

Permanent deformations computed for pavements 2 and 6 were sub-
stantially greater than those for pavements 1 and 5, respectively. This
is because of the existence of the extra-weak layer in pavements 2 and 6.
It should be reiterated that the existence of a deep soft layer in the
pavement was observed to have no significant effect on overall performance.

Figure 23c shows the computed stress factors for the 11 test pave-
ments. The stress factor decreases with increasing coverages (or in-
creasing thickness of the pavement). However, different alrcraft loads
result in different relationships between the stress factor and the
number of coverages, while the relationships shown by the straight lines
are parallel to each other. The reason for the larger stress factors
in pavements subjected to the Boeing T4T7 load is the closer spacing of
the wheels and the heavier load for each wheel (consequently, the
stresses in the subgrade were more concentrated). The stress factors
computed for pavements 2 and 6 were slightly smaller than those for
pavements 1 and 5 because of the existence of the extra-wegk layer in
the pavements.

The computed permanent deformations shown in Figure 23b are
maximum values under the assembly loads. Since pavement performance also
depends on deformations at offset points, attempts were made to compare
the deformation basins of several pavements designed for Boeilng 747 and
C-5A loadings at the same coverage levels. The thicknesses of these
conventional flexible pavements were determined by the subgrade vertical
strain criterion shown in Figure 23a. A trial-and-error procedure was

used to determine the correct thicknesses of pavements constructed on
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Figure 24, Measured surface permanent deformations of test pavements at time of
failure, pavements with stabilized layers



L_CBR subgrade soil in which the computed vertical strains at the subgrade
3 and 1.9 x 1073

coverage levels of 100 and 1000, respectively. Permanent deformations at

surface were 2.7 x 10 in./in. for pavements designed at
offset points of these pavements were computed and the deformation basins
are presented in Figure 25. While the maximum deformations are nearly
the same, the deformation basins for thicker pavements are flatter than
those of the thinner ones. The flatter basin naturally would cause less
shearing deformation in the overlying pavement layers and contribute to
better performance. On the other hand, the sharper deformation basin

in the subgrade soil of thinner pavements causes more severe shearing
deformation in the pavement layers and contributes to surface layer
cracking and earlier fajlure of the pavement. Explaining it in another
manner , the better performance of thicker pavements, besides many other
reasons, is due to not only its greater structural capacity, but also
the flatter deformation basin in the supporting subgrade soil.

Attempts were made to compare the deformation basins of the
Boeing T47 and C-5A gear assemblies. It was difficult to select basins
which were comparable since the wheel configurations are very different.
However , it can be readily seen that under the C-5A load the maximum
deformation is smaller and the basin is flatter and broader because the
assembly has more wheels and they are spaced much farther apart. Con-
sequently, pavements designed for C-5A loadings at the same coverage
levels as for Boeing ThT.loadings require much less thickness. For
instance, for pavements designed for 1000 coverages, a h8;5-in.-thick
pavement is required for the Boeing TLT but only a 29.6-in.-thick
pavement is required for the C-5A.

The subgrade permanent deformations presented in Figure 23b are
computed values. Measured deformations from open trench tests were
available for several test pavements. Comparisons between measured and
computed deformations are presented in Figure 26. If the computed values
ere the same as the measured ones, the points should be plotted on the
1:1 line. Although the measured values from open trench tests are not
very accurate, the results presented in Figure 26 indicate that the

computed values are much smaller than the measured ones. Although the
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measured values are greater than those computed, the conclusions derived
from those in Figure 23 still hold. For instance, Figure 23b shows that
the computed subgrade deformations for the Boeing T4T (240 kips) are
greater than those for the C-5A (360 kips).* It was concluded that, at
a given coverage level, subgrade deformations are greater for pavements
designed for heavier loads. Figure 26 shows that the difference in the
actual subgrade deformations between heavier and lighter loads could
even be greater than the computed values presented in Figure 23b.

Single-Wheel Loads. Analyses were made on test pavements failed

by single-wheel loads. The test pavements had various thicknesses and
were constructed ‘on subgrade soils with CBR's ranging from 4 to 18.
The pavements failed at different coverage levels under loads ranging
from 10 to 200 kips. Pavement information can be found in Table 1 of
Reference 51. Repeated load test data from the second series of tests
(Figures 17a-17e) were used in the analysis. The accumulated permanent
deformations occurring in the subgrade of the pavement seemed to vary
with the thicknesses of the pavement, wheel load, and subgrade CBR.
Because the laboratory test data were inconsistent, as was explalned
earlier, and also because of the limited number of test pavements and the
relatively significant number of variables, the relationships between the
variables cannot be used as the basis for a meaningful analysis. Labora-
tory data from the first test series could not be used to analyze the
single~wheel loads because of the limited range of CBR's. In this report,
only an analysis of pavements designed by the CBR equation at lower sub-
grade CBR's is presented.

Formulation of the CBR equation56 was based on results of numerous
full-scale accelerated traffic tests, which represented reliable data
and extensive observations of the Corps of Engineers. A pavement designed
by the CBR equation has a thickness sufficient to prevent shear failure

in the subgrade soil. The equation has the form

¥ The Boeing 747 (240 kips) 1is considered to be heavier than the C-5A
(360 kxips). The explanation can be found in the footnote on page 86.
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- P A
t = a\jB.l CBR ~ 7 (12)

in which P 1is the wheel load in pounds, A is the tire contact area
in square inches, o 1is a factor depending upon the selected coverage
level, and t 1is the total thickness in inches, including the AC and
granular base layers. The thicknesses of AC and base layers were
determined by Corps of Engineers standard flexible pavement design
procedure,

Many pavements were designed by the CBR equation for 5000 cov-
erages and for various loads and subgrade strengths. Elastic vertical
strains and deviator stresses were computed by the elastic layered
program,h6 and permanent deformations at the subgrade surface were
computed by Equation 11. The results are presented in Figure 27. It
can be seen that for pavements designed for same coverage level, the
elastic vertical strain at the subgrade surface (Figure 27a) increases
slightly with an increase in the subgrade CBR. At a given subgrade CBR,
the subgrade strain also varies slightly with the load, with larger
strains induced by greater_lbads. For subgrade CBR ranging from 2.4 to
6.3, the average strain increase was from 1.5 X lO—3 to 1.8 x lO"3 in./in.
For practical.design purposes, i1t can be assumed that subgrade strain is
independent of the load. This becomes clear when ﬁhese strain values are
used to determine coverage values from the relationship between strain
and coverage at failure shown in Figure 23a.

The computed deviator stresses at the subgfade surface of these
pavements are presented in Figure 2Tb. It can be seen that for pavements
designed for the same coverage level, the deviator stress at the subgradé
surface increases nearly linearly with an increase in the subgrade CBR,
but is nearly independent of the magnitude of the wheel load. The lack
of dependence‘of the deviator stress on the magnitude of the wheel load
is reasonable because these pavements w~ere designed by the CBR equation
and therefore an adequate thickness of pavement was provided to protect
the subgrade from shear fallure. For pavements constructed over a sub-
grade having the same CBR, the stresses of the subgrade surface should

be the same for any design wheel load.
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Figure 27. Relationships between elastic vertical strain

and deviator stress at subgrade surface and permanent deforma-
tion in the subgrade for pavements designed at 5000 cov-
erages for many single-wheel loads
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Figure 2Tc indicates that, for pavements designed for the same
coverage level, the subgrade permaneht deformation decreases with in-
creasing subgrade CBR and with decreasing wheel load. This effect may
be explained as follows. Laboratory repeated load test results shown
in Figure 18 indicate that at the same load repetition level the permaﬂent
strains of subgrade soils with higher CBR's are much smaller than those
with lower CBR's. Although the stress intensity in subgrades with higher
CBR's is larger, which tends to increase the permanent deformation (Fig-
ure 27c), the decrease in permanent deformation because of the stronger
soil exceeds the increase due to the higher stress intensity. Conse-
quently, the permanent deformation decreases with an increase in the
subgrade CBR. At a given subgrade CBR, larger wheel loads induce larger
stress intensities in the subgrade and thus cause larger permanent
deformations. It should be noted that the deviator stresses shown in
Figure 2Tb are stresses on the subgrade surface; however, 1t 1s the
stresses along the vertical depth in the subgrade (i.e., the stress
factor) which govern the total permanent deformation in the subgrade.

The analysis presented in Figure 27 is for pavements designed
at 5000 coverage levels. Analyses were also made on pavements designed
at different coverage levels. The relationships between the computed
values of vertical subgrade strains, permanent deformations, and stress
factors in the subgrade and the designed coverage levels of three pave-
ments are shown in Figure 28a-28c, respectively. It can be seen that
good correlations exist between the three pafameters and the design cov-
erage levels., It should be noted, however, that permanent deformation
occurring in the subgrade decreases with increasing designed coverage
levels, which is a different response from that under multiple-wheel
loads (Figure 23b) in which the permanent deformations under one given
type of aircraft load were nearly the same for all the coverage levels
within the test range. The difference may lie in the differences in
stress intensities occurring in the subgrade soils between single and
multiple wheels. The difference may be explained by the stress factors.

Figure 29 shows a comparison of relationship between the stress

factors and coverages at failure for single- and multiple-wheel loads
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(the curves were taken from Figures 23c and 28c). It can be seen that
the rate of decrease in the stress factor with increasing pavement
thickness (or increasing coverages) for single wheels is much greater
than that for multiple wheels. Laboratory repeated load test results
shown in Figures 16 and 17 indicate that, while the permanent strain
increases slightly with increasing load repetitions, it decreases
rapidly with decreasing stress intensity. With the steep slope of this
curve (in Figure 28) for single-wheel loads, the decrease in permanent
deformation due to reduction in stress intensities with increase in
thickness exceeded the increase in permanent deformation because of
higher repetition levels. Therefore, the accumulated permanent deforma-
tion occurring in the subgrade of pavements under single-wheel loads
decreases with increasing coverages. With the gentle slope of the line
shown in Figure 29 for multiple-wheel loads, the decrease of pavement
deformation, due to reduction in stress intensities, may equally offset
the increase because of higher repetition levels. Therefore, the
accumulated permanent subgrade deformations under multiple-wheel loads
become nearly the same for all coverage levels,

Permanent deformations were computed at offset points for the
three pavement thicknesses shown in Figure 28 and the deformation basins
are shown in Figure 30. It should be noted that as the thickness of the
pavement increases (or the coverage level increases), not only is the
maximum deformation reduced, but the curvature of the deformation basin
.is also reduced. This, of course, reduces shearing deformations in the
overlying pavement structure and contributes to better performance of the
pavement, On the other hand, a thinner pavement under the same wheel
load has a sharper curvature of the deformation basin in the subgrade
than the surface and induces larger shearing deformation in the overlying
pavement layer. This definitely causes surface layer cracking and con-

tributes to earlier failure of the pavement.
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DESIGN IMPLICATIONS OF COMPUTED RESULTS

Because computations of permanent deformation in AC and untreated
granular materials could not be made in this study, discussion on their
design implications has been omitted in this section. Computations of
permanent deformations were only made for fine-grained subgrade soils in
pavement systems. Although the deformation characteristics of subgrade
soil alone cannot fully describe the overall deformation behavior of the
pavement , the findings can certainly shed light on the design concept
of flexible airport pavements. They are discussed in the following
paragraphs.

The difference in‘the rate of decrease in the stress factor with
an increase in pavement thickness between single- and multiple-wheel
loads shown in Figure 28 indicates that, as the design pavement service
life is increased, the need for an increase in pavement thickness to
reduce the stress intensity in the subgrade for multiple-wheel loads
is less than that for single-wheel loads. This difference in requirements
conforms with present Corps of Engineers and FAA design criteria in which
the thickness adjustment factor a 1is smaller for multiple-wheel loads
than for single-wheel loads. (Details of the development of the design
criteria can be found in Reference 51, Volume I, with reference to
Figure 69.)

The analysis indicates that pavement performance can be predicted
mich easier by the resilient vertical strain at the subgrade surface than
by accumulated subgrade permanent deformation. Unlike the resilient
vertical strain, the accurulated permanent deformation in the subgrade
was found to be depeﬁdent on many factors: load, gear configuration,
pavement thickness, subgrade strength, subgrade condition, and coverage
level. They are discussed separately as follows:

a. Load. Figure 23b indicates that the computed accumulated
permanent deformations of the Boeing T4T 2L0-kip assembly
load were much greater than those of the C-5A 360-kip assembly
load. The analysis of single-wheel loads shown in Figure 2Tc
also shows that, for pavements designed for the same perform-~
ance level, the permanent subgrade deformation increases with
an increase in wheel load, with the increase being more
pronounced for pavements on weaker subgrades.
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Gear configuration. The main differences in the gear con-
figurations of the C-5A 12-wheel assembly and the Boeing TLT
twin-tandem assembly are that C-5A has more wheels and the
wheels are much farther apart. Pavements 1 and 5 had identical
thicknesses and subgrade strengths, but the failure coverage.
levels of these two pavements subjected to C-5A and Boeing T4
assembly loads were 1500 and 40, respectively. A comparison
of the deformation basins of the C-5A (Figure 26a) and the
Boeing T4T (Figure 26b) indicates that, for pavements designed
for the same performance level, the maximum deformations in
the subgrade of pavements designed for C-5A are not only much
smaller, but the basins are much flatter and broader.

c. Pavement thickness. In Figure 23b, the accumulated subgrade
deformations computed for the Boeing TUT were much greater
than those computed for the C-5A, It should be noted that
for the same performance level, the Boeing T4T requires a
much thicker pavement than the C-5A. It can be stated that
for pavements designed for the same performance level, heavier
loads* require thicker pavements and thicker pavements can
withstand larger subgrade deformations. This fact is well
illustrated by the deformation basins plotted in Figure 25.

As shown, for the two pavements designed for the 1000 cov-
erage level, the required pavement thickness is 29.6 in. for
the C-5A, but is 48.5 in. for the Boeing T47. The deformations
in the pavement under the heavier load (Boeing TWT) were not
only much greater but the deformation basin was also much
sharper than that under the lighter load (C-5A).

Heh

Subgrade strength, Figure 2Tc shows that the permanent sub-
grade deformation decreases with increasing subgrade CBR for
all the single~wheel loads. The pavements were designed using
the CBR equation for a coverage level of 5000. For multiple-
wheel loads, although an analysis was not performed on pave-
ments with subgrade CBR's higher than L4, it is believed that
permanent subgrade deformation would also decrease with
increasing subgrade CBR. This behavior occurs because a
stronger subgrade requires a thinner pavement and a thinner
pavement is followed by lower subgrade permanent. deformation
as was discussed in the previous paragraphs.

e. Subgrade condition. The difference between pavements 1 and 2
and pavements 5 and 6 is that an extra-weak layer (3 ft) was
placed deep in the subgrade of pavements 2 and 6. Figure 23b
shows that the permanent subgrade deformations in pavements 2
and 6 were much larger than those in pavements 1 and 5, respec-
tively, while the overall performance of pavements 1 and 2

¥ Heavier load refers to load per wheel and closer gear spacings. More
information can be found in the footnote on page 86.
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and pavements 5 and 6 were the same. Apparently, the soft
layer deep in the subgrade deformed nearly uniformly under the
action of the miltiple-wheel loads. Consequently, the pave-
ment structure above the soft layer moved downward nearly
wuniformly following the movement of the soft layer without
experiencing any significant additional bending stresses as
compared with those in pavements 1 and 5 in which the soft
layer did not exist.

Coverage level. An analysis made on pavements designed using
the CBR equation for single-wheel loads (Figure 28b) revealed
that the accumulated permanent subgrade deformation decreased
as the performance level of the pavement increased. In other
words, the permanent subgrade deformation of a pavement de-
signed for a higher coverage level is less than that of a
éavement designed for a lower coverage level. However, an
analysis of pavements failed under multiple-wheel loads
revealed that under a given aircraft load pavements of dif-
ferent thicknesses failed under different coverage levels but
experienced nearly the same amount of computed permanent
subgrade deformation (Figure 23b). This is due possibly to
the differences between single- and multiple-wheel stress
distributions in the subgrade. These results are reasonable
because the laboratory repeated load test results shown in
Figure 19 indicate that for a given value of elastic strain
the permanent strain in the subgrade increases with decreasing
CBR values. This relationship also explains why, for pave-
ments designed using the CBR equation for 5000 coverages,
permanent strain increased with decreasing subgrade CBR's
(shown in Figure 27c), while the subgrade elastic strains
were nearly the same (Figure 27a).

I~

Prior to further discussion, the current concept and practice in
considering pavement rutting in flexible pavements should be reviewed,
and the measurements of surface deformations obtained from field test
pavements should be investigated. The conclusions can thus be compared
with the results of this study.

As was stated in the beginning of this report, one of the current
approaches to consider pavement rutting under repeated traffic loading is
to 1imit the vertical compressive strain at the subgrade surface to some
*tolerable amount associated with a specific number of load repetitions
(e.g., 1imiting subgrade strains in Table 2). By controlling the charac-
teristics of the materials in the pavement section through materials
design and proper construction procedures‘(unit weight or relative com~

paction requirements) and by insuring that materials of adequate stiffness
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and sufficient thickness are used so that the strain level is not exceeded,
permanent deformation can be limited to a value equal to or less than the
prescribed amount. It should be reiterated that in the Corps of Engineers
failure criteria, from which failure coverages of field test pavements
were determined, surface rutting is not considered to be a critical

factor in judging pavement failure. The criteria were described on

page 75 of the report. Consequently, surface rutting measured at

failure in the field test pavements constructed and tested at WES was

not constant but varied with pavement thickness and gear loads. It was
found that at a given performance level, the measured surface rutting
increased with increasing pavement thickness. The need for thicker pave-
ments may be due to either heavier loads or softer subgrade soils (see
Figure 23b). Since the limiting subgrade strain criteria developed by
The Asphalt Institute (shown in Table 2) were based in part on an analysis

>0 it is evident that the criterion of

of Corps of Engineers test data,
surface rut depth is not included in the developed performance models.
Although the criteria developed by Shell20 (Table 2) were developed using
elastic analysis of pavements designed according to the CBR procedure .
and performance results of the AASHO Road Test, the criteria are thought
to be associated with ultimate rut depths on the order of 3/4 in.
Limiting surface rutting is a concept that has been advocated in recent
years; however, it has not yet been implemented in any existing design
procedure.

The discussions presented in this report are in direct contrast
with the generally accepted concept which assumes that if the material
and thickness of & pavement are properly selected and proper compaction
is applied so that the elastic subgrade strain is limited, subgrade
rutting will be controlled and surface rutting equal to or less than
some prescribed amount can be assured. This concept is based on the
assumption that when two pavements are designed for the same performance
level (same coverage at failure), not only are the subgrade elastic
strains the same but also the subgrade rutting is very nearly the same.
This assumption is not strictly correct based on the results of the

analysis in this study.
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It is the author's belief that the surface rut depth measured at
the time when the pavement is judged to be failed increases as the thick-
ness of the pavement is increased, even though the material in each layer
of the pavement may be properly selected and compacted. Since surface
rut depth is not limited in the failure criteria, when two pavements are
designed for the same performance level, the surface rut depth and sub-
grade rutting will be greater for the thicker pavement (greater thick-
ness due to either heavier applied loads or weaker subgrade support ),
while the elastic vertical strain at the surface of the subgrade will
be nearly the same for the two pavements.

If it is Hesirable that pavements designed for the same performance
level have the same degree of rutting in the subgrade, the elastic verti-
cal strains at the subgrade surface induced by the load will have to be
varied, with smaller elastic strains allowed for weaker subgrades and
greater elastic strains allowed for stronger subgrades in accordance with
the relationships between the elastic and permanent strains shown in
Figure 19. This is, of course, in contrast with the current limiting
subgrade strain criteria concept in which pavements designed for the
same performance level have the same elastic vertical strains at the
subgrade surface. The limiting subgrade strains for both highway and

airport pavements adopted by a number of agencies are shown in Table 2.
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CONCLUSIONS

CONCLUSIONS AND RECOMMENDATIONS

Based on the material from the literature survey and results of

analysis of full-scale test pavements and pavements designed using the

CBR equation, the following conclusions were drawn. A linear layered

elastic computer program was used to compute the permanent deformations

in granular layers and in the subgrade soils, with the material charac-
terizations described in the section LABORATORY REPEATED LOAD TESTS.

Therefore, the computed results are subjected to the criticism of the

computer program as well as the material characterization.

a.

—

|o

I

AC surfacing. There is no general consensus on the method
with which the permanent deformation of an AC layer in a
pavement system can be computed. Laboratory tests to deter-
mine the rutting properties of AC are expensive and
time-consuming.

Untreated granular layers. A serlous problem exists in the
prediction of permanent deformations in untreated granular
layers in a pavement system. The stress states in the
granular layers under the airecraft loadings cannot be com~
puted correctly using Burmister layered elastic solution and
the nonlinear finite element program in its present form.
Also, the stress states under aircraft loadings cannot be
correctly simulated by laboratory tests.

An analysis made on the computed permanent deformations
occurring in the subgrade soll of many full-scale test pave-
ments and pavements designed using the CBR equation indicates
that the current concept of controlling subgrade rutting
through limiting subgrade strains in flexible pavements is
not strictly correct. When subgrade strains are limited, not
only the subgrade rutting may not be limited, but also the
control of surface rutting may not be assured. If surface
rut depth is limited in design procedures, however, the
limiting subgrade strain criteria proposed and adopted by
many agencies (Table 2) will have to be modified to vary
according to subgrade strength.

The approach used in this study was not successful in
providing a prediction model to estimate the amount of
permanent deformation in flexible pavements subjected to
aircraft loadings.
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RECOMMENDATIONS

Based on the results of analysis of this study, it is recommended
that (a) continuing efforts be made to investigate the basic deformation
characteristics of AC and untreated granular soils in a pavement system
subjected to aircraft loadings which move in a longitudinal direction
and also wander from the center line of a runway; (b) a development
program be initiated in prediction models to estimate permanent deforma-
tions in each component layer of a pavement system when the information
described in (a) becomes available; and (c) efforts be concentrated on
selecting proper component materials and specifying construction tech-
niques to minimize the potential of deformation, before a complete

prediction model is developed.
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LIST OF NOMENCLATURE

The following symbols are used in this report:

A
¢
CBR

bit

mix

tire contact area;
cohesion;

California Bearing Ratio;

equivalent particle size of filler (0.000004 in.);

modulus of elasticity;
filler-bitumen factor;
liquid limit;

wheel load;

plasticity index;
effective deviator stress;
bearing capacity;
stiffness of the bitumen;
stiffness of the asphaltic
thickness of the pavement;
void factor;

shear strain;

permanent deformation;
thickness of the sublayer;
permanent strain;

max;mum compressive subgrade strain;
rate of application of axial strain;-
viscosity of mass;

normal stress;

stress state;

octahedral normal stress;

major, intermediate, and minor principal stresses,

respectively;
shear strength;

: de
inltial cohesion when e 0;

octahedral shear stress; and

angle of internel friction,
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concrete mixture;
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