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SYNOPSIS

This paper reports an investigation of the load-carrying capacity of natural
subgrade soils and base-subgrade combinations which was conducted as a war-
time activity of the Joint Highway Research Project, Purdue University, under
a research contract with the Technical Development Division of the Civil Aer-
onautics Administration.

The variables investigated included: (1) soil type, (2) type of granular-base
material, (3) depth of base material, and (4) seasonal moisture. Loading tests
were performed on test sections located on each of three subgrade soils (Warsaw,
Crosby, and Brookston) both natural and reinforced with three depths (6-, 12-,
and 18-in) of each of three base materials (pit-run gravel, clay-gravel, and
crushed limestone). The influence of seasonal moisture changes was studied by
loading the test sections at two seasonal moisture periods; once during the dry
season and again during the wet spring season. Sixty loading tests were in-
cluded in the principal part of the testing program.

One of the results of this investigation was the development of a ¢yclic-loading
procedure with which not only the bearing values of base-subgrade combinations
can be measured, but also the elastic and permanent deflection characteristics of
both the base and subgrade can be determined. Although the investigation does
not deal directly with pavement design, this test method has permitted an
accumulation of data pertinent to an understanding of the factors controlling
design.

It was found that the three subgrade soil types selected for this investigation
had a wide range in load-carrying capacity which varied in accordance with
their engineering soil-profile characteristics. The subgrade soil which had the
least bearing-capacity also had the greatest capacity for deflection-recovery.
Conversely, the subgrade soil which had the greatest bearing capacity had the
least capacity for deflection-recovery. These differences in the ability of sub-
grade soil to recover deflection indicate the need for additional research to
correlate this characteristic with design and construction procedure.

With regard to the load-carrying capacity of base-subgrade combinations,
it was found that for large values of plate diameter-base depth ratio the bearing
capacity depends primarily upon the characteristics of the subgrade soil; for
decreasing values of plate diameter-base depth ratio the bearing capacity of
the combination becomes increasingly dependent upon the stability of the base
material. The results indicate that the density and the grading character-
istics of the base materials are the major factors which influence base stability.

of base-subgrade combinations.

It must be

tensive investigation of the load-carrying
capacity of base-subgrade combinations. The
investigation was one of the war-time activi-
ties of the Joint Highway Research Project of
Purdue University and was performed under
a research contract with the Technical De-
velopment Division of the Civil Aeronautics
Administration.

The paramount objective was to evaluate,
by means of loading tests, some of the major
factors influencing the load-carrying capacity

emphasized that the investigation was not
directed toward the development of design
procedures, but rather, toward determining
the relative importance of the major variables
or factors influencing load-carrying capacity.
It is felt that an understanding of the influence
of these factors is a necessary prerequisite to
the development of design procedures.

The major variables in the investigation
included:

1. Subgrade Soils
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2. Type of Base Material

3. Depth of Base Material

4, Seasonal Moisture.

Each of these four variables was investigated
through a practical range. The scope of the
study included three subgrade soil types, three
types of base materials of three thicknesses
each, and two seasonal moisture periods of
testing.

In broad outline, the program of this in-
vestigation consisted of constructing a series
of base sections, 7} ft. square, on each of the
three widely different subgrade soil types,
using three types of base materials of three
thicknesses each (6, 12 and 18 in.). Thus,
nine base sections were installed on each of the
three subgrade soil areas. Loading tests were
then performed on each of these base-subgrade
combinations, as well as on the three natural
subgrade soils, at two seasonal moisture
periods; once during the dry summer season
and again during the wet spring season.
Thus, with the combination of three soil
types, three types of base material, three
depths of base material, and two seasonal
moisture periods for testing, 60 loading tests
were included in the principal part of the
testing program. In addition, however, a
limited number of special loading tests with
which base stability and subgrade deflection
were investigated, were performed and are
reported here.

The three subgrade soils are classified pedo-
logically as Warsaw, Crosby, and Brookston.
On the basis of general profile characteristics
and extensive pavement performance surveys,
these three soil types might be given a sub-
grade rating as follows: Warsaw—good;
Crosby—fair;  Brookston—poor.  Repre-
sentative areas of these three soil types, which
were to be found in the vicinity of Purdue
University, served as sites for the construction
of the base sections employed in the investiga-
tion. The three soils were used in their
natural state without compaction, manipula-
tion, or treatment of any kind. For this
reason, they are referred to as natural sub-
grade soils. The engineering soil tests on
these three soils emphasize the wide textural
differences in the Warsaw, Crosby, and
Brookston profiles as well as the variations in
texture in their individual profiles. See
Table 1.

The three base materials selected were
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pit-run gravel, clay gravel, and crushed lime-
stone. Since these materials are commonly
employed in base-course construction, it was
appropriate that they should be included in
this investigation. Each of these materials
was incorporated into base sections of 6-,
12-, and 18-in. tbickness on the Warsaw,
Crosby, and Brookston soil areas. The pit-
run gravel and the clay gravel were obtained
from the same local pit and were processed
in a portable plant to crush the material larger
than the 1-in.size. The clay content was con-
trolled by selection from the proper horizon

TABLE 1
TEST CONSTANTS FOR SUBGRADE SOILS
c Proctor Finer
. ompaction Liqg- | Plas- | Plas- | Than
Soil Type |Depth|——F—| uid | tic |ticity| No.
Max Opt Limit [Limit Index | 200
Den- | 3¢ Sieve
sity e
. [
Warsaw 18 |} 116.3| 13 6 | 35.0 | 18.3 | 16.7 | 57.8
arsaw 36 | 117.6| 12.8 0 0 0] 20.1
Crosby 10 | 111.4] 15.2 | 29.2 | 19.1 | 10.0 | 89.0
Crosby 24 | 114.2[ 14,7 1 32.3 | 16 7| 15.6 | 48.1
Brookston 12 94.8) 22.8 | 62.5 | 29.5 | 33.0 | 94.5
Brookston 20 | 100.2) 21.2 | 62.5 | 29.8 | 32.7 | 97.0
Brookston 40  108.7] 17.2 | 40.8 | 20.8 | 20.0 | 96.1
TABLE 2

SIEVE ANALYSES OF BASE MATERIALS

Sieve No
Base Matenal

[l
I Percent by \\'eif\z]ht Passing
]
|
I

« s 5. [No | No | No.| No.|No

{Lin i*“’ Bin 0 0 | 40 60’200

Pit-run Gravel ! 100(74.6 64.8'49.0I33 71 6.0/ 2.0{ 0 6
Clay, Gravel 100(88.1{76.9|59 6i38.4 19.0(17.1}14.5
Crus&ned Limestone 100197.5/89.2 62.4|27.l 5.7] 4.1] 1.7
in the pit. Other than the crushing of the

over-size material, and the control of clay
content by selection, no attempt was made to
control the grading of these materials. The
crushed limestone was a crusher-run product
and likewise had a top size of 1-in. The
grading analyses of these three materials are
shown in Table 2.

In the construction of the base sections, it
was necessary to employ hand methods for
most of the program since the size of the test
sections precluded the use of full-scale con-
struction equipment. Uniform areas of the
Warsaw, Crosby, and Brookston soils were
first selected and the base sections, 73 ft.
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square, were “‘staked-out” in rows with 73 ft.
intervening between each row. The grade
line for the base subgrade contact of each row
of base sections was established 6 in. below
the original ground line and approximated a
level surface of undisturbed subgrade soil
71 ft. wide, extending the required length of
the test area. With this arrangement, the
lower 6 in. of each of the base sections was
“trenched” below the original ground surface.

After establishing the grade line for the base-
subgrade contact, wooden forms were con-
structed to contain the base materials. The
base materials were then placed in the forms
in 2- to 3-in. lifts, each lift being compacted
by hand tamping before the next lift was
placed. Inasmuch as the amount of compac-
tion that could be produced in a given base

Figure 1. Layout of Base Sections in Warsaw
Test Area. Testing rig with canvas canopy is
shown on the far side of the test area.

material was largely dependent upon the
compaction characteristics of the material
itself, there was some range in the dry unit
weights that were obtained for the three types
of base materials.

A view of the base sections constructed
on one of the soil areas is shown in Figure 1.
All of the base sections were exposed to the
weather without a covering or pavement sur-
face of any kind. In this respect, as well as
in area, they were dissimilar to an actual base-
course installation. Because of these dis-
simarilities, no attempt was made to establish
a relationship between material type and
seasonal variations in moisture content of
either the subgrade soil or the base material.
It was felt that any attempt to establish such
a relationship would be possible only with
actual pavement installations. Moisture con-
tent determinations of both the subgrade soil
and the base material were made, however,
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at the time of each loading test, as also was
a determination of the dry unit weight of the
base material. These were recorded and
form a part of the test data.

METHOD OF TEST

A secondary objective of this investigation
was to develop a test method which would
evaluate as thoroughly as possible the vari-
ables which influence the load-carrying capac-
ities of base-subgrade combinations. For
this purpose a plate-loading technique was
developed which emphasizes the compaction
and rebound characteristics of the base-sub-
grade combination, and with which the load-
deflection relationships can be obtained as
well. It has several aspects which make it
one of the more important developments of
this investigation. From an overall perspec-
tive, however, the chief advantage of this
loading technique is that it yields a maximum
of fundamental test data; yet, it is practical
and was applicable to the large-scale testing
program of this investigation.

Specifications for the Test Procedure

The following specifications for the test
procedure were adopted after a preliminary
period of testing in which plate size, size of
load increment, and rate of plate-deflection
were all included as variables. They were
designed to yield maximum information con-
sistent with the size of the testing program.
Once established, the specifications were
followed in all of the routine loading tests.

In all of these routine tests a loading plate
24 in. in diameter was used. This particular
size of plate was adopted since it was inter-
mediate in size with respect to the 6-, 12-, and
18-in. bases to be tested.

Cyclic Loading: The loading technique con-
sisted of a series of loading cycles, each of
which was made up of a series of load incre-
ments and load decrements. The number of
load increments and load decrements in each
loading cycle was equal to the relative order
of the loading cycle in the cycle series. Thus,
the first cycle had one load increment and one
load decrement; the second cycle had two load
increments and two load decrements; etc.

Load Increments: Unit-load increments and
decrements of 7.3 1b per sq in. were used in all
loading tests. For the 24-in. loading plate,
this unit-load increment is equivalent to an
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applied-load increment of 3300 1b. The
choice of this particular unit-load increment
was made on the basis of the time required to
complete a loading test and on the number of
values necessary to establish definite load-
deflection relationships.

Rate of Plate Deflection: To determine the
rate of movement of the loading plate, the
strain dial readings were noted and recorded
at 15 sec., 45 sec., 90 sec., 2 min., 3 min., 4 min.,
etc. after the full application of an additional
load increment or decrement. In all cases the
loading plate was allowed to deflect or rebound
under a constant applied load until the rate

SOILS

a discussion of these common features, and
will also serve to define the terms used.

The cyclic-loading test procedure has
several desirable features. First, it establishes
the load-rebound as well as the load-deflection
relationships throughout the loading test.
(See Fig. 2) Second, the combination of
these two relationships establishes the amount
of permanent deformation (Fig. 2.) that takes
place as the loading test progresses. This
appears to be fundamental for the analysis
of load-test data. Third, the shape and slope
of the loading curves provide a tangible
measure of the elastic properties (Fig. 2.) o
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Figure 2. Typical Load-deflection Curve Obtained with Cyclic-Loading Procedure

of movement decreased to 0.002 in. per min or
less. The next load increment or decrement
was then applied and the same procedure was
repeated. Again, the time required to com-
plete a test was the basis for establishing the
maximum allowable rate of plate movement.
It required as much as 30 min. in some cases
to reach this rate of deflection.

Cyclic-Load-Deflection Data:

The cyclic-loading curves showed that there
were several significant features that the in-
dividual loading tests had in common, irrespec-
tive of the type of soil or the type or depth of
base material. Figure 2, which is a loading
curve typical of the data obtained in this
investigation, will illustrate and supplement

the material throughout the test. The term
“‘elastic” is used throughout this paper in the
sense that, for the loading portion of the curve,
stress is proportional to strain up to a pro-
portional limit, All of these relationships are
pertinent to load-carrying capacity and their
combination effects a sound and practical
means of comparing load-test data. More-
over, each loading cycle of each loading test
can be treated singularly or in combination
with the other loading cycles of the series.
This feature gives added value to the test data.

A significant feature of these and other
cyclic-loading curves is the fact that, in any
given loading cycle, values of deflection less
than the maximum deflection of the preceding
cycle are directly proportional (approx.) to
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the applied load, indicating that these de-
flections are of the elastic type. However,
for values of deflection greater than the
maximum deflection of the preceding cycle, the
linear relationship between deflection and the
applied load does not hold and the shape of
the load-deflection curve indicates that these
deflections are for the most part permanent.
Thus, for any given loading cycle, the maxi-
mum deflection of the preceding cycle defines
(approx.) the limit of proportionality between
deflection and the applied load; and the pro-
portional load-deflections define a deflection
modulus. (See Fig. 2)

The counterpart to the elastic deflection
in the load-deflection portion of the cycle is
the rebound that ensues with the removal of
load. This rebound is merely the release of
elastic deflection accumulated during the load-
deflection part of the cycle. The recompres-
sion of the rebound gives rise to the elastic
load-deflection of the succeeding loading cycle.

Associated with these features of elastic
and permanent deflections, rebound, ete., it
will be noticed in Figure 2 that, as the test
progresses and the relative cycle-order in-
creases, the amount of rebound likewise in-
creases. Also, the range of elastic load-
deflection is equal to the amount of rebound of
the preceding cycle. The increases in the
amount of rebound therefore effect increases
in the ranges of elastic load-deflection in
succeeding loading cycles. Since the de-
flection modulus (ratio of load to deflection
between no-load and the proportional limit)
is essentially constant, this results in an in-
crease in the proportional limit for successive
loading cycles. These increases in rebound,
elastic deflection, and proportional Limit are
accounted for by the additional amounts of
elastic deflection gained in the interval be-
tween the proportional limit and the maximum
deflection of the cycle in question.

The load-deflection portion of each loading
cycle can therefore be divided into two in-
tervals. The first interval between no-load
and the proportional limit consists of elastic
deflection which is the recompression of the
rebound or resilient deflection of the preceding
loading cycle. The second interval between
the proportional limit and the maximum
deflection is made up of both elastic and
permanent deflections. With the removal of
the applied load, the elastic deflection ac-
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cumulated in both the first and second in-
tervals becomes the total elastic rebound for
the cycle. The increase in rebound over that
of the preceding cycle can be attributed to the
elastic deflection accumulated in the second
interval, and the permanent deformation for
the cycle can be attributed to the permanent
deflection accumulated in the second interval
of the individual load-cycle. Thus, the en-
velope of the individual load-cycle curves
shows the accumulated load-deflections
throughout the loading test and consists of
both elastic and permanent deflections; the
no-load deflection after rebound for each load-
cycle represents the accumulated permanent
deflection. Refer to Figure 2.

These features of deflection modulus, pro-
portional limit, rebound, and permanent
deformation demonstrate the fact that both
natural and reinforced subgrade soils, as well
as finished pavement designs, have several
inherent characteristics that can be measured
by means of loading tests. Actually, these
features are indices of the loading-test data
which can be used to evaluate the load-carry-
ing capacities of soils and base-subgrade
combinations.

BEARING VALUES

The bearing values (Tab. 3 & 4) for the dry-
and wet-weather series indicate that the three
subgrade soils (Warsaw, Crosby, and Brook-
ston) have a wide range in their ability to
support load. The test results also show that
the load-carrying capacity of each of these
three subgrade soils is in accordance with its
corresponding engineering profile characteris-
tics.

With regard to the bearing values for the
base-subgrade combinations, the test results
indicate that, when base materials have
sufficient stability to transmit the applied
loads and pressures to the subgrade soil with-
out undergoing an appreciable amount of
deformation themselves, the bearing value of
the base-subgrade combination depends pri-
marily upon the stability of the subgrade soil.
In this case, increasing depths of granular base
material effect corresponding increases in the
bearing values of the base-subgrade combina-
tion.

In contrast to the above condition, the
test results also show that under certain con-
ditions base materials do not have sufficient
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stability to resist the stresses imposed by the
applied loads, and therefore the bearing value
of the base-subgrade combination is dimin-
ished because of the deformations occurring
within the base materials themselves. Under
these conditions, the bearing value of the
base-subgrade combination depends on the
stability characteristics of the granularbase
materials, as well as the stability of the sub-
grade soil. In such cases, increasing the
depth of the base material does not necessarily

SOILS

the test data gathered for the dry- and wet-
weather series of tests recorded only the
combined base and subgrade deflection, (plate
deflections) caused by the loads applied to the
24-in. bearing plate, and it has not been pos-
sible in these tests to separate the deflections
occurring in the subgrade soil from those
occurring in the base material. However,
the scope of the investigation was broad
enough to show, in terms of loading-test data,
the subgrade and base variables which have a

TABLE 3

BEARING VALUES AT 0.5-IN. DEFLECTION AND SUPPORTING DATA FOR
BASE-SUBGRADE COMBINATIONS

24-in. Diameter Plate

Dry-Weather Series

Reinforcement
Pit-Run Gravel Clay-Gravel Crushed Limestone
Dry Moisture s Dry Moisture | Beayi Dry Moisture .
Subgrade Density | Content Bearing Density | Content €earing | pencivy | Content | BERTINE
Soil |Pepth of Base | of Base Value of Base | of Base Value of Base | of Base Value
& e )
FE] 2.9 EK)
=1 , g <
.per | g drywe.| Wb, (B DR |gdywe| b |gEl BT fgdywe.| b |5E
R R R
0
Warsaw [None [105(ave ) [18.7(ave ) [14,700 | 100 | 105(ave.) | 18.7(ave.) [14,700 | 100 |105(ave.) | 18.7(ave.) 14,700 | 100
Subgrade Subgrade Subgrade; Subgrade Subgrade S bgrade
(] 127 4.4 20,800 | 141 116 7.3 23,200 | 158 119 2.0 19, 400 132
12 121 4.9 22,600 | 154 113 7.0 27,000 | 184 118 2.0 26, 180
18 121 4.8 28,400 | 193 113 6.4 16,900%| 1156*| 114 3.1 15,700*( 107*
Crosby |None | 98(ave.) |23 1(ave.) |14,700 | 100 | 98(ave.) |23.1(ave ) {14,700 | 100 | 98(ave.) |23 1(ave.) (14,700 | 100
Subgrade| Subgrade Subgrade Subgrade Subgrade| Subgrade
6 136 5.6 19,200 | 130 106 7.5 15,800*| 107* 116 3.3 14,900* 101*
12 133 5.8 18,000%| 122* 110 77 12,400%| 84°* 116 3.6 17,100*| 118*
18 128 59 20,200% 137*% 108 8.1 9,700* 66*| 114 3.8 16,400*| 112*
Brookston|None | 85(ave.) |31 4(ave.) | 8,200 | 100 | 85(ave.) |31.4(ave.) | 8,200 | 100 ( 85(ave.) |31.4(ave.) | 8,200 | 100
ubgrade| Subgrade Subgrade| Subgrade Subgrade| Subgrade
(] 132 5.4 11,200 | 137 123 6.4 11,800 | 144 123 3.8 11,300 | 138
12 129 5.1 15,100 | 184 124 7.3 14,300 | 174 123 4.3 10,600*| 129*
18 130 5.1 17,500 | 214 122 7.8 16,000 | 195 118 5.8 10,200*| 124*

* Bearing value indicative of base failure.

produce corresponding increases in the bearing
value of the base-subgrade combination, and
in several instances the test results show de-
creases in the bearing value for corresponding
increases in the depth of granular-base
materials. These relationships are represen-
tative of “base failures”, occurring within the
granular-base materials, which continue to be
a problem for airport and highway engineers.

In view of the foregoing considerations, it
is evident that a knowledge of the amount and
character of deflection occurring in both the
subgrade soil and the base material, under the
stress of applied load, is a prerequisite for a
detailed treatment of the load-carrying capac-
ity of base-subgrade combinations.y However,

dominant influence upon the load-carrying
capacity of base-subgrade combinations.

In comparing the bearing values for the
base-subgrade combinations it was recognized
that the following test variables had a domi-
nant influence upon the results:

1. Subgrade soil type

2. Density of granular base material

3. Depth of granular base material

4. Type of granular base material

5. Seasonal weather variations.

Therefore, a comparison of the bearing values
is made with respect to each of the above test
variables under the appropriate sub-headings
which follow.

In Tables 3 and 4 the bearing values at
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0.5-in. deflection for the dry and wet series
are shown. These values were taken directly
from the envelope of the cyclic-loading curves.
The value of 0.5-in. deflection is an arbitrary
one; however, the same relative trends would
st1ll prevail ha.d some other value of deflection
been selected. In these two tables the bearing
values for the base-subgrade combinations of
the three depths (6-, 12-, and 18-in.) of each
of the three granular-base materials (pit-run
gravel, clay gravel, and crushed limestone)
on each of the three subgrade soils (Warsaw,
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Tables 5 and 6 to facilitate the discussion in
the sub-sections dealing with the effect of
seasonal weather variations.

Subgrade Soils

It will be noted that, in the dry-weather
test series, the Warsaw and the Crosby sub-
grade soils both had a bearing value of 14,700
Ib. at 0.5-in. deflection. This value is equiva-
lent to a unit bearing pressure of 32.5 Ib. per
sq. in. for the 24-in. diameter plate. The
corresponding value for the Brookston sub-

TABLE 4

BEARING VALUES AT 0.5-IN, DEFLECTION AND SUPPORTING DATA FOR
BASE-SUBGRADE COMBINATIONS

24-in. Diameter Plate.

Wet-Weather Series

Reinforcement
Pit-Run Gravel Clay-Gravel Crushed Limestone
Dry Moisture | Beari Dry Moisture | g, Dry Moisture | .
Subgrade Densit; Content €aring | Density | Content €ATINE | Density | Content Bearing
Soil Depth o Basz of Base Value of Base | of Base alue of Base ' of Base Vaiue
) LA | |2 i i =
i 2.9 3 5.9
l(l:)“.];:r Ce dry wt. l é E 15’“?:" ¢ dry wt. | Ib. ! -.2 a lct"_ll}:r ; ¢ dry wt. b, %z E
| ® K | ' &
i bl | |
. | | I
Warsaw | None [105(ave.) | 19 8(ave ) '14,300 | 100 {105(ave.) |18.8{ave ) 14 300 | 100 |105(ave.) ' 19.8(ave ) 14,300 | 100
Subgrade| Subgiade Subgrade| Subgrade ! Subgrade| Subgrade
6 131 4.7 15,500 | 108 112 9.4 ]12 800*| 89* 120 4.7 16,000 | 112
12 127 4 6 18,400 | 129 108 7.8 |15 600*| 109* 118 2. 5 19,500 | 136
18 124 5.1 25 100 | 174 116 7.3 10 400*| 73*| 116 4.0 15,700‘] 110*
Crosby |None | 98(ave ) | 24 6(ave ) (10,500 | 100 | 98(ave.) 24.6(ave) 10,500 | 100 | 98(ave.) | 24.6(ave.)|10,500 ' 100
Subgrade| Subgiade Subgrade| Subgrade bubprade Subgrade
6 134 5.6 116,100 1 153 110 7.6 10,100%| 96* 13,000 124
12 129 44 116,200*] 154* 111 7.6 9,600% 91* 124 6 0 114,200 1135
18 126 4.5 120,700 | 197 110 7.5 8,500*| 81%| 124 3.8 21 000 , 200
Brookston|None | 85(ave.) |34.0(ave.)| 8,400 | 100 i85(ave.) |34.0(ave.)| 8,400 | 100 | 85(ave.) | 34.0(ave. )| 8,400 | 100
Subgrade| Subgrade Subgrade| Subgrade Subgrade| Subgrade
6 126 4.1 11,600 | 138 119 7.8 8,900 | 106 123 4.9 11,100 | 132
12 121 4.8 17,500 | 208 112 7.8 13,600 | 162 120 5.6 11,600* 138*
18 120 5.2 20,800 | 248 113 7.9 14,400 | 171 116 5.1 12 200 145
* Bearing value indicative of base failure.
Crosby, and Brookston) are shown, both as grade was 8200 lb. or 18 lb. per sq in. A

a numerical value and as a percentage of that
for the corresponding natural subgrade soil.
In addition, the dry density and moisture
content of the base material in each of the
base-subgrade combinations are also shown.
These two tables permit comparison of the
bearing values with respect to the density,
the depth, and the type of granular-base ma-
terial for the respective base-subgrade com-
binations. Therefore, in the following sub-
sections dealing with these test variables, the
discussion is for the most part directed toward
the data shown in Tables 3 and 4. A re-
arrangement of these same data is shown in

comparison of these dry-weather bearing
values indicates that the bearing value of the
Brookston subgrade soil is only 55 percent of
that for the Crosby and Warsaw soils. This
extremely low value for the Brookston soil is
in accordance with its other known deficiencies
as a subgrade material for airport and highway
use.

In comparing the bearing values for the
Crosby and Warsaw subgrade soils in the dry-
weather tests (Table 3) it would seem that the
Crosby soil is comparable to that of the
Warsaw soil in its ability to support load,
even though the Crosby soil has the less de-
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sirable profile characteristics and engineering
test constants (Table 1). However, the
wet-weather test series (Table 4) brings forth
the deficiencies of the Crosby soil as a subgrade
material and places it in its proper relative
position as such. The response of the Crosby
soil profile to the wet-weather conditions
accounts, of course, for the reduction in the
bearing value. The influence of the seasonal
weather variations will be discussed presently;
however, this comparison illustrates the
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necessity for giving the proper consideration
to seasonal weather variations when making
loading tests for the purpose of evaluating
subgrade soils for airport and highway use.

Thus, a comparison of the bearing values
in Tables 3 and 4 of the three natural subgrade
soils indicates a wide range in their ability to
support load, with the Warsaw soil having the
highest bearing value, the Brookston soil the
lowest, and the Crosby soil intermediate.
Since the three subgrade soils have s wide

TABLE 5

COMPARISON OF DRY-WEATHER AND WET-WEATHER BEARING VALUES FOR BASE-SUBGRADE
COMBINATIONS AT 0.5-IN DEFLECTION

Base Material
Pit-Run Gravel Clay-Gravel Crushed Limestone
Subgrade Soil | Depth Load
« wwapra |“Wet” % |, va | wrrarra |“Wet” & e |“Wet” o
Dry™ Wet’™ WD | “Dry™ | “Wet'@ “Wype | “Dry’™ Wet'™ | iy 99
Bearing | Bearing Ong?' ’ Bearing , Bearing of T?srty Bearing | Bearing of Tlgg
. Ib. b, 1b. 1b. ib. Ib.
Warsaw None 14,700 14,300 97 14,700 14,300 97 14,700 14,300 97
1] 20,800 15,500 75 23,200 2,800 55 19,400 16,000 83
12 22,600 18,400 82 27,000 15,600 58 26,500 19,500 74
18 28,400 25,100 88 16,900 10,400 62 15,700 15,700 100
Crosby None 14,700 10,500 71 14,700 10, 71 14,700 10,500 71
[} 19,200 16,100 84 15,800 10,100 64 ) 13,000 87
12 18,000 16,200 80 12,400 9,600 77 17,100 14,200 83
18 20,200 20,700 102 9,700 8, 88 16,400 21,000 128
Brookston None 8,200 8,400 102 8,200 8,400 102 8,200 8,400 102
[ 11, 11,600 104 11,800 8,900 75 1,300 11,100 98
12 15,100 17,500 116 14,300 13, 600 95 10,600 11,600 108
18 17,500 20,800 119 16,000 14,400 90 ,200 12,200 120

® Values taken from Tables 3 and 4.

TABLE 6
COMPARISON OF DRY-WEATHER AND WET-
WEATHER BEARING VALUES FFOR BASE-
SUBGRADE COMBINATIONS AT 0.5-IN.

DEFLECTION
Base Material
Pit-Run Clay- | Crushed
Gravel Gravel [Limestone
Depth Subgrade Soil Load
““’et”a % “wet”. % “wet”l %
of“Dry” ofllDryi) oflKDry.U
Test Test Test
in.

6 Warsaw 75 55 83
Crosb; 84 64 87
Brookston 104 75 98

12 Wi 82 58 74
Cr%smg;v 90 77 83
Brookston 116 95 109

18 Warsaw 88 62 100
Crosby 102 88 128
Brookston 119 90 120

# Values taken from Tables 3 and 4.

range in bearing value, the trend in bearing
values for base-subgrade combinations of a
given type and depth of base material in which
these soils are employed is generally the same
as for the natural subgrade soils without base
reinforcement. Compare Figures 3 and 6.
However, because of differences in the stability
of the base materials, the bearing values of
the base-subgrade combinations are not
always in accordance with the relative sup-
porting power of the natural subgrade soil.
Compare Figures 3 and 5.

Density of Granular Base Material

The density of the granular-base material
is highly significant in the evaluation of the
influence of base stability upon the bearing
values of base-subgrade combinations. This
is shown by comparing the bearing values with
the corresponding dry densities of the base
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materials, Tables 3 and 4. In the wet and
dry series of tests there are 21 base-subgrade
tests out of a total of 54 in which the bearing
values are indicative of excessive deformation
in the base material. These bearing values
have been underlined with asterisks in Tables
3 and 4. Of these 21 base-subgrade tests, it
will be noted that in 15 the dry density of the
base material is less than 117 1b per cu ft.
Although this is an arbitrary value, it is indi-
cated that the dry density of the base material
has had a dominant influence upon stability.
Having a low stability, the base materials in

vt BASE MATEmAL  DoooKsTON the above base-subgrade combinations did
DEPTH OF BASE
* 3 [ [
r )
u g \
H
2. £
E ' \ \
) g 12] |
i~ : | ! N
- ot £ \ \ N
‘I’ ‘/ ] 3 § ™ K
g 7
H P’ BASE DEPTH- &" 'y T
£ - -
: //f / : K 020 86 40 86 0 710 80 00
! / ‘ BASE DEFLECTION —PERCENT OF TOTAL DEFLECTION
/ i . PIT-RUN GRAVEL BASE SECTIONS (6'12'18"

9, or  Of 03 04 DIFLIGTI‘:C—I:JMEI %8 09 16 11 ] WARSAW SUBGRADE
wET SUBGRADE SOIL GROSBY Figure 4. Base-stability Curves for Three
SERIES BASE MATERIAL NONE Thicknesses of Pit-run Gravel Having a Dry

DEPTH OF BASE Density of Approximately 130 1b per cu ff.
The data for these curves were obtained with a
special loading plate which facilitated an in-
dependent measurement of subgrade deflec-

2 tion and total plate deflection.

* not offer sufficient resistance to the stresses
§. that were imposed by the applied loads and
- therefore were subject to excessive deforma-
: __+—T1"| || tions or base failures.

i = The general concept that increasing the
g e 24 . ! | density of base and sub-grade materials by
g, : - ! compaction is a means of imparting additional
H /( . £ A stability or load-carrying capacity to these

? 77 : 7 materials has been recognized for a number

) ATNS U T SN S T /.8 K S ;” +—, of years in the engineering literature dealing
. DEFLECTION —INCHES with these subjects. However, it should be
et Base marenaC  wome emphasized that the dry density of granular-

DEPTH OF BASE

Figure 3. Loading Curves for the Three Nat-
ural Subgrade Soils Used in This Investigation.
Note the wide differences in the bearing values,
rebound values, and the deflection moduli for
the three subgrade soils.

base materials is not synonymous with their
stability and is therefore inadequate as a total
measure of their stability. A striking ex-
ample of this situation is shown by comparison
of the bearing values and the corresponding
dry densities of the base materials for the
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Figure 5. Loading Curves for the 6-, 12-, and
18-in Clay-gravel Base Sections on the Crosby
Subgrade Soil. The decrease in bearing values
for the thicker base sections indicates poor
base-stability. The clay fraction in the base
material, the density of the base material, and
the plate diameter-base depth ratio have been
contributing factors to the poor base stability.

DEPTH OF BASE 6-INCHES

Figure6. Loading Curves for the 6-in Crushed
Limestone Base-Subgrade Combinations. A
comparison of these curves with those shown in
Figure 3 indicates that the rebound values and
deflection moduli are primarily characteristics
of the subgrade soil.
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base-subgrade combinations on the Warsaw
sub-grade in the dry-weather series (see Table
3). It will be noted that the dry densities of
the clay-gravel bases are approximately 10
Ib per cu ft less than the dry densities of the
corresponding pit-run gravel bases and are
slightly less than those for the crushed-
limestone bases. However, the bearing values
for the 6- and 12-in. clay gravel bases are
notably higher than the corresponding values
for bases of either pit-run gravel or crushed
limestone.

Thus, the implication of these relationships
would indicate that there are other factors
which influence the stability of granular-base
materials as much or more than the dry den-
sities of the materials themselves. This
ghould not detract, however, from the benefits
which are realized by the proper compaction
and density control of base and subgrade
materials during the construction of airports
and highways.

Depth of Granular Base Material

Comparison of the bearing values in Tables
3 and 4 indicates that the variable of depth
of granular-base material is equally as impor-
tant as the density of the base material in
the evaluation of the base-stability factor.
The real significance of the influence of the
depth of base material upon base stability is
shown by a study of the bearing values and
the corresponding depths of base material
for the base-subgrade combinations in which
base failures occurred. Here, it will be
noted that the bearing values are not only
disproportionate to the depth of base material,
but that there is also a tendency for the bear-
ing values to decrease with corresponding
increases in the depth of base material. The
outstanding examples of this inverse relation-
ship between the bearing value and the depth
of base material are the clay gravel and
crushed limestone bases on the Crosby sub-
grade soil in the dry series, Table 3, and the
clay gravel bases on both Warsaw and Crosby
subgrade soils in the wet series, Table 4.

It will be recalled that all of the loading
tests in the dry and wet series were performed
with a 24-in. diameter bearing plate and
therefore the examples of inverse bearing-
depth relationship cited above indicate that,
as the ratio of the bearing-plate diameter to
the depth of base material decreases, a con-
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dition exists which is conducive to a decrease
in base stability. It will also be noted that
the base materials associated with the inverse
bearing-depth relationship have comparable
densities. Therefore, it is reasonable to
assume that the plate diameter-base depth
ratio is an influence which has general applica-
tion to the stability of base materials and
which contributes to base failures as well as
differences in the stability of granular-base
materials that are used as a medium of re-
inforcement for subgrade soils.

One reasonable explanation of differences
in base stability as well as base failures, which
incorporates both the influence of the di-
ameter-depth ratio and the influence of base
density is that the Joads applied through the
bearing plate produce shearing stresses within
the mass of the base material, that the base
materials which had low densities likewise had
a low shearing resistance, and that as the
loading test progressed increasing amounts of
“lateral-shoving” and compaction took place
within the base material. Since all of the
tests were performed with a 24-in. diameter
bearing plate, the test sections having the
thicker bases therefore had a greater propor-
tion of the shearing stresses contained within
the base material. Such a condition would
logically be conducive to increasing amounts
of base failure. The above reasoning is more
or less substantiated by the test data shown
in Tables 3 and 4, since it is apparent from
these data that the influence of low density
has been amplified by the increased depths
of base materials through the influence of the
plate diameter-base depth ratio.

This line of reasoning should not detract
from the importance of base density as a factor
influencing base stability. Actually, the in-
fluence of density of base materials and the
influence of plate diameter-base depth ratio
are on the same level of importance; the
influence of base density involves the physical
state of the base materials themselves, whereas
the influence of the plate diameter-base depth
ratio involves the conditions imposed by the
test procedure or service use. Therefore,
these two influencing factors of base stability
act in combination with each other and each
should be qualified by the other.

It is unfortunate that the data gathered in
the dry and wet series do not permit a more
comprehensive evaluation of the influence of
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Figure 7. Loading Curves for the 6-, 12-, and
18-in Pit-run-gravel Base Sections on the War-
saw Subgrade Soil. The increases in bearing
values for the thicker base sections indicate that
thebase materials have reasonably good stability
characteristics. Note that for corresponding
loading cycles the rebound values decrease and
the deflection moduli increase with increases
in the depth of the base material.
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base depth, plate diameter, and base density
in terms of base stability. In this regard, a
limited number of base stability-subgrade
deflection tests were performed with a specially
designed 24-in. diameter plate which permitted
an independent measurement of the sub-grade
deflection and the total plate deflection. The
purpose of these tests was to obtain data
which would separate the total plate deflection
into its component parts; ie, base deflection
and subgrade deflection (Fig. 8).

The test procedure for these tests was the
same as that for the routine tests except that
deflection measurements for the subgrade
were recorded concurrently with the total
plate deflections. Thus, the deflection data
for these tests may be divided into subgrade
deflection and total plate deflection. The
difference between total plate deflection and
subgrade deflection is the base deflection or
deformation.

A set of load-deflection curves for the 6-,
12- and 18-n. pit-run gravel base sections
on the Warsaw soil is shown in Figure 4.
The curves show the relation between the
deflection of the base material expressed as
a percentage of the total plate deflection, and
the applied load. Each point on the curve
represents the maximum deflection of the base
material for each loading cycle. These load-
ing curves indicate that as the loading test
progresses the percentage of the total plate
deflection occurring in the pit-run-gravel bases
decreases. Thus as the applied loads were
increased the deflections were forced into the
subgrade soil.

In addition, the loading curvesin Figure 4
indicate that a greater amount of deflection
occurs in the thicker base sections for a given
applied load and plate deflection. Therefore
these special loading tests, as well as the
routine loading tests of the dry and wet series,
indicate that as the depth of base material
increases, with respect to the diameter of the
bearing plate, the base-stability factor be-
comes more critical, and the need for ad-
ditional compaction and density control of
granular-base materials in the construction
of highway and airport pavements is em-
phasized.

Type of Granular Base Material

The influence of type of granular-base ma-
terial as a test variable can also be compared
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on the basis of bearing values. In comparing
the bearing values shown in Tables 3 and 4,
with respect to the type of granular-base
material, it must be recognized that the com-
parison is limited to one gradation of each
of the three types of base material used in
this investigation. Also, it must be recog-
nized that it is difficult to interpret the bearing
values with respect to the three different
types of base materials, since the influence of
other variables, such as base density, may
obscure the effect of the type of base material.
YA count of the base failures in both the
dry- and wet-weather series shows that there
were three base failures in the pit-run gravel,

533

4 as an example, it will be noted that the aver-
age moisture content for the pit-run gravel
is approximately 5.0 percent while the average
for the clay gravel is approximately 7.5 per-
cent. Assume that the moisture content for
the fraction of the clay-gravel material larger
than the No. 200 sieve is the same as that of
the pit-run gravel or 5.0 percent. Under
these conditions the 14 percent finer than the
No. 200 sieve in the clay-gravel material con-
tains the additional 2.5 percent of moisture,
thus making the moisture content of the clay
fraction approximately 23 percent.

It should be emphasized that the pit-run
gravel and the clay-gravel materials were

12-INCH PIT-RUN GRAVEL BASE SECTION
WARSAW SUBGRADE
24-INCH DIAMETER PLATE
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Figure 8. A setof Cyclic-loading Curves Showing the Total Plate Deflection, the Base Deflec-

tion, and the Subgrade Deflection.
the special bearing plate shown in Figure 9.

eight_in the crushed limestone, and ten in the
clay gravel out of 18 possible in each case.
The grading analysis for the crushed limestone,
Table 2, shows that this material is lacking
in the larger sizes of stone. This characteris-
tic may have been a contributing influence to
some of the base failures which occurred in the
crushed-limestone bases. The grading analy-
ses of the pit-run gravel and clay gravel,
Table 2, show that these two materials have
similar grading characteristics except for the
fraction smaller than the No. 200 sieve. The
clay gravel material has approximately 14
percent, by weight, finer than the No. 200
sieve, while pit-run gravel has less than one
percent finer than the No. 200 sieve.

Using the test data shown in Tables 3 and

The data for these loading curves were obtained with

~

exposed to the same weather conditions and
that the above example, based on the actual
test data, is therefore truly representative of
the influence of the clay fraction upon the
moisture values for clay-gravel materials.
However, the full significance of the clay frac-
tion and its associated moisture values, lies
in the fact that, at a moisture content of 23
percent, the clay fraction is in a plastic or
semi-plastic state. This is highly objection-
able from the standpoint of base stability,
since under these conditions the plastic clay
fraction tends to lubricate the whole mass of
base material, thereby diminishing its shearing
resistance and stability.

Although the influence of the type of base
material upon base stability as reflected in
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the bearing values is obscured by other in-
fluencing factors, the comparison sbown in
Tables 5 and 6 indicates that the pit-run gravel
and the crushed limestone which were used
in this investigation have comparable stability
characteristics. However, comparison of the
bearing values and moisture contents of the
pit-run gravel and the clay gravel indicates
that fine-grained (clay) materials, which have
a high moisture capacity, are detrimental to
the stability of granular-base materials.

Seasonal Weather Varations

The moisture or weather variable was in-
cluded in the investigation by testing at two
seasons of the year. It will be recalled that
the test data gathered in connection with the
wet-weather test series represent a retesting
of the same base-subgrade combinations which
had been previously tested in connection with
the dry-weather test series. Therefore, in
making a comparison of the bearing values in
the dry series with the corresponding bearing
values of the wet series, it must be recognized
that in addition to the influence of the
seasonal weather variations, the bearing values
of the wet-weather series may also reflect the
influence of any ‘“residual-effect” remaining
from the previous loading tests of the dry-
weather series. It should also be noted that
the tests on the subgrade soils without re-
inforcement were made on new locations for
both series, and, therefore, these tests do not
include the effect of retesting.

Comparison of the wet- and dry-weather
bearing values for each of the three subgrade
soils alone (Table 5) shows the influence that
seasonal weather variations have upon the
bearing values of the respective subgrade
soils. In the cases of the Warsaw and the
Brookston subgrade soils, the seasonal weather
variations had little if any effect on the bear-
ing values, which may be attributed to their
respective horizon developments and profile
characteristics. Both the Warsaw and the
Brookston soils have profiles in which the
arrangement of the horizon developments are
such that there is a gradual transition in the
textural and physical properties from the
surface horizon to the unweathered parent
materials. In addition, the Brookston soil
profile is poorly drained, and by virtue of its
low natural dry-density value, has a high
moisture capacity even during the dry-
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weather season, while the Warsaw soil profile
has good drainage, a higher natural dry-
density value, and therefore a low moisture
capacity at all times regardless of weather
conditions. The arrangement of horizon
developments and the profile characteristics
of the Warsaw and the Brookston soils ac-
counts for, or at least seeks to explain, why the
seasonal weather variations had little influence
on the bearing values for these two subgrade
soils.

In contrast to the Warsaw and the Brook-
ston soils, the Crosby soil has a bearing value
for the wet-weather test which is considerably
less than that for the dry-weather test. In a
like manner, this reduction in bearing value
can be explained by the arrangement of hori-
zon developments and profile characteristics
of the Crosby soil. In this soil profile the
arrangement of the horizon developments is
such that there are extreme contrasts in the
textural and physical properties throughout
the soil profile. Texturally, the “weathered”
horizon of the Crosby profile is a silty-clay
with the silt predominating. Between the
“‘weathered” horizon and the parent material
(glacial till), however, is a “clay-pan” de-
velopment in which a predominately clay
texture prevails. These textural contrasts in
the horizon developments are conducive to
a “water-logged” profile during wet-weather
seasons, which in combination with the tex-
tural contrasts themselves explain, partially
at least, the reduction in the wet-weather
bearing value for the Crosby subgrade soil.
This result is in agreement with the experience
that highway engineers have had with the
performance, during the spring season, of
secondary highways located on Crosby or
Crosby-like soils.

The seasonal weather variations also had
a pronounced influence on the bearing values
of the base-subgrade combinations. This is
particularly true of the clay-gravel bases since
the comparison shown in Table 5 indicates that
without exception the clay-gravel bases under-
went the greatest reduction in bearing value
with seasonal moisture charges.

A study was made of the moisture contents
for corresponding pit-run gravel and eclay-
gravel base sections in the dry- and wet-
weather series. (See Tables 3 and 4.) It
was found that for the dry-weather series the
average difference between the moisture con-
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tents of corresponding pit-run gravel and
clay-gravel base sections was 2 percent; for
the “wet-weather” series the average differ-
ence was 3 percent. With a clay fraction of
14 percent in the clay-gravel material, these
data indicate that the respective average
moisture contents of the clay fraction would
be 20 percent and 27 percent. This increase
in moisture in the clay fraction would cause
a corresponding increase in the plasticity of
the clay fraction, which in turn would decrease
the stability of the clay-gravel base sections
as shown by the reduction in their bearing
values.

With regard to the reduction in bearing
value of the pit-run gravel and the crushed-
limestone base sections in the wet-weather
tests as compared to the dry-weather tests,
the amount and number of reductions in
either case is approximately the same. This
would indicate these two types of base ma-
terials respond to the influence of weather
variations in about the same degree.

In Table 5 it will be noted that in several
instances the wet-weather bearing values were
higher than the corresponding dry-weather
bearing values. Although it has not been
possible to completely explain the increases
for the wet-weather bearing values, it is logical
to assume that the “residual-effect” of the
previous testing may have been a contributing
factor.

In addition to the influence of seasonal
weather variations, the stabilities of the base
materials and the relative decreases for the
“wet” beuring values have also been in-
fluenced by the relative supporting power of
the three subgrade soils. The arrangement
with respect to soil type of the bearing values
for the dry and wet series, Table 6, shows a
rather significant trend in the ratios of “wet”
to “dry” bearing values. It will be noted
that, with but one exception, the ratios of
“wet” to “dry” bearing values for each depth-
type combination are the least for the Warsaw
soil, the largest for the Brookston soil, and
intermediate for the Crosby soil.

From the standpoint of base stability, the
trend of the ratios of the “wet” to “dry”
bearing values shown in Table 6 would seem
to indicate that base materials have the least
stability on the Warsaw subgrade soil and have
the greatest stability on the Brookston sub-
grade soil. While this is a true statement
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under the conditions of the comparison, it
must be recognized that the comparison is
based on a ratio of bearing values and there-
fore does not include the actual bearing value.
The true significance of the comparison shown
in Table 6 lies in the fact that the bearing
values of the Warsaw base-subgrade combina-
tions are higher than those on the other two
subgrade soils, and therefore the base materials
placed on this soil are more vulnerable to the
forces producing instability. In contrast to
the above conditions, the Brookston base-
subgrade combinations have the lowest bear-
ing values and the base materials placed on
this soil are least vulnerable to the conditions
of instability. Therefore, from the standpoint
of bearing value, the base-stability factor is
the most critical for the base materials on
the Warsaw subgrade and the least critical
for base materials on the Brookston sub-
grade; conversely, the subgrade factor is the
most critical for the Brookston subgrade and
least critical for the Warsaw subgrade.

DEFLECTION CHARACTERISTICS

In addition to the wide range in the bearing
values of the Warsaw, Crosby, and Brookston
soils, the cyclic-loading curves for the three
subgrade soils demonstrated that there is
also a wide range in their deflection moduli
and rebound values. Both of these deflection
characteristics may be significant factors in
the evaluation of base-subgrade combinations
Also, the rebound of a subgrade soil is per-
tinent to the construction of base courses
sinee experience has shown that the compacti-
bility of the base material is influenced by the
rebound characteristics of the subgrade soil
on which it is compacted.

The straight-line portion of the cyclic-
loading curves also has significance to the
evaluation of load-carrying capacity, since it
indicates that the load-deflections of base-
subgrade combinations can be limited to the
elastic type if the previous maximum deflec-
tion is not exceeded. Also, since elastic
deflections which cause little or no permanent
deflection upon the removal of load, are the
ultimate goal in design procedures, the
straightJine portion of the cyclic-loading
curves suggests the need for additional re-
search to correlate, if possible, this feature of
the cyclic-loading test with construction pro-
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cedures used in the handling of subgrade and
base-course materials.

Rebound Values

The loading curves in Figure 3 show that for
a given loading cycle the Brookston soil has
the greatest amount of rebound; the Warsaw
soil, the least; and the Crosby soil an inter-
mediate rebound value. Further comparison
of the loading curves for the natural subgrade
soils in Figure 3 and the loading curves for the
crushed-limestone base sections in Figure 6
shows that the rebound characteristics of the
base-subgrade combinations depend primarily
upon the rebound characteristics of the sub-

TABLE 7

SUMMARY OF REBOUND VALUES FOR THIRD
LOADING CYCLE

Values Expressed in Inches

Reinforcement

Pit-Run Crushed
Subgrade Gravel lCla.y Gravel Limestone
Soil
None Depth (in )
I

6|12|18| 6]12|1sl 6|12|18

Dry Series
W .063(.043(.036| 025/.046.034|.031| 053.047|.044
(?:;:l‘:;v l .091/.073| 051/ 038 081(.070| 062;.082.057|.050
Brookston | .311| 198/.001| 062| 182 123 0.54| 178].152|.103

Wet Series
Warsaw 085/.076/.064|.043|.080| 058(.060].085/.071' 057
Crosby .143| 089|.075/.050|.122(.097| 078].102| 079| 056
Brookston | 310|.193| 119| 071| 240|.151|.101.211| 160|.109

grade soil. Thus, the relative amount of
rebound for comparable base sections on each
of the three subgrade soils is the same as for
the natural subgrade soils without reinforce-
ment.

The amount of rebound for the base-sub-
grade combinations is also influenced by the
depth of the base material, since the subgrade
loadings are distributed over a greater area
for the thicker base sections. Reference to
the loading curves for 6-, 12-, and 18-in. pit-
run-gravel base sections in Figure 7 shows that
increases in the depth of base are accompanied
by corresponding decreases in the amount of
rebound for a given loading cycle.

The rebound values for the third loading
cycle of each of the loading tests of the dry
and wet series are shown in Table 7. Com-
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parison of these values also shows the influence
of depth and soil type upon the amount of
rebound. It is significant to note that, in
general, the rebound values for the wet series
are slightly higher than for the dry series.
These higher rebound values for the wet
series can logically be attributed to the change
in moisture conditions; likewise, a decrease in
the spreading of the load by the base materials
(i.e., a decrease in the loaded area of the
subgrade) also may have been a factor.

The data obtained in a limited number of
exploratory tests performed with a specially
designed bearing plate (see Fig. 9), which
permitted an independent measurement of
subgrade deflection and total plate deflection,
indicate that a small portion of the total re-
bound for a given loading cyele must be at-
tributed to the rebound of the base materials
themselves. A set of loading curves obtained
with the special bearing plate is shown in
Figure 8. Although this example is for a
specific case, the relative shape of the loading
curves is typical for these special tests. Com-
parison of the subgrade deflection curves and
the total plate deflection curves obtained in
these tests again emphasizes that the rebound
of the base-subgrade combination is primarily
a characteristic of the subgrade soil. How-
ever, it will be noted that there is some re-
bound in the base deflection curves, which for
the most part is confined to the last load
decrement of the loading cycle.

The few tests that were performed with the
special bearing plate also indicate that the
amount of rebound occurring in the base
madterial is independent of the rebound char-
acteristics of the underlying subgrade soil;
also, that the amount of base rebound in-
creased with corresponding increases in the
applied load and the depth of base.

From one viewpoint, the rebound values of
the base-subgrade combinations more or less
complement the corresponding bearing values
since in many instances the ability of a base
course to recover from load-deflection may be a
significant factor in its performance. Like-
wise the rebound characteristics of a subgrade
soil are a pertinent factor in the construction
of base courses. The significance of rebound
in this instance lies in the relationship of the
compactibility of the base material and the
rebound characteristics of subgrade soil on
which it is compacted.
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Those familiar with the construction of base
courses will fully appreciate the difficulties
encountered in the compaction of granular-
base materials. With present equipment and
design procedures and under the most desir-
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base material is accentuated. Add to this
condition the high rebound values of a sub-
grade soil similar to the Brookston which will
recover approximately 50 percent of the load-
deflection, (see Fig. 3) and the net effect is that

RIGHT HAND TOTAL
@/ DEFLECTION WOCATOR

STWFENERS

Figure 9. Schematic Diagram of Special 24-in Bearing Plate for Measuring Subgrade
Deflection and Base-stability

able field conditions, it is difficult to obtain the
proper amount of compaction in granular-
base materials. The most frequent difficulty
encountered is the “wave-action” which is
produced in the base material itself in advance
of the rolling or compaction equipment as it
moves forward. Naturally, when subgrade
soils are encountered in the field which have
low bearing values this “wave-action” in the

a limiting density of the base material may
be reached beyond which additional compac-
tive effort is not effective in producing in-
creases in density. Although the study of
the compactibility of base materials by field-
construction methods was not within the
scope of this investigation, the relative re-
bound values for the Warsaw, Crosby and
Brookston soils are in general agreement with
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the degree of compaction which highway
engineers have usually found obtainable in
granular base courses when these or similar
soils have been traversed by highway loca-
tions.

Deflection Moduls

The relation of the deflection modulus to the
cyclic loading curves has been discussed pre-
viously under “Cyclic Load-Deflection Data”
in the section on method of test; briefly,
however, the deflection modulus is the ratio
of the applied load to deflection (i.e., slope of
loading curve, see Fig. 2) in that range of
deflection between “no-load’ and the pro-
portional limit for the cycle. The maximum
deflection for the preceding eycle approxi-
mately defines the proportional limit for the
proportional load-deflections; likewise the
amount of rebound approximately defines the
range of proportional load-deflections. The
deflections which define the deflection modulus
are referred to as elastic deflections since they
are proportional to applied load and cause
little or no permanent deflection with the
removal of applied load.

The loading curves for the natural subgrade
soils shown in Figure 3 indicate that the
Brookston soil has the lowest deflection
modulus, the Warsaw soil the highest, and the
Crosby soil an intermediate deflection modu-
lus. Tt is significant to note that the relative
deflection moduli for the Warsaw, Crosby,
and Brookston subgrade soils are in accordance
with their respective engineering characteris-
ties (see Table 1).

A further comparison of the loading curves
for the natural subgrade soils (Fig. 3) and the
loading curves for the crushed limestone base
sections (Fig. 6) shows that the deflection
moduli as well as the rebound values are
primarily characteristic of the subgrade soil.
It is significant to note that the subgrade soils
and base-subgrade combinations which have
high rebound values likewise have low de-
flection moduli; conversely, Iow rebound
values are accompanied by high deflection
moduli. It is therefore more or less a general
proposition that the deflection moduli ob-
tained by the cyclic-loading procedure are
inversely proportional to the amount of
rebound.

The relation between the deflection moduli
for the base msterial and for the subgrade

SOILS

soil is shown by the loading curves obtained
with the special bearing plate (Fig, 9). In
contrast to the subgrade-deflection curves
which have “looping” characteristics, it will
be noted that the base-deflection curves are
quite similar to the rebound curves of the
preceding loading cycle. Likewise, it will
be noted that the deflection moduli for the
base materials are high in comparison with the
deflection moduli for the subgrade soil .
The deflection moduli for the third loading
cycle of each of the loading tests in the dry
and wet series are shown in Table 8. A com-
parison of these values shows that the depth
of base material, as well as the subgrade soil

TABLE 8

SUMMARY OF DEFLECTION MODULI FOR THIRD
LOADING CYCLE

Values Expressed 1n 1000 Ib. per in.

Reinforcement
Pit- Run Crushed
Subgrade Gravel Clay Gravel Limestone
Soil N
one Depth (in.)
6|12 18] 6|12|18| 6|12]1s
Dry Series
Warsaw 155 | 220| 275 400 230| 3001 300( 180| 200 250
Crosby 100 | 135| 210( 390 1307 200] 180; 115( 200] 215
Brookston 35 | 60| 120| 200 60| 95! 210| 60[ 65 110
Wet Series
Warsaw 115{ 115/ 140| 240( 100! 165 160 105] 150| 165
Crosby 60| 115, 140| 190| 70! 95| 105| 90| 115| 170
Brookston | 30 85| 90| 180 40| 70| 115 45 €5 95

type, has a controlling influence on the de-
flection moduli for the base-subgrade com-
binations. The increase in the deflection
moduli for the greater thicknesses of base
material is, of course, attributed to the
corresponding increases in the loaded ares for
the subgrade soil. Accordingly, variations in
the deflection moduli for comparable depths
of base material are attributed to differences
in the ability of the base materials to dis-
tribute the load to the subgrade (i.e., differ-
ences in the loaded area of the subgrade).
The seasonal weather variations also have had
an influence on the deflection moduli since it
will be noted that the values for the wet series
are lower than the values for the dry series.

The loading curves in Figures 2 and 3 in-
dicate that the proportional limit for a given
loading eycle occurs at the maximum deflec-
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tion of the preceding loading cycle. The
proportional limit of a given loading cycle is
also defined (approximately) by the deflection
modulus for the cycle and the rebound value
for the preceding loading cycle. Thus the
proportional limit for a loading cycle can be
defined in terms of either applied load or
deflection. In terms of applied load, the
proportional limit for a loading cycle is usually
between 80 and 95 percent of the maximum
load of the preceding loading cycle.

These relationships are significant since
they establish, in terms of the cyclic-loading
test at least, the amount of applied load
necessary to produce a given amount of elastic
deflection for a particular base-subgrade
combination. Since it is desirable to limit
the load-deflections of hase-subgrade com-
binations to the elastic type which cause
little or no permanent deflection upon the
removal of load, the relationship of deflection
modulus, proportional limit, and rebound
suggest a possible application in this direc-
tion.

Assuming that these relationships between
the deflection moduli, the proportional limits,
and the applied loads are directly applicable
to field and service conditions, one practical
application that could be made of them would
be in the construction phase of either airports
or highways. Consider a hypothetical exam-
ple of an anticipated service load of 10,000
Ib, a deflection modulus of 100,000 1b per in.,
and a proportional limit of 85 percent. The
85 percent proportional limit indicates that
an applied load of 11,800 1b 1_?),(;(;0
quired to insure that the service load would
cause only elastic deflections. With the
deflection modulus of 100,000 1b per in.,
the service load of 10,000 1b will therefore
cause a deflection of 0.10 in. The implica-
tion made here is that the construction equip-
ment used for compacting the subgrade should
have sufficient weight, size, ete., to produce a
condition in the subgrade soil equivalent to
that produced by the 11,800-1b applied load.
Admittedly, the above is a hypothetical
example, since the correlation between load-
deflection of loading tests and that of traffic
loading is not accurately known. However,
the established relationships of deflection
moduli, proportional limits, and applied loads

is re-
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as they occur in the cyclic-loading tests
clearly show the need for additional research
so that these relationships may be correlated
with construction procedures used in the
handling of subgrade soil and granular base
materials.

SUMMARY OF RESULTS

It is hoped that the results of this investi-
gation will prove fundamental and useful to
those responsible for design of highway pave-
ments and airport runways. Although the
development of design procedures was not an
objective of this investigation, it is felt that
the method of test which was developed and
adopted has permitted an accumulation of
data pertinent to an understanding of the
factors controlling design.

From the loading tests conducted on the
simulated base-course installations with rigid
bearing plates, the following important re-
sults were indicated:

1. The load-carrying capacity of base-
subgrade combinations depends on (a) the
subgrade-soil characteristics, (b) the base-
stability characteristics, and (c¢) the depth
of base material. For base-subgrade com-
binations having good base stability, the
load-carrying capacity depends primarily
upon the subgrade soil. In this case, increas-
ing depths of base material give corresponding
increases in the load-carrying capacity for
the base-subgrade combination. In contrast
to the above, poor base stability will diminish
the load-carrying capacity of the base-
subgrade combination because of deformations
occurring within the base materials them-
selves. In such cases, increases in the depth
of base material do not necessarily give in-
creases in the load-carrying capacity for the
base-subgrade combination.

2. The base-stability characteristics (or the
ability of the base materials to transmit the
applied loads to the subgrade without under-
going deformation) are influenced by (a)
the density of the base material, (b) the type
of base material, and (c¢) the plate diameter-
base depth ratio.

Proper density of the bass material is
necessary for good base stability; otherwise,
the applied loads will produce deformations
in the base. The results of tests on the clay-
gravel bases indicate that fine-grained matarial
with a high-moisture capacity is a detriment
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to good base stability. For increasing values
of the plate diameter-base depth ratio, a
greater proportion of the total stress is con-
tained by the base materials themselves.
For this reason, the greater the depth of base
in relation to the size of the loaded area, the
more critical tecomes the factor of base
stability.

3. Seasonal weather variations must be
considered in the evaluation of the load-
carrying capacity of basc-subgrade combina-
tions. Although the difference between the
moistuie values during the dry-weather season
and during the wet-weather season was not
great, thete was an overall downward trend
in the bearing values for the wet-weather
test series. The seasonal weather variations
influence the stability of the granular base
materials as well as the stability of the sub-
grade soil. The amount of the seasonal-
weather influence upon load-carrying capacity
of tke subgrade soil depends upon the textural
charactezistics of the soil profile.

4. The cyclic-loading technique which was
developed in connection with the method of
test emphasizes the load-rebound as well as
the load-deflection characteristics of the
materials being tested. The rebound values
as well as the deflection moduli values of the
loading curves for base-subgrade combinations
are primarily subgrade soil characteristics.
The subgrade soils and base-subgracde com-
binations which have low deflection moduli
likewise have high rebound values; conversely,
high deflection moduli are accompanied by
low rebound values. The base-subgrade com-
binations have higher deflection moduli than
the natural subgrade soil since the base mate-
rials distribute the loads over a greater area
of the subgrade. Likewise, increases in the
depth of base produce greater deflection
moduli through increases in the loaded area
of the subgrade soil.

5. The relationships establishad by the
ceyclic load-deflection curves indicate that the
load-deflections of base-subgrade combinations
can be limited to the elastic type if the pre-
vious maximum deflection is not exceeded.
Since the range of elastic deflection varies
with the subgrade-soil characteristics, the
depth of base material, and the applied load,
the load-deflection relationships of the cyclic-
loading test suggest the need for additional
research so that these relationships may be
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correlated with design and construction pro-
cedures used in the handling of subgrade soil
and granular-base materials.

APPENDIX
TESTING EQUIPMENT

One of the preliminary, but important,
phases of this investigation was the develop-
ment of testing equipment with which to
perform the loading tests. This included the
design and construction of a mobile anchorage
rig and a series of steel bearing plates; also,
the procurement of hydraulic jacks and strain
dials was necessary. Indeveloping the testing
equipment, considerable emphasis was placed
on mobility and flexibility so that the equip-
ment could be easily adapted to a variety of
field conditions and test procedures.

Mobile Anchorage Rig

The design and construction of an anchorage
rig to supply the load reaction for the loading
tests was one of the major equipment develop-
ments of this investigation. The anchorage
rig which was developed has the desirable
feature of being mounted on wheels, thus
making this relatively heavy piece of equip-
ment mobile. The hitch and steering appara-
tus make it possible to tow the anchorage rig
behind a truck as a trailer is towed. This
feature of mobility proved to Le quite ex-
pedient in the testing operations.

To provide anchorage for the anchorage
rig, deadmen anchors weie adopted. These
anchors were made by attaching a loop of
f.in. wire cable to the center of a railroad
tie 73-ft long. The deadmen were installed
approximately 5 ft below the ground surface
with the cable loop extending a few inches
above the ground surface. Under test con-
ditions a deadman anchor was attached to
each corner of the anchorage rig.

Bearing Plates

The circular bearing plates used in this
investigation are made of hot-rolled steel
and are machined on all surfaces to a minimum
thickness of 1 in. The diameters of the five
bearing plates which make up the series vary
from 12 in. to 30 in. by 6-in. intervals. The
top surface of each plate is recessed so as to
receive the next smaller plate. Thus, in
testing with the 24-in. diameter plate, for in-
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stance, the 18- and 12-in. diameter plates are
also used, each plate being placed concentric
with and on top of the next larger plate. This
arrangement serves the purpose of stiffening
the testing plate and thereby alleviates the
bending stresses in the testing plate when high
bearing pressures are encountered.

Special Bearing Plate

A special 24-in. diameter bearing plate was
developed for studying subgrade deflection
and base-stability. This plate measures sub-
grade deflections independently of the total
plate deflections. A schematic diagram of
this special bearing plate is shown in Figure
9. The plate proper consists of a 24-in.
diameter steel plate, 1 in. thick, with a re-
movable access-plate 5% in. in diameter,
concentric with the center of the plate. The
dial or indicator housing for the subgrade
deflection indicator consists of an 8-in. steel
pipe section, $-in. wall thickness, 6 in. in
length, welded to the top face of the plate
proper concentric with the center of the
plate. Two holes, 2 in. in diameter, in the
side of the indicator housing and diametrically
opposite facilitate the viewing and the support
of the subgrade deflection indicator. To
give added stiffness and rigidity to the as-
sembly, eight radial stiffeners of %-in. steel
are welded to the plate and the pipe section
at an equal spacing around the periphery
of the plate. A steel plate with a minimum
thickness of 1 in., recessed on one face to re-
ceive the indicator housing and recessed on
the opposite face to receive a 50-ton hydraulic
jack, provides the load-transfer between the
hydraulic jack and the bearing plate. Other
pertinent features of this special bearing plate
are the 5-in. diameter subgrade plate and a
series of adjustable stems and sleeves which
facilitate the connection between the subgrade
plate and the subgrade deflection indicator.

Hydraulic Jack

A hydraulic jack with a 50-ton load capacity
was used to apply the loads to the bearing
plates. The jack consists of a ram and hand
pump connected by a flexible hose. Oil
pressure is supplied to the ram through the
flexible hose by means of the hand pump.
A pressure gauge included in the system meas-
ures the applied load. This loading arrange-
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ment proved to be both practical and con-
venient,

Equipment Set-Up

In making the equipment setup, the anchor-
age rig was first moved into place over the
base section to be tested and connected to
the anchor cables by means of adjustable
clevis connections. The anchor cables were
then stressed by means of hydraulic jacks
placed at either end of the anchorage rig and
the rig brought into a level position by adjust-
ing the length of the clevis connections.
The next step in setting up the equipment
was to seat and level the bearing plate on a
thin layer of sand covering the surface of the
base section. With the smaller bearing plates

Fig. 10. Equipment Set-up Showing Arrange-
ment of Bearing Plates and Deflection Dials

of the series in place, a hydraulic jack equipped
with a spherical bearing head was inserted
between the anchorage rig and the bearing
plates. A seating load of approximately 1 Ib
per sq in. was applied to the bearing plates for
a short time and then released.

The last step of the equipment setup was to
install strain dials. In this operation a
structural steel H-section, 6 ft long, was seated
with flanges vertical in the surface of the soil
or granular material approximately 30 in.
from the center of the bearing plate. The
dial support was then clamped to the H-
section, the dials mounted at either side of the
bearing plates, and the proper adjustments
made. See Figure 10.

The procedure for setting up the equipment
for the tests in which the special 24-in. bearing
plate was used was the same as above except
for the installation of the subgrade plate.
Installation of the subgrade plate was made
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after the plate assernbly had been brought into
a level position and a seating load applied.
In this operation the load-transfer plate and
the access plate were removed from the as-
sembly (see Fig. 9) and the volume of base
material beneath the area of the access plate
wasremoved. The exposed subgrade soil was
then covered with a thin layer of fine-graded
sand to insure a uniform bearing of the sub-
grade plate. The subgrade plate with an
adjustable stem of the appropriate length
was then placed on the sand cushion and
brought into alignment with the rest of the
bearing plate assembly by manipulation.
The subgrade bearing plate, as well as the
remainder of the area of the hole through the
base material, was then covered with a layer
of fine sand to a depth of approximately
1in. This layer of sand was a precautionary
measure to insure uniform bearing of the base
material upon tbe top of the subgrade plate.
A sleeve of steel tubing of the appropriate
length and size to make a connection with the
access-plate was then placed on top of the
subgrade plate concentric with the stem
fixture. The base material which had been
previously removed was then carefully re-
compacted in the hole. Special care was
necessary in this operation to prevent dis-
turbing the alignment of the subgrade plate
and the concentric position of the sleeve and
to replace the base material to its original
density. The access plate was then serewed
into position (See Fig. 9) and the lower 2-in
of the adjustable sleeve was filled with fine
gand. The sleeve was then raised and locked
into a position so that there was a clearance
of approximately one inch between the lower
end of the tube and the subgrade plate. This
clearance was necessary to prevent the de-
flections of the bearing plate assembly from
influencing the recorded subgrade deflection.
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