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INTRODUCTION

BACKGROUND

In the design of airport pavements, one of the first considera-
tions must be an evaluation of the foundation material, or subgrade, on
which the pavement is to be built., 1If the natural or in situ soil is
sufficient to serve as a foundation material for the pavement and to
withstand repeated loadings of aircraft traffic without shearing or
undergoing excessive deformation, the subgrade may simply be graded or
cut to the desired elevation and the pavement structure constructed
directly thereon. 1f, however, the in situ soil is not suitable, or
because of elevation considerations, a2 fill embankment is needed to
provide a suitable subgrade for the overlying pavement, then the deter-
mination of design density values for compaction of the fill material
becomes an important step in the overall design process.

The importance of adequate density cannot be overemphasized, and
since densification of a soil may be achieved through compaction, the
significance of proper compaction procedures is apparent. Some of the
major reasons for compacting or densifying subgrade soils are to reduce
compressibility, increase strength, control volume change characteris-
tics, decrease permeability, control resilience properties, and reduce
frost susceptibility.1 Thus, a wide range of soil properties may be
influenced by the compaction process. The mechanics of compaction and
means of evaluating various characteristics of compacted solls have been
discussed in great length in the literature. -

In the pavement design procedures used by the Federal Aviation
Administration (FAA).4 the engineering properties of the subgrade soil
that are of primary concern are the compressibility and strength charac-
teristics. The first consideration, compressibility, is satisfied in
design by means of compaction criteria that specify minimum density
values to which a soil must be compacted in the field to provide a
satisfactory foundation material. TInherent in the density specifica-

tions is the requirement that the material also be compacted near the




optimum water content for the compaction effort used in order to prevent
the development of excessive pore pressures and subsequent shear failure
that might result from further densification. Densification may also
occur without the development of shear, however, resulting in failure
through loss of soil volume.

Density criteria, often termed compaction requirements, are
essentially empirical and were developed based almost entirely on field
observation and performance data. For example, compaction criteria
developed by the U. S. Army Corps of Engineers (CE) for flexible pave-
ments5 were the result of an extensive study of existing airfields. The
density criteria that were developed from this study were basically
evolved by separating density values found in the subgrades of pavements
that were performing satisfactorily from those found in pavements that
did not perform adequately. Thus, the density values now found in the
criteria are designed to ensure that if a subgrade spil is compacted as
required, the compressibility potential of the material is minimized and
the subgrade will sustain repetitive traffic loadings without excessive
permanent deformation. Very large cumulative subgrade deformation can
result in the development of premature pavement deterioration evidenced
by surface rutting in flexible pavements and slab cracking in rigid
pavments.

The soil strength parameter on which the design thickness of a
pavement is based, whether it be California Bearing Ratio (CBR) or
modulus of soil reaction (k), 1is not a directly controlled property of
the soil but a resultant property dictated by the soil density and water
content, 1In other words, if a particular soil is compacted at or near
the optimum water content, the soil strength may be said to be primarily
a function of the density obtained as a result of compaction. The
density criteria with which this study will be involved are those speci-
fied by the FAA for subgrades in fill sectlons.4 Table 1 presents these
criteria.

Table 1 shows the density criteria specified in terms of a per-
centage of the maximum laboratory dry density obtained with ASTM

Designation: D 1557.6 The procedure is practically identical with the
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Table 1. FAA Compaction Criteria, Fill Section

Required Dry Density (Perceant ASTM D 1557
Maximum Dry Density)

Pavement Type Cohesive Soil Noncohesive Soil
Rigid 90 Top 6 1in. 100
Below 6 {in. 95

Flexible Top 9 in. 95 Top 9 in. 100
Below 9 in. 90 Below 9 in. 95

Note: 1 in. = 2.54 cm.

CE compaction effort termed CE 55*.7 For these criteria, a noncohesive
soil is one having a plasticity index (PI) of less than 6 percent. All
other soils are considered to be cohesive materials. For a rigid pave-

ment, the criteria specify that a cohesive soil be compacted to a mini-

mum density of 90 percent for the full depth of the soil, the top 6 in.
(15.24 ecm) in noncohesive soil be compacted to 100 percent, and the
remainder of the £ill to 95 percent for the full depth., For a flexible
pavement, the criteria require a minimum dry density of 95 percent for
the top 9 in. (22.86 cm) in a cohesive soil and 90 percent for the re-
mainder of the fill. For noncohesive soils, the top 9 in. (22.86 cm) of
subgrade must be compacted to 100 percent while the remainder of the
fill requires a minimum density of 95 percent.

The stringent density values required and their imposition for
the full depth of a fill have at times been questioned. First, a
review of the density criteria for cut sections will reveal that in
subgrades of this type the criteria specify decreasing density values
with increasing depth. The rationale applied for cut section soils ap-
pears to be that since stresses applied at the surface of a pavement
tend to attenuate with depth, then an accompanying decrease in required
density is also appropriate. The question then arises as to the ap-

plicability of a similar pattern of gradually decreasing deansities with

* The term CE 55 refers to a Corps of Engineers laboratory compaction
procedure in which the compaction used in molding the soil specimens

requires 55,000 ft—lb/ft3 (2660 kJ/m3) of compaction energy.




depth for compacted soils. Second, the criteria as they now stand
distinguish between soil types solely on the basis of cohesive or non-
cohesive materials., Obviously different soils have different compacti-
bility characteristics, and one soil compacted to 90 percent density
will not necessarily exhibit compressibility similar to that of another
type of soil compacted to 90 percent density. Compaction criteria
based on soil type have, in fact, been proposed recently by other re-
searchers.8 A third factor that demands a review of current compaction
criteria is one of economy of resources, Lower densities require less
compaction effort and, therefore, the expenditure of less energy, con-

struction time, and manpower.
OBJECTIVES OF THE STUDY

The overall objective of the study was to determine the potential
impact on pavement performance of reducing density requirements now gen-
erally specified by the FAA for compacted subgrade soils in airports.

To accomplish this overall objective, the following associated objec-
tives were pursued:

a. Investigate the deformation characteristics under repetitive
axial loading of certain subgrade soils compacted to density
levels below those generally specified for airport pavements.

Determine the significant parameters that contribute to ob-
served deformation patterns.

|

c. Relate the deformation characteristics of these soils to
pavement deterioration potential.

d. Determine therefrom whether a basis exists for modification
of current density criteria for compacted subgrade soils.

SCOPE OF WORK

This investigation was primarily a laboratory study based on the
concept of observing the deformation response of three different soils
tested in a triaxial compression chamber and subjected to repetitive
axial loadings. From the observed behavior, a predictive framework was
formulated and used to estimate the field response of similar soils in
a subgrade environment. The principal steps involved in conducting this

study were as follows,




SOIL TYPES

The original concept in this study was to evaluate five soil
types of significantly different geological origins. However, due to
equipment difficulties and specimen loss, circumstances dictated that

ounly three soils could he tested.
SOIL DENSITY AND MOISTURE CONTENT

Since the concept of the study was to investigate the estimated
impact of relaxing current density criteria, it was detemmined that for
each soil type the study should include one group of specimens prepared
at the lower end of the current densfty criteria spectrum and two groups
molded at densities helow current density specifications. Since field
specifications generally require that soils be compacted at maisture
contents centering around some optimum value, it was decided that the
desired test moilsture content would be near the optimum molsture content

for the particular density value selected.
TEST STRESSES

[t was desired that the stress values for the repetitive load
tests should be representative of the stresses found in the subgrade of
a pavement at a typical present-day airport having a high volume of
traffic and including heavy wide-bodied aircraft. For each group of
soils, three stress states were used. Thus, for each soil type, nine

tests were required.
STRESS WAVE FORM

In much of the previous work conducted involving repetitive load
triaxial testing on pavement materials, various types of wave forms have
been used including full sine, approximate sinusoidal, triangular, and
square wave.g"11 For this program, it was felt that to be more repre-
sentative, the wave form used should duplicate as closely as possible
that generated at a particular point in the subgrade by an aircraft
approaching, passing directly over, and moving away from the point.
Therefore, special wave forms were developed based on stress analysis

of subgrades under rigid and flexihle pavement structures.
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LABORATORY TEST PROCEDURES

The primary method of testing was the repetitive load triaxial
procedure similar to that used by Seed, Chan, and Monlsmith.12 Static
load triaxial tests were also conducted to determine the ratio of the

repetitive stress to the deviator stress at fallure,
DATA ANALYSIS

The primary responses of concern were the permanent and resilient
axial strain of the soil specimens. These data along with information
concerning specimen properties, enginecring characteristics of the solil,
and other parameters were analyzed by statistical methods. It was
anticipated that based on the statistical analysis, a strain model or a
group of submodels from which subgrade deformation could be estimated

could be developed.
PAVEMENT DETERTORATION

Deterioration potential of each type of pavement was evaluated
hased o1 the assumption that subgrade deformation would result in flexure
under a rigid pavement slab and in rutting in a flexible pavement struc-
ture. Rigid pavement deterioration would be a result of fatigue, and
flexible pavement deterioration would be manifested by surface

depression,




REVIEW OF PREVIOUS STUDIES

The first extensive work involving the application of repetitive
axial loading to soil specimens in a triaxial chamber is described in
References 12-16,

Seed, Chan, and Monismith12 conducted repeated load tests on
Vicksburg, Mississippi, silty clay to determine the effects of repeti-~
tive loading on the streangth and deformation characteristics. The spec-~
imens were compacted using kneading compaction procedures to density
values in the range of 95 to 105 percent of the maximum modified Ameri-
can Association of State Highway and Transportation Officials (AASHTO)
density and at saturation states ranging from 92 to 97 percent. The
specimens were tested unconfined in a triaxial cell that was mounted on
a frame having mechanical load levers. The desired load was obtained by
means of weights placed in hangers suspended from the levers. The load
levers were moved up and down to effect repeated loading by means of a
double-action hydraulic piston activated by an electrically driven pump.
Some significaat conclusions from the investigations were: (1) up to
100,000 applications of a constant stress, the specimen deformation de-
pends only on the number of stress applications and is independent of
the frequency of stress applications within the frequency range of 3 to
20 applications per minute; (2) for the particular specimens tested, the
soil may withstand a considerable number of stress applications without
any apparent sign of significant deformation and then fail relatively
suddenly after application of only a small number of additional applica-
tions; and (3) for identical specimens subjected to different test
stress levels, it is possible to establish a relationship between the
magriitude of stress and the number of stress applications causing the
same deformation,

Seed and Chan.13 later using the same procedures and similar
soil, studied the effect of stress history and frequency of stress
applications on the deformation characteristics of the soil. One of
their conclusions concerning the effect of frequency on stress applica-

tions seemed to contradict somewhat earlier findings of Seed, Chan,




and Monismith.12 They found that for specimens that had a high degree

of saturation and showed some thixotropic strength gain, the effect of
frequency of stress applications was significant, particularly for spe-
cimens at 95 percent saturation. The frequency effect was insignificant
at water contents below optimum, which was apparently the condition of
the specimens on which the earlier conclusion was drawn. They also
found that the effect of stress history was significant. For example,
two identical specimens of the silty clay at 91 percent saturation and
under 14.2-psi (97.89-kPa) confining pressure were each subjected to
100 stress applications of a 5.6-psi (38.61~kPa) deviator stress after
which each had indicated about 1.0 percent permanent axial deformation.
For one specimen, the deviator stress was then increased to 7.1 psi
(48.95 kPa). However, on the other specimen the deviator stress was
continued at 5.6 psi (38.61 kPa) to 10,000 repetitions after which it
was increased to 7.1 psi (48.95 kPa). Both specimens received a total
of 100,000 load applications. Test results indicated that the specimen
with only 100 applications of the 5.6-psi (38.61-kPa) stress deformed
continually under the 7.l-psi (48.95-kPa) stress and after 100,000 ap-
plications indicated a total axial strain of 2.8 percent. The specimen
receiving 10,000 applications of the 5.6-psi (38.61-kPa) deviator stress
showed very little increase in axial deformation after 1,000 applica-~
tions of the 7.1~psi (48.95-kPa) deviator stress and after 100,000
stress applications indicated a total deformation of 2.15 percent.

Another important observation reported from the study was the
stiffening effect in the clay as a result of repeated load applications.
They reported that, in general, a specimen of the clay would exhibit
some amount of increased resistance to deformation after about 1,000
cycles of load repetitions but that a marked increase in deformation
characteristics can be produced by numbers of applications in the range
of 10,000 to 100,000,

They indicated that the explanation for this increase in stiff-
ness may be attributed to a rearrangement of the structural arrangement
of the clay particles rather than the densification of the specimen,

particularly if the saturation level is rather high. They felt that
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adsorbed water was possibly being extracted from between the clay par-
ticles, bringing them closer together at points of contact resulting in
a strength increase. They support this concept by the fact that no
similar stiffening effects are observed in sands.

Seed, McNeill, and de Guenin14 further studied the stiffening
effect of repeated loading on the strength characteristics of Vicks-
burg silty clay. Tests were conducted on specimens cut from 6-in.-
(15.24-cm-) diam by 4-1/2-in.- (11.43-cm-) high samples that were molded
using a kneading compactor. Each specimen was 1.4 in. (3.56 cm) in
diameter and 4 in. (10.16 cm) in height and was maintained in a triaxial
chamber for 10 days before tests were inftiated.

Fach specimen was placed under a confining pressure of 1 kg/cm2
(14.22 psi) and then subjected to 80,000 to 180,000 applications of a
constant deviator stress sufficient to produce between 1 and 2 percent
of permanent axial strain during a four-day period. FEach specimen was
then removed, placed in another cell under similar confining pressure,
and tested to failure using standard static load triaxial testing
techniques. Duplicate specimens of the silty clay that had not been
subjected to repeated loading were then tested to failure under similar
static loading conditions. Test results indicated several significant
differences between the two sets of specimens.

First, the specimens that were initially subjected to repeated
loading showed significantly higher strengths than those not receiving
repeated load applications. Second, the form of the static load stress-
strain curve for the two sets of specimens differed significantly. For
the specimens subjected to repeated loading, the stress-strain curve
fncreased to a peak value and then decreased to some residual strength
level, whereas the stress-strain curve for the specimens not subjected
to repeated loading simply increased until the specimens failed at a
strength level generally equal to the residual strength level of the
repetitively stressed specimens. In addition, the initial slopes of
the curves for the specimens receiving repetitive loading were gen-
erally higher, indicating greater stiffness.

To study the effect of density increase, one specimen was




subjected to 90,000 load applications and a hypothetical final density
was calculated based on the assumption that all deformation of the
specimen was vertical with no lateral expansion. The specimen was then
tested to failure under static triaxial conditions. This curve was then
compared with a similar stress-strain curve that was developed for a
soil that was initially compacted to identical conditions of moisture
content and density. The conclusion reached was that the specimen den-
sified by repetitive loading would in all cases have a higher strength
even though both had the same density and water content.

Seed and McNeiIl15 conducted tests on two soils of low plasticity
to study their deformation characteristics under static and repetitive
triaxial loading. One soil was the Vicksburg silty clay previously
studied,12-14 and the other material was a clayey silt soil taken from
the subgrade of the Idaho road tests. Liquid and plastic limit values
for both materials were practically the same. Compacted specimens of
both materials at 35 to 90 percent saturation were tested to failure in
a static triaxial device under a confining pressure of 1 kg/cm2 (14.22
psi). Duplicate specimens were subjected to 1000 applications of
repetitive load testing under a 1.25—kg/cm2 (17.78 psi) deviator stress
and l—kg/cm2 (14.22-psi) confining pressure. By interpolating test
results, it was possible to compare hypothetical test results for the
two materials for similar stress or strain conditions. For example, an
examination of the stress-strain curves for the static load triaxial
tests indicated that specimens of the Vicksburg silty clay at a water
content of 14.6 percent exhibited almost the same characteristics as
specimens of the Idaho clayey silt at a water content of 21.3 percent.
Similar comparisons of the static load curves were also found at higher
values of moisture content. FExtending the comparison of the repeated
load tests, the investigators found that the plots of permanent axial
deformation versus number of stress applications for the Vicksburg
silty clay at 14.6 percent water content and the Idaho clayey silt at
21.3 percent water content in general were similar but did not compare
as well as the stress-gstrain curves from the static load triaxial

tests. For both soils at higher water content values, the curves did
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not compare favorably and the correlation that had been observed for
the static load tests generally was not found. For example, a specimen
of Vicksburg silty clay at a water content of 17.1 percent indicated a
static load stress-strain relationship similar to that of a specimen of
the Idaho clayey silt at a water coatent of 22.8 percent. In the
repeated load tests, both specimens indicated similar behavior for the
first few cycles of joading, but after 1000 applications the Idaho soil
had deformed about 50 percent more than the Vicksburg silty clay. In
addition to the ..rianc: c{ response in permanent axial strain, the
investigators re« -~ted that the resilient deformation of the two soils
was considersbly diiferent,

Another important observation made by the researchers was the
influence ~f tiic degree of compaction. They reported that

For both soils the higher the degree of compaction
the smaller is the resilient deformation during repeated
loading. However, for the Vicksburg silty clay the
resilient strain changes only slightly for degrees of
compaction ranging from 90 to 95 percent, while for a
similar range of degrees of compaction the Idaho clayey
silt shows an appreciable change in resilient deforma-
tion. Furthermore, for the range of degrees of compac-
tion of practical interest the Idaho soil exhibits much
higher resilient deformations than the silty clay.

At equal degrees of compaction the two soils
require approximately equal stresses to cause 5 percent
strain in the normal compression tests. In the re-~
peated load tests, however, a specimen of the Idaho
soil deforms about 50 percent more than a specimen of
silty clay having an equal degree of compaction. This
fact agaln indicates that deformation characteristics
determined under normal loading conditions will not
necessarily indicate the behavior of soil under re-
peated loading conditions.

Seed and Chan16 conducted tests on a silty clay to determine the
effect of thixotropy on the strain response under repeated loading.
Specimens molded to a saturation state of about 95 percent were tested
in a repetitive load device having a confining pressure of 1 kg/cm2
(14,22 psi) and a repetitive deviator stress of 0.8 kg/cm2 (11.38 psi)

for 10,000 applications of stress. Various specimens were tested

11

T O e W T . R s Moy i e . . - S v R




20 min, 1 day, and 3 days ufter compaction. In each case, there was a
decrease in permanent axial deformation with time elapsed since prepa-
ration of the specimen, Permanent axial strains for specimens tested

20 min, 1 day, and 3 days after compaction were about 5.0, 3.8, and

3.1 percent, vespectively, Thus, it appears that the rate of strength
increase would begin to decrease after 1 day. In the same study, the
investigators examined the effect on thixotropy of molding water content
using standard triaxial tests to measure changes in soil stiffness.
Their conclusions were:

1. that thixotropic effects became increasingly sig-~
nificant at smaller strains :

2. that thixotropic effects are relatively small for
samples compacted on the dry side of optimum for
the compactive effort being used, and

3. thixotropic effects even after 1 week may be quite
appreciable for samples compacted on the wet side
of optimum.

In their study, they also investigated the response of specimens
tested at longer time intervals after molding; i.e., 0, 1, 3, 7, 14,
and 28 days. All specimens were tested at 1 kg/cm2 (14.22 psi) con-
fining pressure and 0.8 kg/cm2 (11.38 psi) repetitive deviator stress.

A significant conclusion was that a 3-day storage period prior to
testing caused a reduction of almost 50 percent in the axial deformation
of the specimen, and further reduction resulted from longer periods of
storage.

A plot of axial strain after 10,000 stress applications versus
time intervals between compacting and testing is shown in Figure 1.
Although the investigators do not generally address the strength gain
experienced in the 1- to 3-day period (24 to 72 hr) after molding, it
would appear from Figure 1 that a significant part of thixotropic
strength increase occurred during this period.

Kashmeer117 studied the effect of thixotropic strength gain under
static loading of Vicksburg silty clay and Vicksburg buckshot clay. He
found that for specimens compacted within a certain range of water
contents on the wet side of optimum, a significant increase in shear

strength was observed even after 1 day of storage.
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Larew,18 and Larew and Leonards19 conducted studies to investi-
gate means of formulating strength criteria to define failure limits
for soils subjected to repetitive axial loading. They postulated that
the shape of the plot of total axial strain versus number of load
repetitions depended largely on the ratio of the applied repetitive
stress (or) to the stress at failure of the identical soil subjected to
static axial loading (of). It was noted that other investigators had
observed that for a given set of stress conditions, a soil specimen
might withstand a considerable number of load repetitions without any
appreciable deformation and then fail rather suddenly, often after only
a small number of additional load repetitions, but that under a dif-
ferent set of stress conditions no distinct failure level may be ob-
served. The general shapes of the hypothetical curves of total axial

deformation versus number of load repetitions are shown in Figure 2.
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Figure 2. General shapes of hypothetical curves
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Three soils were tested: a micaceous silt, a limestone residual
soil, and a sand-clay material. All specimens were partially saturated.
Water contents centered around optimum and density values were between
standard and modified Proctor maximum density. For most of the tests,
the repeated deviator stress ranged from about 15 to 70 psi (103.41 to
482.58 kPa) with some tests having deviator stress levels as high as 200
psi (1378.8 kPa). Confining pressures were 5, 10, and 20 psi (34.47,
68.94, and 137.88 kPa). Most tests were carried to 60,000 to 80,000
cycles with some tests being carried to 400,000 cycles. Typical curves
of permanent axial strain versus number of load repetitions obtained for
the limestone residual soil are shown in Figure 3.

Larew18 concluded that for the test conditions employed and the
particular soils tested,

A critical level of repeated deviator stress, A0 _,
exists at which the slope of the deformation versus number
of repetitions curve is constant after the first few load
applications. For levels of deviator stress in excess of
this critical value, the deformation curves eventually turn
concave upward, their slopes increase and the soil fails
either in shear or by excessive deformation. For levels of
deviator stress less than the critical value, the deforma-
tion curves eventually approach a horizontal asymptote.

The relationships between the ratio of the strength
under repeated loads to the strength under static loads
and dry unit weight, moisture content, compactive effort,
and confining pressure are complex and no well-defined
relationships could be determined from the tests performed.

The only values of critical stress ratio reported directly for
a particular soil were for the limestone residual soil. These values
of critical stress ratio ranged from 0.84 to 0.91.

Brown, LaShine, and Hyde20 conducted repeated load tests on a
compacted silty clay, termed Keuper Marl, that was back-pressure-
saturated prior to testing. Tests were carried out in undrained condi-
tions with pore pressures monitored. Overconsolidation ratios (OCR's)
ranged from 2 to 20 and cyclic deviator stress ranged from 22.5 to
40.6 psi (155.12 to 279.89 kPa) with confining pressures ranging from
5.5 to 55 psi (37.92 to 379.17 kPa). Duplicate specimens were stati-

cally loaded to failure under similar confining conditions to determine
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the ratio of the cyclic deviator stress to the deviator stress at
failure under static load conditions. A typical set of curves of
permanent axial strain versus number of repeated load cycles for an
OCR of 10 is shown in Figure 4.

From Figure 4, it may be observed that there is a steady, dis-
tinct upturn of each curve for each repetitive stress level. The inves-
tlgatorszo reported that in general there was a continued increase in
permanent axial strain response even after one million strain repeti-
tions and observed only three specific cases of apparent development of
failure. They also stated in regard to the ratio of the repeated
stresses to the static stress that a cyclic stress value in excess of
90 percent of the single load value may be required to include failure.

Townsend and Chisolm21 studied the plastic and resilient proper-

ties of Vicksburg buckshot cl