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Preface

@ THE ORIGINAL Wartime Road Problems No. 11 "Compaction of Subgrades and
Embankments' was published in August 1945 during World War II. It presented infor-
mation on the mechanics of compaction, on moisture-density relationships, soil clas-
sification, suitability of soils for embankments, methods for controlling moisture
content and density during compaction, and maximum limiting slopes for embankment
construction. It also presented a review of practices current in 1945 and gave a list of
selected references on compaction and allied subject matter.

During and following the war, highways were subjectedto a larger number of heavier
wheel loads than prior to the publication of Wartime Road Problems No. 11. That in-
crease inheavy vehicles has emphasized the need for compaction of subgrades and bases
for pavements. Also, since that time more information has been developed on the
amount of compaction needed in highway and airport subgrades and bases and the rela-
tive permanence of moisture content and density. Recent data are available from care-
fully controlled experiments in field rolling which throw some light on the practicable
lLimits of field compaction for different types and weights of equipment. Some in-
vestigations have been completed and others are in progress to determine the feasi-
bility of using vibration as a means of compacting soils, especially soils of a granular
nature.

During the war, attention was given to the use of sheepsfoot rollers having high
tamping-foot contact pressures. Also, efforts were made to use heavy pneumatic-
tire wheel loads for compacting subgrades and bases on some airfields. The result
of some of those efforts has beena trend toward the manufacture of heavier compaction
equipment, both in the sheepsfoot and rubber-tired types on the premise that they offer
possibilities for greater densities or compaction to greater depths.

This bulletin is the result of efforts by the Committee to list practices pertaining
to compaction equipment and its use and specifications which govern compaction of
embankments, subgrade soils, and bases. In addition, this bulletin attempts to present
latest developments 1in the technology of soil compaction with special reference to the
use of equipment heavier than that discussed in Wartime Road Problems No. 11.
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Compaction of Embankments,

Subgrades, and Bases

@ THIS BULLETIN discusses fundamen-
tals of compaction, the purpose for which
the compaction is intended, and the amount
needed for various soils in different parts
of the road structure in the light of how
compaction is affected by climatic, load,
and road conditions. From those con-
siderations, suggestions are made on
recommended practice for compacting
embankments, subgrades, and granular
bases and forthe control of compaction.

Soils work for highways may be classi-
fied broadly into four categories: (1)
selection of soil as to quality; (2) pre-
diction and control of behavior of soil
under load; (3) protection of soils against
effects of climate; and (4) improvement
of bearing value of soil by drainage, in-
corporation of admixtures, or compaction.

There is no other single treatment
which can be applied to natural soils
which produces so marked a change in
their physical properties at so low a cost
as does compaction, when it is controlled
to meet the desired needs. The bearing
value of some soils may be increased
several times by increase in density of
the order 3 to 5 pcf. Because compaction
has greatinfluence on the manner in which
soils behave, it 1s worthwhile presenting
not only a discussion of factors which in-
fluence compactionand how compaction is
obtained but also how it influences the
nature of soils and how it is affected once
it is obtained. The committee believes
this broad perspective of compaction is
necessary if it is to be used to the fullest
advantage in the preparation of embank-
ments, subgrade materials and bases for
pavements.

DEFINITIONS OF TERMS
]
The terms embankment, embankment
foundation, subgrade materials, bases,
and subbases, as used here, comply with
the definitions set forthin Standard Defini-
tions of Terms Relating to Subgrade, Soil

Aggregate, and Fill Materials, AASHO
Designation: M 146-49, except as noted.

Settlement of Embankment. Decrease
in elevation of the surface of an embank-
ment due to consolidation of the soil in the
embankment due to its own weight and the
effect of traffic, over a period of time
following construction.

Subsidence of Embankment. Decrease
in the elevation of the surface of an em-
bankment due to consolidation or displace-
ment of the foundation soil over a period
of time during or following construction.

Embankment Foundation. The mate-
rial on which an embankment 1s placed.

Embankment (Fill). A raised structure
of soil, soil-aggregate, or rock.

Subgrade Material (Basement Soil).
The material in excavation (cuts), em-
bankment (fills), and embankment foun-
dations immediately below the first layer
of subbase, base, or pavement and to
such depth as may affect the structural
design.

Subbase. Specified or selected mate-
rial of planned thickness placed as a
foundation for a base.

Base. Specified or selected material
of planned thickness placed as foundation
for a pavement.

Compaction. The practice of artifi-
cially densifying and incorporating defi-
nite density into the soil mass by rolling,
tamping, or other means.

Consolidation. The decrease in the
volume of voids, or the increase in den-
sity, for the most part inelastic, which 1s
caused by the stresses imposed in the
supporting soils by permanent foundation
loads, or by the repeated passage of
highway or airplane traffic under actual
service conditions. (P)

Bearing Value. The unit load (A) for a
specified amount of settlement (4) and a
specified loaded area (A).

Bearing Capacity. That unit pressure
greater than which progressive settlement
will occur leading to failure.
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Figure 1. Effect of two compactive ef-
forts on the densities of two soils.

FUNDAMENTALS OF COMPACTION

The term "compaction" refers to the
act of artificially densifying the soil.
It means the pressing of soil particles
together into a closer state of contact
and in so doing expelling air or water
from the soil mass. The density of soil
is measured in terms of its volume-
weight and 15 usually expressed as pounds
of wet soil or dry soil per cubic foot (or
as porosity in percent of total volume).
Those volume weights are expressed as
wet density and dry density, respectively.

The term '"consolidation,' by usage,
refers to closer particle contact obtained
in the time-consolidation process whereby
a superimposed load causes closer pack-
1ng by expelling water and/or air from the
soil mass.

Factors Influencing Density

There are several factors which in-
fluence the value of density obtained by
compaction. The most important of these
are: (1) the moisture content of the soil;
(2) the nature of the soil, that 1s, 1ts grain
size distribution and its physical prop-
erties; and (3) the nature (including both
type and amount) of the compactive effort
used.

The following two factors influence
density but are of less significance than
the factors given above: (1) The temper-
ature of the soil and (2) The amount of
manipulation given the soil during the

compacting process (this includes addition
and mixing in of water or removal of
water by aération).

In addition to the above factors there
are the natural effects of "curing, ' which
may increase the density of the soil.

Influence of Soil Moisture Content. If
a soil 1s compacted under a given com-
pactive effort at each of several moisture
contents, there results a moisture-
density relationship of the nature shown
for the Louisiana clay 1n the lower right-
hand part of Figure 1. Thereis developed,
for each soil, a maximum dry density
at an optimum moisture content for the
compactive effort used. The optimum
moisture content, at which maximum dry
density is obtained, is the moisture con-
dition at which the soil has become suf-
ficiently workable under the compactive
effort used to cause it to become packed
so closely as to expel most of the air. At
moisture contents less than optimum, the
soil (except for cohesionless sands) be-
comes 1ncreasingly more difficult to work
and thus to compress. As moisture
contents are Increased above optimum,
most soils become increasingly more
workable. However, a closer packing
is prevented when the water fills the soil
pores. Thus the moisture-density re-
lationship established in the test is in-
dicative of the relative workability of the
soil at various moisture contents under
the compactive effortused. The moisture-
density relationships hold for the lab-
oratory compaction test and for field
compaction by rolling. Available data
from carefully controlled field studies of
rolling show moisture-density relation-
ships almost 1dentical with those developed
from laboratory tests. These are de-
scribed later.

Influence of 8oil Type. The nature of
the soil has great influence on the value
of density obtained under a given com-
pactive effort. Soils ranging from lhght-
weight volcanic and diatomaceous soils
and heavy clays to well-graded sandy and
gravelly soils may, when subjected to
identical compaction procedures, yield
values of maximum density ranging from
60 pcf. or less for the volcanic and di-
atomaceous soils, about 90 to 10UV pcf.
for the clays and up to about 135 pci. or
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SOIL TEXTURE AND PLASTICITY DATA
Description Sand Silt Clay LL PI

Well GradedLoomySand 88 10 2 (6 NP
Well Graded Sandy Loam 72 15 13 16 0
Med Graded Sandy Loam 73 9 18 22 4
Lean Sandy Silty Clay 32 33 35 28 9
Loessial Silt 5 85 10 26 2
Heovy Clay 6 22 72 67 40
Very Poorly Graded Sand 94 6 NP
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Figure 2. Moisture-density relationships for seven scils conpacted

according to AASHO Method AASHO T99 (in part after “Public Roads").

coarse differences in optimum moisture content

granular soils.

Examples illustrative of the differ-
ences in soil densities obtained under a
given compactive effort (AASHO Method
T 99) on seven different soils ranging
in texture from clays to sands are shown
in Figure 2. It may be seen from the
moisture-density relationships in Figure
2 that the different soils reflect not only

and maximum density, but also dif-
ferences in how the soils react to the
given compactive effort at moisture con-
tents less than optimum. This is illus-
trated by the curve for the heavy clay'

‘a "heavy" clay is a clayey soil which is difficult to manip-
ulate. It usually contains more than 50 percent of particles
smaller than 0. 005 mm. in diameter



140 ,
ar-2" stone 47
4 -~
130 LEad W <
fead L) - - L ]
S LRk N IS S S 4
s = x
Zieo Dry Denaity of
5 () Solletone Mixture
> 1o X .
& - '}_4
100 L
Dry Density of Soil Mortar 7
DN
20
s 19

[} 0 20 30 40 %0 60
Percentage of Stone in Dry Soli-stone Mixture

-

120
b Soll Mortar « l l
9 N
25% L°-
e [#%%g ?“"“‘ R u— | Solt worter onty
Suo & x 4 }
€ @
4 [ oN\ “Saturation"Line
= -1
= F ° \/\
$100 o %
; / 0 < .\\
> (] ) N
2 sl St
o Soll Mortor + 30%
= 4. 2" Stone
ae
& a0 | |
L} 10 15 20 28 30 33
Moisture Gontent of Soil Mortar - % of Dry Soll
Figure 3. Eifect of addition of coerse

aggregate on density of soil.

(No. 6). Moisture content is less critical
for heavy clays than for the feebly plastic
soils in which sand and silt grain sizes
predominate. Heavy clays may be com-
pacted through a relatively wide range of
moisture content below optimum with
relatively small changes in density. In
contrast, the more granular and better-
graded soils, whichproduce high densities
under the same compactive effort, react
sharply to small changesin moisture con-
tent, producing marked changesin density,
as shown by the curves for Soils 1 and 2
in Figure 2. Relatively clean, poorly
graded, nonplastic sands of the type
indicated by So1l 71n Figure 2 having small
silt and clay content are relatively in-
sensitive to moisture changes.

The gravel content in a soil also has
an 1nfluence on the compaction character-
1stics of that soil. The effect of increas-
ing the proportion of coarse material on
the density of the soil mortar and on the
density of the total mix1s illustrated in
Figure 3. Increasingthe content of coarse
material above 25 percent causes a small
decrease 1n density of the soil mortar,
while increasing coarse materials to more

than about 35 percent causes a marked
decrease in density of the soil mortar
and yields no significant increase in
density of the total mixture.

Influence of Compactive Effort. The
results of compaction at dilferent com-
pactive efforts on each of several soils
gives evidence of the comparative effect
of soil moisture content and soil type on
the degree of compaction obtained. For
each compactive effort applied in com-
pacting a soil, there is a corresponding
optimum moisture content and maxi-
mum density. The maximum density
increases and the optimum moisture
content decreases with increase in com-
pactive effort. That is illustrated in
Figure 1 which shows moisture-density
relationships for the AASHO standard
method T 99 (25 blows of a 5%-1b. ham-
mer with 2 sq. in. of striking face drop-
ping 12 in. on each of three layersina
1/30-cu. -ft. mold) and the Corps of
Engineers modification of the AASHO
method (25 blows of 10-1b. hammer with
2 sq. in. striking face dropping 18 in.
on each of five layers in a 1/30-cu. -ft.
mold). Moisture-density relationship
curves for each of the two compactive
efforts on a Louisiana clay soilare shown
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in solid lines in the right-hand side of
Figure 1. Similar curves for a poorly
graded, fine Florida sand are shown in
the left of Figure 1. These graphs show
that the optimum moisture content for
the clay soil 1s decreased 6 percent (29
to 23) and the maximum density is in-
creased 12 pcf. (88 to 100) while for the
Florida sand the corresponding changes
areonly 1 percentand 2pcf. respectively.

If 1aboratory compaction tests are made
at each of several different compactive
efforts, there is developed for each soil
a relationship between maximum density
and compactive effort. Similar de-
terminations for each of several soils
make 1t possible to compare the relative
effects of compactive effort on the dif-
ferent types of soil. The relationships
between maximum density (for each com-
pactive effort) and compactive effort are
shown 1n Figure 4.

The curves 1n Figure 4 show that there
is, within the range of compactive efforts
normally used, an almost straight-line
relationship between effort and density
and that there 1s a marked difference in
the slope of the lines for different types
of soils. For example, the Florida sand
shows a small gain in density with in-
crease in effort while the California clay
(No. 7) shows that increase in effort
materially increases the density.

Knowledge of the compaction character-
1stics of different soils is of particular
value to the engineer who prepares
specifications and to the inspector who
must 1nterpret the results of density
tests. For example, the Califorma sand
(No. 2) in Figure 4 has a maximum den-
sity of 118. 1 pcf. at the compactive effort
of the AASHO Method T 99 (12, 375 ft. - 1b.
per cu. ft.). The compactive effort nec-
essary to obtain 95 percent of maximum
density 1s 3500 ft. -1b. per cu. ft. which
1s about 28 percent of the compactive
effort of AASHO Method T 99. However,
the sand can be poured into place with but
little f any compactive effort to obtain
a density of 106.5 pcf. which value 1s
slightly greater than 90 percent of maxi-
mum density. Applying the same analysis
to the clay (No. 7) it may be seen that 95
percent of maximum density (AASHO T 99)
is obtained at about 57-percent compactive
effort and 90 percent of maximum density

5

at about 24-percent compactive effort.
Thus twice as much compactive effort
is required to compact the clay to 95
percent as is needed to compact the sand
to the same percentage of maximum
density.

The effect of compactive effort is as
evident and equally as significant in field
rolling as in the laboratory compaction
test. In rolling, the effort applied is a
product of the drawbar pull (which re-
flects the weight) and the number of passes
for the width and the depth of the rolled
area compacted. Increasing the weight
or the number of passes increases the
compactive effort applied. The signif-
icance of size of tamping foot, contact
pressure, and lift thickness as related
to compactive effort is discussed later.

The density-measurement method 1s
the only procedure available which gives
a direct quantitative measure of the de-
gree of densification (expressed in terms
of porosity, or in terms of weight per
unit volume). It should be understood
however, that the relationship between
density and compactive effort is not
linear and specifying a percentage of
density does not infer that a compactive
effort of similar proportions will be nec-
essary for compaction. There is how-
ever, a relation between wheel load and
compactive effort, and hence between
compactive effort and bearing capacity.
A knowledge of the significance of the
relationship between density, compac-
tive effort, and bearing capacity is help-
ful in the preparation of specifications
for compaction, whether it be for sub-
grades, bases, or embankments.

Other Factors Which Influence Soil
Density. There are several factors which
influence the density obtained by com-
paction but do so in a small degree. Soil
temperature has an effect, particularly
on soils highin clay content. Hogentogler
found from laboratory compaction tests
on a clayey soil that density (under
AASHO T 99 test procedure) was in-
creased 3 pcf. and the optimum moisture
content decreased 3 percentage units
when the temperature of the soil was in-
creased from 35 F to 115 F.

Compaction tests on some clayey soils
show that they are quite sensitive to
manmpulation, that is, the more they are
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Figure 5. Unconfined compressive strength
of field-compacted clayey sand compared
with strength of laboratory specimens
having approximately similar densities
(after Corps of Engineers).

worked, the lower the density for a given
compactive effort. Manipulationhas hittle
effect on the degree of compaction on
soils which are dominantly silty or sandy.

Curing, that is, a drying following
compaction, is not a factor which in-
fluences the mechanical process of com-
paction, but it may affect an increase in
the density of subgrade and base material,
especially if those materials contain co-
hesive materials. Density may increase
on drying as much as 3 to 4 pcf.

INFLUENCE OF DENSIFICATION ON
PHYSICAL PROPERTIES OF SOILS

The behavior of a soil in a compact
state differs from the behavior of the
same soil in a loose state. Compaction
under controlled moisture content in-
fluences all of the physical properties of
the soil mass related to performance of
embankments, subgrades, and bases in
highways. These major properties are
bearing value, water movement (capil-
larity, water-retention capacity, and
permeability), volume change (shrink-
age and swell), and resistance to frost
action.

Compaction does not improve all soils
for all uses in different parts of the road

structure in the same degree. There-
fore, the engineer should not use com-
paction to improve bearing capacity with-
out considering the effect which degree of
densification has on volume change and
other properties.

One of the prime purposes of com-
paction is to prevent settlement within
embankments. Because compaction and
settlement each bring about a closer
arrangement of soil particles, it is ob-
vious that artificial densification by com-
paction will prevent later natural consol-
idation and settlement of an embankment
under its own weight.

Increasing the density by compaction
increases the resistance to shear de-
formation and makes densification by
compaction a useful tool in designing and
building stable slopes of high embank-
ments, which if not compacted, would not
be stable.

Other conditions being equal, the bear-
ing value of a soil increases with in-
¢rease in density. A great many labora-
tory studies have shown how soil density
and soil moisture content influence bear-
ing capacity. Only recently (1, 2) have
large-scale efforts been made to develop
comparable data on the relationship be-
tween bearing value and soil density under
both field and laboratory conditions.

Figure 5 shows unconfined compressive
strengths of a clayey sand compacted to
various densities at optimum moisture
content in the laboratory. Figure 5 also
shows unconfined compressive strengths
of undisturbed cylinders cut from field-
compacted lifts. The field lifts were
compacted with different numbers of
passes or coverages of different types of
rolling equipment and represent a range
of field compaction. It may be seen that
compressive strengths are approximately
doubled by compaction, yet the greatest
density shown is not beyond the limits
obtainable in highway construction.

Increasing the density reduces both
the total porosity and the sizes of the pore
spaces of soils which contain sufficient
fines to make them compressible. It1s
that phenomenon, plus the 1ncreased
friction developed. which increases bear-
ing capacity and resistance to shear de-
formation and decreases elastic deforma-
tions. The reduction in pore spaces re-



150 = LEGEND
\ Blows per Weight Drop in
- 125 Layers layer hammer inches
8 ° 5 55 10 Ib. 18 (Mod AASHO effort)
§|o o 5 26 10 Ib. 18
8 0 \ s 5 12 101b 18 (Equiv. std AASHO effort)
g 75 o NOTES® Specimens compacted in
60 in. dio. mold
‘§ 50 Tested as molded
E
-3 ; 200 200
S'2s \ T 1 T ] ]
\ | Figure beside I 9060 . i'26 Figure beside curve is
o 175 —curve is molding 175 molded
water content - olded dry density
140 E 150 pLO 8 150 g T
- S / 8 124 \ Note x points
%135 5 125 / 55— e 125 \ \ obtained from
o . / - \ center plot
2130 A\ % 100 17 % o122 ’\‘
2 3 /|l . 3 \\ x
125 75 7 7/q £ o\ ,\
= X
‘B 120 (.s) 50 ,/,A e \ 8 50 \ \X\\:\
St/ SR AN
Eus 25 A TT, 25 :
1] ‘/ <“‘1H 00
% 5 i0 i5 %s 120 125 130 %6 7 8 9 0 I R
Water content in percent dry weight Molded dry density in Ibs. per cu. ft. Molding water content in percent dry weight
Molding Water Content vs. Density and CBR Density vs. CBR Water Content vs. CBR

Figure 6. Relationship between (BR values and density and moisture. Tests were made on specimens at the as-moulded moisture
content {after Corps of Engineers).



8

duces permeability, thus restricting
percolation of water. When compaction
is accomplished with proper moisture
control for the particular soil, it re-
stricts capillary movements, making the
soil less susceptible to increase in mois-
ture by absorption, and thus restricts
changes in bearing capacity.

The importance of reducing the porosity
in finely grained soils and its relation to
bearing capacity may be seen by com-
paring porosities with the porosity at the
plastic limit. The plastic limit is a
critical moisture content affecting the
bearing capacity of fine-grain soils which
are characterized by becoming plastic
when wet. At or slightly above the plastic
limit, small increases in load yield large
increases indeformation. It ispractically
possible to compact nearly all soils to
densities having porosities less than the
porosity at the plastic limit. Compac-
tive efforts equal to 100 percent or more
of standard (AASHO Method T 99) may be
required to reduce the porosity below that
which holds for the plastic limit for very
heavy clays. That may not be desirable
for subgrades for high-swelling clay
soils. Volume change (shrink and swell)
is an important soil property which af-
fects the behavior of subgrade materials.
Soils which exhibit volume change may
swell nonuniformly on absorbing water
and suffer a reduction in bearing capacity.
In swelling they may become the cause of
rough riding pavements. They may also
shrink nonuniformly and cause uneven
settlement and contribute to fractures
in pavements.

Compaction has a marked influence
on the volume change of clay soils. Den-
sity influences volume change, the great-
er the density the greater the potential
swell, unless the soil is restrained by
force. An expansive clay soil should
be compacted at a water content and to
a density at which swelling will be a
minimum. Likewise, it should be com-
pacted so shrinkage will be a minimum.
Although the two conditions may not be
the same, a soil exhibiting volume change
can be compacted at a moisture content
to a density where both swell and shrink
will be near a minimum for any given
condition of exposure.

Many investigations have been made,

both in the field and in the laboratory,
to determine the desirable range of
moisture-density control to hold vol-
ume change to a minimum. The work of
Allen and Johnson (3), McDowell (4),
Russell (5), and the Corps of Engineers
(6) is indicative of the nature of work
done.

Swell or shrinkage and its relation to
initial density and moisture content 1s
easily determined by direct swell and
shrinkage tests. Normal soils (not in-
cluding micaceous, diatomaceous, and
other soils having certain constituents)
show a good relationship between swell and
plasticity index (when correction 1s made
for plus No. 4 mesh sieve content). The
fact that swell is so important has caused
most investigators to test soils for bear-
ing capacity® in an expanded condition by
fabricating specimens in a wet condition
for testingor testing specimens after they
have had an opportunity to absorb water
and swell. The work of Turnbull and
McRae (8) shown in Figure 6, indicates
the relationship between moisture con-
tent, density, and bearing capacity as
expressed by the California Bearing Ratio
(CBR) for a given soil. The work of
Benkelman and Olmstead (7), shown in
Figure 7 and 8, indicates the relationship
between soil strength, as determined by
the triaxial testing apparatus, and soil
density and moisture content.

The relationship between soil-density-
moisture-content and volume changeis, in
itself, a broad subject. Space does not
permit complete coverage here. The best
results may be obtained by recognizing the
influence of compaction and moisture
control on the related properties of volume
change and bearing capacity and com-
pacting subgrade soils so that the range
of shrinkage and swell will be a minimum.

Increasing recognition 1s being gaven to
the influence of moisture and density
control on the susceptibility of soils to
cause segregation of ice on freezing and
subsequent reduction in bearing capacity
during the frost-melting period. Reliable
data on the influence of controlled com-
paction on damage due to freezing are yet
too meager from which to draw con-

* Whether interpreted through bearing tests, compression
or shear tests




clusions on which to base a recommended
practice.

FACTORS INFLUENCING PERMANENCE
OF DENSIFICATION

There are several factors which tend
to change soil density. The two pri-
mary factors are climate and traffic.
Others are of a secondary nature, as for
example, condition of pavement surface
and nature of base and subbase or shoul-
ders which influence the degree of ex-
posure.

There is no evidence that the main
body of an ordinary embankment suffers
any decrease in density due to swelling of
clay soils, unless it is subject to pro-
longed inundation. The surface slopes
may increase 1n porosity with time, but
for most cases only surface softening will
result. Likewise, there is no evidence
that it continues to settle in detrimental
amounts for some period following ade-
quate and uniform compaction, either as a
result of climatic or traffic conditions.
For practical purposes normal embank-
ments retain their degree of compaction,
except 1n the upper and outer portions
subject to seasonal wetting and drying
and frost action: The item of perma-
nence is significant for compacted em-
bankments only when they are subjected to
unusual conditions.

Subgrade materials, subbases, and
bases are subject to more severe ex-
posure to climatic changes and traffic
than embankments. Climatic conditions
may bring about permanent or seasonal
reduction or gain in soil moisture and, as
a result, may decrease or increase soil
density and cause distortion of the road
surface.

In considering the permanence of com-
paction, the engineer needs to take into
account two stages in the life of the road.
The first concerns the period during which
the road adjusts itself toits environment,
that is, from the "as-built" to the "in-
service' condition. The second concerns
changes 1n density of the subgrade mate-
rials which result from seasonal or long-
time changes in climatic conditions after
the road has been in service for some
time. If the soil is compacted too little
or too much, too wet or too dry, there
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will be a change as 1t adjusts itself to the
new conditions under the pavement.

High-volume-change soils, if com-
pacted at moisture contents less than
optimum, may gain in moisture, swell,
and suffer a reduction in density and
bearing capacity from the as-built con-
dition. Contrariwise, if compacted too
wet they may lose moisture and shrink
in a degree sufficient to crack the pave-
ment. The studies made by several high-
way departments (9) showed clearly the
need for control of moisture content and
density to approach a condition of least
swell and least shrinkage if damaging
effects of moisture and density changes
on high-volume-change clays from the
as-built to the in-service condition are
to be held to a minimum.

Granular soils retain a large measure
of their compaction. The clayey -sands,
sandy clays, and the silty soils are af-
fected in a lesser degree and need to be
compacted in accordance with the de-
gree of protection offered by the type
thickness and cross-section of the pave-
ment used and other conditions which
prevail locally. Seasonal changes which
affect swell and shrinkage are the most
severe in areas near and bordering semi-
arid regions where long, hot dry periods
may occur. Even more-severe seasonal
changes may occur in humid regions where
deep freezing occurs.

The freezing of wet soils results in the
formation and often the segregation of ice,
which on thawing, may cause a reduction
in so1l density. Upon the redistribution of
the thaw water in the soil, there is a re-
gain in soil density. There is evidence
that some reduction occurs in the density
of fine-grained soils, if they are in a
saturated condition prior to freezing.

The incidence of a greater number of
near-legal-axle weights in recent years
and the experience on airfields give
evidence that traffic has an influence on
the permanence of compaction in bases
and subbases. Heavy traffic may bring
about an increase in density over that ob-
tained during construction, causing a
rutting of a flexible-type pavement or
subsidence of a rigid pavement. Although
there are a few factual data, it is quite
generally believed that even relatively
clean, coarse granular bases suffer some
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TABLE 1
RECOMMENDED MINIMUM REQUIREMENTS FOR COMPACTION OF EMBANKMENTS
CONDITION OF EXPOSURE

CONDITION 1 CONDITION 2
Class of (Not Subject to Inundation) (Subject to Periods of Inundation)
Soal .

(AASHO
M 145-49 Height of Compaction (% Heaght of Compaction (%

Fll (ft.) Slope of AASHO Max. D.) All (fc.) Slope of AAHO Max. D)
A-1 Not Critical % to 1 95+ Not Cratical 2t 1 95
A-3 Not Critacal % ol 100+ Not Critical 2t l 100+
A-2-4 Less than 50 2 tol + Less than 10% 3l 95
A-2-5 Less than sog % 10 o 50 * 95 to 100
A-4 Less then 5°€ 2 w1 95+ Less than sog 3l 95 to 100
A-5 Less than 50
2’3 Less than 50 2 wl 90-95° Less than 0 3 to 1 95 to 100
REMARKS

Recormendations for Condition 2 depends upon height of fills.

Higher fills of the order of 35 to 50 ft.

should be compected to 100 percent, at least for part of fills subject to periods of inundation. Unusual
so1ls which have low resistance to shear deformation should be analyzed by so1l-mechanics methods to de-
termne permssible slopes and mnimum compacted densities.

8The lower values of minimum requirements will hold only for low fillas of the order of 10 to 15 ft. or less and

for roads not subject to inundation nor carrying large volumes of very heavy loads

reduction in density in frost areas, and
that traffic will recompact such granular
bases after the frost leaves the ground.
It is now generally accepted that only that
compaction can be ""maintained' which will
be regained by traffic.

The extent to whichthe original degree
of compactionis preserved depends on the
protection the soil receives. Full width,
impervious pavements or pavements with
surfaced shoulders provide more protec-
tion against infiltration of surface water
than normal-width pavements with shoul-
ders built of average soils which shrink
and swell seasonally. The use of shoul-
ders made of select, dense, low-vol-
ume-change material, the maintenance of
tight joints, and the provision of good
surface drainage all contribute toward
maintaining density in subgrade materials.

DEGREE OF DENSIFICATION NEEDED

The purpose of compaction in the
different parts of the road structure may
be itemized as follows:

Part of
Road Structure Purpose of Densification
Embankments To prevent detrimental
settlement
To aid inproviding stable
slopes

Subgrade
Materials

To provide bearing
capacity

To control volume change

To provide uniformity

Bases and
Subbases

To provide uniform high
bearing capacity

It should be the aim of the engineer to
obtain, asnearly as possible, the densities
necessary to satisfy the needs for the con-
ditions involved.

Embankments

The minimum densities necessary inthe
construction of embankments® depend on
the soil type, the height of the embank-

3 The term "embankment, " as used here, refers to that part
of the raiged structurebelow the depth of the subgrade mate-
rials influenced by traffic loads and effects of climate.



ment, the design slopes, and the condition
of exposure. Thenecessary minimum re-
quirements for compaction should be de-
termined by consideration of all those
factors and should not be based upon a
single requirement. Sandy and gravelly
solls of the A-1, A-2, and A-3 groups
(13) can be compacted to relatively high
densities. Some of the very-sandy soils
exist in the dry, uncompacted state at
densities of the order of 90 percent of
AASHO maximum densities and attain
densities of that magnitude or hi gher under
normal construction procedures without
benefit of rolling and have stable slopes
at those densities. When they are placed
where they are not subjected to wetting,
there is little danger of excessive settle-
ment. However, if subjected to satura-
tion, they may settle in detrimental amount
unless compacted to about 95 percent of
maximum density. The relatively clean
granular soils retain their stability when
saturated.

The friable soils of the A-2, A-4, and
A-5 groups can also be compacted with
relative ease but require relatively high
densities if stable slopes are to be built.
They are more subject to reduction in
shear strength on saturation and require
higher densities to produce stable slopes.
Normally, 95 percent compaction will
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produce adequate results. However,
under conditions of saturation by inun-
dation it is advisableto increase compac-
tion to about 100 percent for high fills of
the order of 35 to 50 ft.

The plastic soils (A-6 and A-7) show
the greatest improvement from com-
paction. They should be compacted to
relatively high densities (low porosities)
if stable slopes areto result for the high-
erfills. Recommended minimum require-
ments for compaction of embankments are
given in Table 1.

Because of their need for greater re-
sistance to softening,reduction in strength,
and erosion, embankments subject to flood-
ing require better compaction than those
not subject to inundation. Experience has
shown that well-compacted soils offer
much-greater resistance to stream eros-
ion during overflows than uncompacted or
poorly compacted soils. Clay soils are
greatly improved in that respect.

Rigid control of moisture for soils
dryer than optimum is not necessary for
embankments not to be subjected to flood-
ing. The moisture content may be with-
in the range below optimum which permits
obtaining the desired density with the com-
paction equipment available. Sheepsfoot-
type rollers which produce high unit
pressures and other types of rollers which
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Grain-si1ze distribution and Atterberg larits of soils

used 1n British field-compaction experiments (after Williams).

produce heavy wheel loads and high unit
pressures permit securing desired densi-
ties at low moisture content. Moderately
plastic soils in Groups A-4 through A-7
should be compacted at moisture contents
not greater than 2 or 3 percentage points
over optimum to insure uniform density
and to avoid the unsatisfactory construc-
tion condition of low stability and rutting
under heavy construction equpment.
High-silt-content soils of low plasticity
1n Groups A-4 and A-5 and sandy silts of
Group A-4 should be compacted at mois-
ture contents not in excess of optimum to
insure uniform density and to avoid the
instability and rutting under heavy con-
struction equipment which occurs when
these soils are placed at moisture contents
which exceed optimum.

Soils compacted at optimum moisture
content have lower permeability and a
greater resistance to softeming than dry
soils at equal densities. Therefore, fills
or portions of fills subject to inundation
or scour should be compacted at moisture
contents as near optimum as 1s practicable
and economical for these conditions.

Subgrades, Subbases, and Bases
The term subgrade material (base-

ment soi1l) is intended to include soil to
the depth which may affect structural

design or the depth to which climate
affects the soil, whichever is the greater
depth. Because of the effect of climate on
bearing capacity and on the permanence
and effectiveness of compaction, more
careful consideration need be given com-
paction of various types of subgrade mate-
rials for different climatic conditionsthan
isnecessary for embankments. The need-
ed density and moisture content for ade-
quate bearing capacity may not be ideal
for holding volume change within desired
Iimits.

Several state highway departments
recognize, in their methods for design-
ing flexible type surfaces (11), that the
bearing capacity of the soil must be based
on a degree of saturation which occurs
under service conditions. If compaction
can be controlled to approximate that
condition, insofar as is practical under
construction methods used, there will
result a minimum change 1n moisture
content and density from the as-built
to the in-service condition. Because the
chief function of a subgrade is to carry
loads, that function must be considered
with respect to the relative permanence
of the densification. The smoothness of
the riding surface depends on the umform-
ity of compaction, hence any factor which
influences uniformity also needs con-
sideration.



Obviously the highest density obtain-
able consistent with a moisture content
less than optimum provides the greatest
bearing capacity. Nonplastic, -granular
soils and subbase and base materials
have little or no volume change and re-
tain a high degree of their compaction.
Thus, 1t is advantageous from all con-
siderations to compact those soils to
high densities.

The less-plastic soils of the silty and
clayey groups, which have low volume
changes, decrease in bearing capacity as
the degree of saturation is increased.
Those soils should be compacted to mod-
erately high densities. A reduction in
density and an accompanying increase 1n
moisture and reduction inbearing capacity
occur on soils having highvolume change.
Thus, unless temporary advantage of high
bearing capacity during the early life of
the road 1s desired, and volume change
(and road smoothness) 1s not a prime
factor, those soils should be compacted
to densities and at moisture contents
which constitute the best compromise
between need and permanence. Because
granular soils retain compaction except
in areas of severe frost and because
high densities are desirable, knowledge
of the practicable maximum field limats
of compaction 1s 1mportant. Hence, rec-
ommended procedures for selecting the
best densities are given later in this
bulletin.

LEGEND

120 250ps1

6 Lifts, 1810 Depl'h
[ 2
s —= -
!
f /
" 7

9 Posses — |

= —e——430ps.: Sheapsfoo!, 9 Passes
Gin Lifts,10in Depth

| --~=--~15001b Wobble Whesl,E Coveroges;
3in Lifts,9m Depth

—0— 40000 Ib. Wheel L.ood, 8 Caverages

18in Depth |

AASHO T99-38 Opt WC.

and Moximum Density

0 ({Modiied AASHO Opt ¢
ond Mm:m"nn Denaity

Density -p.ct

o~

Soil
Cloyey Sand
LLeiB Pls2
% Sand =82
! % St .2
% Clay *16

00—

L] 10 1] 20 -]
Saul Water Conten? - Percent

Figure 10. Typical moisture-density data
from construction lifts on sandy so1l
(after Corps of Engineers).

13

/ y
AR

100

Dry Density-p.c f

) 10 1] 20
Moisture Content - Percent

40,000 Lb. Wheel Load Rubber Tire Roller inflation
Pressure 37ps i Contact Pressure 69psi 6 Inch Lifts
Density ot 18 inch Depth Clayey Sand LL =18 Pl s @

Figure 11. Typical moisture-density data
from construction lifts on sandy soxl
(after Corps of Engineers).

Practicable Limits of Densification

The graphs in Figure 4, which illus-
trate the relationship between density and
compactive effort from laboratory tests,
indicate no decrease in rate of density
gain with increase in compactive effort for
the greatest compactive efforts shown.
Undoubtedly that is due to compacting soils
in a mold whose side-wall friction makes
that possible. However, for field com-
paction there is a practicable maximum
limit of density which can be obtained
with reasonable economy for each combi-
nation of soil and compacting equipment.
Specifications for bringing about the best
results obtainable consistent with the de-
sired economy cannot be arrived at with-
out a foreknowledge of the practicable
limits for various types of equipment on
different types of soils.

The recent trend towards the use of
higher contact pressures and heavier
equipment has made possible the attain-
ment of higher densities on well-graded,
granular soils and on the more-compress-
ible clayey soils. Their use has not in-
creased materially the densities obtain-
able onvery-sandy materials nor on very-
friable silty soils. Data from three in-
vestigations and from several years of
compaction practice make 1t possible to
predict with reasonable accuracy the
highest degree of compaction practicable
with present equipment.
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The first of the investigations referred
to were two experimental fill construc-
tion projects (12) constructed in 1938,
one in Delaware County, Ohio, and the
other in Gibson County, Indiana. The re-
sults of the two experiments are sum-
marized as follows:

Rollers Used (Indiana and Ohio)

Sheepsfoot Type. Dual-drum oscillating
Type 40 and gl-in. -diameter drums 48
in. wide, 88 to 112 tamping ft. per drum

TADLE 2

in rows of 4. Tamping-foot areas 5.25
and 5.5 sq. in. Tamping-foot pressures,
Indiana, 209 and 290 psi.; Ohio, 223 and
290 psi.

3-Wheel Type. 10-ton, 325 and 350 lb.
per inch of width of rear rolls.
Pneumatic-Tire Type. 9-Wheel, 35 psi
tire pressure, 225 lb. per inch of tire
width in contact with ground.

RESULTS
Indiana

Soils. Silts and silty clay loams, P. I
range 8 to 17.
Moisture Content. Approximately opti-
mum as determined by AASHO Method T
99.
Density, Lift Thickness, and Number of
Passes.

~ Sheepsfoot Type. 95 to 96 percent of
AASHO maximum dry density on 6-in.
loose lifts in 5 to 6 passes.

3-Wheel Type. 97 to 100 percent of
AASHO maximum dry density on 6-1in.
loose lifts in 1 or 2 coverages. 101 to
104 percent of AASHO maximum dry den-
sity on 9-in. loose lifts in 2 to 2% cov-
erages. 100 percent of AASHO maximum
dry density in 12-1n. loose lifts in 2 cov-
erages.

Pneumatic Type. 99 percent of AASHO
maximum dry density on 6-in. loose lifts
in 2 coverages. 97 percent of AASHO
maximum dry density on 9-in. loose lifts
in3 coverages. 97percent of AASHO max-
imum dry density on 12-1n. loose lifts in
4 coverages.

SUMMARY OF BRITISH FIELD AND LARORATORY COMPACTION STUDIES ON FIVE SOILS

BRITISH* MODIFIED MAXIMUM FIELD COMPACTION  (pcf.) AND
STANDARD AASHO OPTIMUM MOISTURE CONTENT (Percent)FOR
SOIL TYPE DIFFERENT ROLLER
SHEEPSFOOT ROLLERS
Density Opt. M.C. Density Opt. M.C. 8-Ton Pneumatic  “‘Clubfoot” “Taper Foot”
(pcf.) (Percent) (pcf.) (Percent) 3-Fheel Roller (115 psi.) (249 psi.)
Gravel-sand-clay 129 9 138 7 138-7 126-7 129-6 128-5
Sand 121 11 130 9 132-8 127-11 - - - -
Sandy-Clay 115 14 128 11 116-14 108-19 119-12 120-12
Silty-Clay 104 21 120 14 111-16 104-20 116-14 115-14
Heavy-Clay 97 26 113 17 104-20 98-25 107-16 107-15

*Aritish Standard Test does not differ greatly from AASHO Method T 99.
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TABLE 3
BRITISH STANDARD COMPACTION ON 5 SOILS BY 4 ROLLERS

Gravel-Sand- Sandy Siley Heavy

Roller Clay Sand Clay Clay Clay
% % % % %
8-ton, 3-wheel 107 109 101 106 107
Pneumatic 97 105 94 100 101
Club- foot 100 --- 103 111 110
Taper- foot 99 --- 104 110 110

Ohio type 42-in, -diameter by 48-in. drums

Soils. Approximately equal percentages of
sand, silt, and clay. Majority of soils in
P.1. range of 15 to 25.

Moisture Control. Majority within 1 per-
cent of optimum.

Density, Lift Thickness, and Number of
Passes.

Sheepsfoot Type. 97 to 101 percent of
AASHO maximum dry density on 6-1n.
loose lifts in 6 to 9 passes. 97 percent
of AASHO maximum dry density on 9-in.
loose lifts in 6 passes.

3-Wheel Type. 101 to 105 percent of
AASHO maximum dry density on 6-in.
loose lifts in 2.5 to 3.3 coverages. 104
percent of AASHO maximum dry density
on 9-in. loose lifts in 6 coverages.

The British Road Research laboratory
(13) released results in 1950 of rolling
experiments on five different soils rang-
ing from a gravel-sand-clay to a heavy
clay. The characteristics of the five
soils are indicated in Figure 9. The
British studies included (among others)
the following types and weights of rollers:

Sheepsfoot Type. 'Club-foot," fixed-
frame, dual-drum type. 42-in. -diameter
by 48-in. drums having 64 tamping feet
per drum in rows of four with 4 1n. by
3in. (12 sq. in.) contact area, and bal-
lasted tamping-foot pressure of 115 psi.
"Taper -foot,” dual-drum, oscillating

having 88 ft. per drum in rows of four
with 2% by 2% in. (5%s sq. 1n.) contact
area and ballasted contact pressure of
249 psi.

3-Wheel Type. 8 ton, 186 Ib. per in
of width of front roll 311 1b. per in. of
width of rear rolls.

Pneumatic-Tired Type (with pairs of
wheels on oscillating axles). 9 wheel
36-psi. inflation pressure 39 psi. con-
tact pressure, 3,000 lb. per wheel.

The British studies were unique in two
respects. They made all tests on one
thickness of lhft. They obtained maxi-
mum compaction for each roller, each
soil being "fully compacted" at each mois-
ture content to enable finding maximum
field density and optimum moisture con-
tent for each soil for each roller. From
4 to 16 passes were required for full
compaction with pneumatic and 3-wheel
rollers and from 16 to 64 with sheepsfoot
types. The results bring out some inter-
esting relationships between maximum
field density and field optimum moisture
content and soil type and equipment. The
results of the British investigations are
shown 1n Table 2.

Tables 3 and 4 show the relative per-
centages of British standard compaction
and modified AASHO compaction obtained
by the different types of rollers on the
five soils.

TABLE 4
MOCIFIEC AASHC COMPACTION ON 5 SOILS BY 4 ROLLERS

Gravel-Sand- Sandy Silty Heavy

Roller Clay Sand Clay Clay Clay
- % % % % %
8-ton, 3-wheel 100 101 91 92 92
Pneumatic 91 98 84 87 87
Club- foot 93 --- 93 97 95
Taper-foot 93 --- 94 96 95



16

TABLE 5

STANDARD AASHO AND MODIFIED AASHO OOMPACTION OBTAINED ON A CLAYEY SAND
IN FIELD ROLLING EXPERIMENTS (AFIER CORPS OF ENGINEERS)

Equipment Passes Compacted Lift Mod:fied AASHO Standard AASHO
Thickness Density Densaty

No. wn. % %
250-psi. 9 6 94 98
Sheepsfoot
450-psa. 9 6 93-95 97-99
Sheepsfoot
1500-1b. 6 3 94-95 98-99

Wobbl e-Wheel

Pneumatic Tire

20, 000-1b. 4 6 95 99

Wheel-Load

Pneumatic Tire

40,000-1b. 4 6 94-96 98-100

Wheel-Load

Pneumatic Tire

40,000-1b. 8 6 95-97 99-102

Wheel-Load

Pneumatic Tire

Laboratory Standard Optamum moisture content was 11.5 percent. Field optimum moisture contents ranged
from 11.5 to 12.2 percent.

TABLE 6

STANDARD AASHO AND MODIFIED AASHO COMPACTION OBTAINED ON A SILTY CLAY IN
FIELD ROLLING EXPERIMENTS (AFIER CORPS OF ENGINEERS)

Equipment Passes Compacted Li ft Modified AASHO Standard AASHO
Thickness Density Density

No. . % %

250 psa. 6 6 92 102

Sheepsfoot

500 psa. 6 6 91-92 102

Sheepsfoot

750 psi. 6 6 91-92 102-104

Sheepsfoot .

10,000 1b. 6 6 92-94 103-104

Wheel Load

Pneumatic Tire

20,000 1b. 6 6 92-93 102-103

Wheel Load

Pneumatic Tire

40,000 1b. 6 6 93-94 103-104

Wheel Load

Pneumatic Tire

Laboratory Stendard AASHO optumm moisture content was 17.9 percent. Field optimum moisture contents
ranged fram 18.5 to 19.5 percent.



TABLE 7
AVERAGE DENSITIES OF
HIGHWAY SUBGRADE MATERIALS

Type of Subgrade Material Densities
AASHO Modafied AASHO

% %
Bases 100.5 96.5
Granular Materials 101.2 96.7
Silt-Clay Materials 96.8 88.8

The Corps of Engineers (14, 15) have
conducted field-compaction experiments
under conditions of close control of mois-
ture content and rolling. The tests were
made on two types of soils. One soil was
a clayey sand having a plasticity index of
2. The other was a silty clay having a
plasticity index of 14. A significant fea-
ture of the tests was that the effectiveness
of the different rollers was compared on
the basis of the number of passes which
might be used normally on a construction
project.

The field and laboratory moisture-
density relationships obtained on the clay-
ey sand are shown in Figures 10and 11.
The equipment used, number of passes,
lift thickness, and relative densities at
field optimum moisture content expressed
as percentages of AASHO maximum den-
sity (T 99) and modified AASHO maximum
density are shown in Table 5.

Field and laboratory moisture-density
relationships for the silty clay soil are
shown 1n Figure 12. The equipment used,
and relative densities at field optimum
moisture content expressed as percent-
ages of standard AASHO and modified
AASHO maxaimum densities are shown in
Table 6.

The three rolling experiments showed
that densities of 95 percent or more of
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Standard AASHO maximum density were
obtained with relative ease. Five to six
passes of sheepsfoot rollers having medi-
um contact pressures (200 to 250 psi.);
one to two coverages of 10-ton, 3-wheel-
type rollers and two to three coverages
of pneumatic-type rollers gave 95 percent
or more of standard compaction on most
soils on lift thicknesses of the order of 6
to 9 in. of loose depth (approximately 4 to
T in. of compacted depth.) Increasing the
contact pressures of the tamping feet on
sheepsfoot-type rollers without some 1n-
crease 1n the contact area brought only a
small gain in compaction. The higher
contact pressures were only partly effec-
tive because the bearing capacity of the
soils 1n the loose state couldnot withstand
the pressures and the rollers sank deeper
into the soil until the effective contact
pressure equalled the bearing capacity of
the soil. Thus, the benefit of higher con-
tact pressures cannot be realized unless
the contact area also 1s adequate for the
soil.

The experiments showed that 100 per-
cent, or more, of standard (AASHO T-99)
compaction was obtained by increasing the
number of passes. Thus it is practicable
to specify 100-percent compaction for
special conditions where densities of that
order are desirable. Also, some rollers
are more effective on some soils than on
others and some soils attaina high degree
of compaction with less compactive effort
than others.

Correlation of Need, Practicable Densi-
fication Limits, and Permanence

The data presented are too meager
from which to develop firm rules for the

TABLE 8
DENSITIES OF SUBGRADE MATERIALS UNLDER RIGID PAVEMENTS IN KANSAS
Description of Average Field Dry Average AASHO Relative
So1l Group Densaty for Group Standard Density Compaction
for Group (AASHO T 99)
: pef. pef. %
So1ls found under pumping 98.9 104.3 94.8
slabs (all soils had less
than 50% sand and gravel)
Soirls havang less than 50% 99.8 106.8 93.5
sand and gravel from under
non pumping slabs
Soils having more then 50% 115.5 117.6 98.3

sand and gravel
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TABLE 9
MOISTURE CONTENTS OF SUBGRADE MATERIALS UNDER FLEXIBLE PAVEMENTS
(After Kersten)

State Textural Soil Saturation Plastic Limt Optimum M.C.
group % % %
Minnesota Sandy Loam 78 75 101
Kansas Sandy Loam 65 73 82
Arkansas Sandy Loam 59 72 73
Minnesota Clay 83 91 105
Kansas Clay 92 103 112
Arkansas Clay 92 105 109
promise may need to be made for very
TABLE 10

AVERAGE MOISTURE CONTENTS FOUNE
IN THE SUBGRADE GROUPS (after Hicks)

Class of Soil AASHO T99 Plastic Saturation
(AASHO M 145-49)  Optamnm Limt

group % % %

A-1-b 82.5 36.4 69.0
A-2-4 75.5 43.7 62.9
A-2-6 104.3 62.3 85.3
A-4 106.1 65.0 82.6
A-5 114.7 54.0 89.8
A-6 109.1 75.2 85.4
A-71-5 118.9 68.2 91.2
A-7-6 109.4 70.9 90.9

selection of the most desirable limits of
densification for different types of soils.
However, the datado indicate trends which
can be used as a broad basis for applying
compaction to a good advantage. This
requires a correlation between compac-
tion needs, the limits of compaction which
can be obtained practicably and the rela-
tive permanence of the compaction under
the conditions of exposure expected.
Through such correlation it is possible to
select the range of densities and moisture
contents which will result in the 'best'
bearing capacity for the service life of
the part of the structure in question.
Embankments. Because of the wide
dafference in the range of values indic-
ative of the measures of various soil
properties, hard-and-fast limiting values
of densities for compaction cannot be
drawn. Discussion under ''Degree of
Densification Needed" and the range of
values in Table 1 relate need with design
of slopes under the two conditions of (1)
inundation and (2) not subject to inunda-
tion. The values of relative density
(percent of standard AASHO) are all less
than the maximum practicable limits.
Hence no compromise need be made due
to construction limitations. Such com-

high fills indicating high compaction re-
quirements. That must then be done
by flattening slopes or using selected
soils. An analysis of conditions for high
fills should be made by soil mechanics
methods which are beyond the scope of
this report.

Subgrade Materials and Bases. The
selection of the best density range for
subgrade soils varies widely because of
the difference 1n the behavior of soils
under service conditions. It is entirely
possible that the compaction which is
deemed best from the designers point of
view is not practicable for construction
and contrary, that deemed best from the
construction point of view may not pro-
vide the desired subgrade condition.

It 1s not possible to present in tabular
form recommended compaction limits for
subgrade materials for all types of pave-
ments, loadings, soil types and climatic
conditions. The best that can be done
here is to consider need, permanence,
and practical limits and set forth a meth-
od of analysis for arriving at the best
density range.

Hicks (16) found from his field survey
of moisture contents and densities in road
subgrade materials and bases under
flexible type pavements that heavy ve-
hicles will cause a higher degree of
densification than will hght vehicles and

TABLE 11
INFLUENCE OF OONMPACTION ON MOISTURE CONTENTS
OF GRANULAR BASES (after Hicks)

Average Standard Optumum Plastic  Saturation
Density Moisture Content Limt
% % % %
(For Densities Under 100%)
98.5 75.0 43.8 60.3
(For Densataes 100% and Above)
101.1 73.1 40.6 61.1



a large volume of traffic will bring about
density equilibrium quicker than will a
small volume of traffic. Thus traffic is
an important consideration. Hefound that
traffic will maintaindensities greater than
100 percent of AASHO maximum density
ingranular subgrade material but densities
in silt-clay subgrade material were much
lower. Average values from his survey
are given in Table 7.

Some of the recent studies of pumping
of rigad type pavements yielded data on
relative densities of subgrade soils under
pavements which had been in service
several years. The results from the
Kansas Investigation (17) which was limited
largely to the eastern one-half of the State
show average values of density for each of
three broad soil groups for that locality.
The results are shown in Table 8.

The densities found in granular soils
under rigid type pavements in service
were found higher than those of the finer
grained soils.

Kersten's (18, 19) study of the moisture
contents of soils under flexible pavements
and the reports of the Highway Research
Board Committees on Warping (20) and
Pumping (21) of Concrete Pavements pro-
vide evidence of the range of moisture
contents which exist in subgrade mate-
rials under pavements. The average
values obtained in three States from
Kersten's work indicate the range of soil
moisture found under flexible pavements
in those localities. The values are given
in Table 9 for only two different types of
soils to show the difference in soil mois-
ture content for sandy loam soils and clay
soils.

Hicks' 1948 report of seasonal meas-
urements of subgrade soil moisture con-
tents under flexible type pavements also
showed that soil moisture is related to
soil texture. The relationship expressed
in terms of average moisture contents
found in the various Subgrade Soil Groups,
(Soil Classification Method AASHO M
145-49) 1s shown 1n Table 10.

Generally the soil moisture increased
during the fall and winter, reacheda
maximum during the month of April and
receded to a minimum during late sum-
mer or early fall.

Hicks also reportedon the relationship

19

between densities and average moisture
contents of granular bases. The average
densities (expressed as percentages of
AASHO T 99 maximum densities) and
moisture contents are given in Table 11.

Studies in Tennessee showed average
moisture contents of 23 percent compared
to an average plastic limit of 19 for fine
grained plastic subgrade soils (having
less than 50 percent sand and gravel) under
rigid type pavements. The corresponding
values for Kansas were 24.8 and 19.4
respectively. Moisture contents of the
more granular soils (having more than
50% sand and gravel) were 17.7 and 13. 6
and their plastic limits were 15 and 14. 1
respectively. Moisture contentsinIllinois
subgrade soils underlying granular bases
averaged 22. 5 percent and corresponded
toan average plastic limitof 21. 3 percent.
Thus the fine grain subgrade soils existed
at a condition near saturation while the
granular soils existed at a condition of
about 83 percent saturation.

It 1s recognized that the values given
will not hold for all climatic conditions.
They do however, point out that there 1s
a range for density and for moisture
content which can be maintained for each
type of soil and type of pavement for a
given locality. It follows that the least
volume change will occur if compaction 1s
aimed at the range which 1s most apt to
"stay put" in the subgrade material. The
range of desirable moisture content can
be obtained for any locality by asurvey of
field conditions on pavements which have
been 1n service for some time. It should
be kept in mind that they reflect in some
degree the initial moisture contents and
densities at which they were compacted.

In arriving at the best ranges of mois-
ture content and density, it is desirable
to make an analysis of the needs for the
conditions and correlate those needs with
other factors. One way of making such
analysis consists of stating design and
construction requirements and the cor-
responding ranges of moisture content
and density. The desirable values for
one may not coincide with that for the
other, necessitating a compromise to
obtain the best practicable values. Ex-
amples 1 and 2 illustrate that approach
for determining the best range of values.
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EXAMPLE 1

Conditions: A rigid pavement, a subgrade soil exhibiting high-volume change overlaid
by a 4- to 6-in. granular base.

DESIRABLE DESIGN REQUIREMENTS

Description of Requirements Corresponding Approximate Range of

Densaty Moisture Content

Maximum bearing values consistent (% of AASHO Maximum Den.) (% of Optimum)
with minimum swelling or shrinking

from as-built to in-service condition
and from season to season for main-
tenance of smooth riding surface.

1. Due to soil swell or shrink 90-95 100-115 a
2. Due to freezing and thawing 90-95 less than 65

CONSTRUCTION REQUIREMENTS AND LIMITATIONS
Adequate Bearing Capacity

a. For hauling purposes when 95-100 95-100
subgrade is subject to con-
struction traffic

b. When paver and trucks do not No construction requirements. The density
use area to be paved and moisture values may be as desired with-
in reasonable limits.

3The effect of density on frost action is not well estabhished. Meager data show that,
for certain conditions, heaving increases with increases in density to a maximum,
then decreases. The effect of moisture content 1s known to be great. No significant
heaving and accompanying softening occurs at moisture contents below the value given.

EXAMPLE 2

Conditions: A densely-graded, granular base of nonplastic materials of considerable
depth for a flexible pavement carrying a large volume of heavy traffic.

DESIRABLE DESIGN REQUIREMENTS

Description of Requirements Corresponding Approximate Range of
Density Moisture Content
(% of AASHO Maximum Den.) (% of Optimum)

Maximum bearing capacity which can a
be maintained under the traffic 105-115 95-100
carried

CONSTRUCTION REQUIREMENTS AND LIMITATIONS

Maximum practicable density obtain- a
able with heavy rollers is only con- 105-110 95+
struction limitation

3 These values vary with type of materials. It is assumed in this statement that the
thickness of the base course is adequate to carry such loads without overstressing
the subgrade.

.




The bestcompromise value for the clay
soil will depend on the exact properties of
the soiland conditions under whichit must
serve. Except for a very-high-volume-
change soil or for semiarid or subhumid
conditions, a range of density centering
about 95 percent of AASHO T 99 is ade-
quate. For semiarid and subhumid con-
ditions on the very heavy clay, a value
of 90 percent or less may be necessary.
Subgrades for intermediate soils of low
volume change may well be compacted to
densities of 95 to 100 percent.

The compromise on the granular base
material is entirely that of obtaining the
maximum density practicable. That may
require the use of relatively heavy rollers
or the use of thin lifts and close control
of moisture content to obtain the high de-
gree of compaction which is desirable
for bases.

A suggested range of densities for
subgrade soils and base materials is
given in Table 12. It is recognized that
a desirable range of density and moisture
contentfor a semiarid or subhumid climate
may differ from that of humid climate.
Likewise, small differences may be desir-
able in southern compared to northern
climes, especially on soils whose suscep-
tibility to freeze damage bears a strong
relationship to degree of densification.

Shoulder Materials. Because of the
severe exposure of shoulder materials to
the climatic elements, it is poor economy
to compact fine-grain clayey soils in road
shoulders to high densities. If compacted
to high densities they will swell and pre-
vent good surface drainage. Moisture
contents for compaction are not critical
and need be only sufficient to obtain good
bonding, or knitting, of the soil to mini-
mize erosion. The following tabulation
suggests desirable ranges of compaction
limits for shoulder materials.

DENSITY RANGE MOISTURE CON-

TYPE OF SOIL (% of AASHO  TENT RANGE
T 99 Max. D.) (% of Optimum)

Fine-grained clay 85-90 75-100

Silts end sands 90-95 85-100

Roll in a moxst conditron
with smooth-wheel or
rubber-tire roller.

Granular material
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METHODS OF SPECIFYING
COMPACTION REQUIREMENTS

There are three methods in use for
stating minimum requirements for com-
paction: (1) controlling soil density, (2)
controlling compactive effort, and (3)
a combination of 1 and 2.

Each of the methods can be made to
produce satisfactory compaction if it con-
trols soil moisture content and is properly
applied to the existing conditions. Each
has some advantages as well as dis-
advantages. It is the purpose here to
point out the advantages and disadvantages
of the methods.

Control of Density

The problem of compaction is basically
one of controlling the amount and size of
pore spaces of the soil. When the spe-
cific gravity of the soil is relatively uni-
form, controlling the dry weight per
cubic foot gives close control of porosity.
A large majority of agencies specifying
control of compaction do so through the
medium of controlling dry weight per
cubic foot and also stating maximum and
minimum limiting values of moisture
content. In most instances the AASHO
T 99 maximum density and optimum
moisture content form the basis for the
specification as, for example, specify-
ing a minimum compaction of 95 percent
of AASHO maximum density and a mois-
ture content range of 90 to 110 percent
of optimum moisture content.

Some of the advantages and disad-
vantages of that method may be stated
briefly as follows:

Advantages

1. Because soils seldom differ great-
ly in specific gravity, it constitutes a
definite means for measuring the degree
of densification obtained.

2. Unless encumbered with other re-
strictions it gives the constructor a wide
range inlatitude of equipment and methods
to acquire the desired compaction.

Disadvantages

1. It does not tell the constructor
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specified values based on wet- and dry-
volume weights.

which equipment is best suited, nor how
much rolling is necessary to obtain the
specified density.

2. It requires field testing equipment
and personnel.

3. It requires some time, depending
on equipment and method and skill of the
inspector, to measure the dry density.

4, In unusual cases where specific
gravities are not known and may differ
markedly, it does not reflect the true
densification of the soil.

5. There is sometimes danger that
a soil may be improperly identified and
an improper laboratory density value
assigned. Care is needed to compare
field and laboratory values for similar
materials.

The degree of compaction may also
be controlled by specifying limits of wet
weight per cubic foot. This method has
the advantage in that wet weight per cubic
foot can be determined rather quickly in

field testing. However, if it is accom-
panied by control of moisture it has no
advantage over the dry density method
and has even greater disadvantages.
Figure 13 shows a typical dry weight-
moisture content relationship and the cor-
responding relationship between wet
weight per cubic foot and moisture content.
Density and optimum moisture content
values are: maximum dry density 109.6
per cu. ft., maximum wet density 127. 2
per cu. ft., optimum moisture content 15
percent, optimum moisture content 17.5
percent.

If for example, a minimum wet weight
of 90 percent of maximum is specified
(114.5 per cubic foot wet weight) that
wet weight will require a minimum dry
weight of 104.9 per cubic foot (equal to
95. 7 percent of maximum dry weight) at
9.2 percent moisture content. I no
maximum moisture content is specified
and the field moisture-density relation-
ship is similar to the wet weight curve,
a dry density 90 pef. (equal to about 82
percent of maximum dry weight) is per-
mitted at the moisture content approach-
ing saturation. If for example, the mois-
ture content is limited to a maximum of
125 percent of optimum® (wet weight per
cubic foot) or 21.9 percent, the density
requrement of 90 percent of maximum
wet weight will permit a dry weight of
94.2 pcf. which is equal to 86 percent
of maximum dry weight. Thus, if the
specification is stated as a percentage
of maximum wet weight, it permits a
decrease in dry weight (and a marked
decrease in bearing capacity) with in-
crease in moisture content. That should
be taken into consideration and accounted
for in determining specification limits
based on wet weight per cubic foot.

Control of Compactive Effort

There are two methods of specifying
control of compaction by specifying re-
quirements controlling the compactive
effort used. One method which is used by
many agencies is that of specifying types
and weights of rollers, and by controlling

4 Normally too wet for ease in handling




lift thickness and the amount of rolling.
The amount of rolling 15 governed by
specifying the number of passes or cov-
erages or by including roller hours as
a bidding item and placing control of the
total effort used under the immediate
supervision of the project engineer. This
method of control usually includes control
of soil moisture content. Often this
method also includes specification re-
quirements relating the number of com-
paction units to the rate of earth moving
or requires a maximum output per com-
paction unit.

A second method which has been pro-
posed by some engineers differs from the
present density-control methodonly in the
manner in which it is put to use. It con-
sists of specifying a given compactive ef-
fort for the material to be compacted, if it
be embankment, subgrade, or base. For
example, it is indicated that some base
materials can be compacted in the field to
the density obtained in the laboratory under
two AASHO T 99 compactive efforts (2
times 12,375 ft. -1b. per cu. ft.). That
compactive effort then forms the basic
requirement and the maximum densaty
obtained at the compactive effort is the
density to be obtained in the field. The
compactive effort can be applied to the
1dentical sample removed from the base
in the in-place density test, and used to
determine the sufficiency of field com-
paction. If, for example, it is found that
a densaty less than that of Standard AASHO
Method T 99 is required for a clay sub-
grade soil, specifications might be based
on compactive effort equal to 80 percent
of standard effort (9,900 ft. -1b. per cu.
ft. ) which would be equivalent to 20 blows
of a 5%-1b. hammer dropping 1 ft. on
each of three layers.

The first method given above has the
advantage of keeping control in the hands
of the engineer. The effectiveness and
economy of the method depend in a large
degree on the care with which the quan-
tities are set up and the resourcefulness
of the project engineer and his knowledge
of soils and the use of equpment for
compaction. It has the disadvantage of
preventing resourceful contractors from
developing and using better equipment
and methods for compacting soil to ar-
rive at a lower construction cost.
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The second method has not yet been
developed. It has the obvious advantages
of the density method without the dis-
advantage of present methods which specify
some percentage, usually less than 100
percent, of the density obtained under
standard compactive effort.

Most specifications for compaction
combine density control with control over
equipment, giving minimum requirements
for equipment (as to size, weight, and
ratio of units to rate of earth moving),
lift thickness, and control of moisture
content.

SELECTION AND USE OF EQUIPMENT

The success, that is, the economy and
ease, of obtaining compaction depends in
large measure on the methods and on the
type and weight of equipment used for roll-
ing. It also depends on the equipment and
methods used in placing and preparing the
soil for rolling.

Dumping and Spreading

Compaction depends on the size of the
loaded area, the pressure exerted on the
loaded area, and on the lift thickness.
Lift thickness is an important factor gov-
erning the degree of compaction obtained.
Many of the difficulties of obtaining the
desired compaction can be traced to lift
thickness in excess of that which can be
handled by the rolling equipment used.
It varies for different types of soils for a
given piece of rolling equipment.

Proper spreading islargely a matter of
attention to the job. It can be done di-
rectly by adjusting scrapers during dump-
ing. Proper spacing of dumps from
wagons makes a simple job of bulldozing
or blading of the loose soil to proper lift
thickness. Close attention tothe effective-
ness of the roller in early trial runs will
soon 1indicate the best lift thickness for
the various types of soils.

It is not possible to’ predict the exact
lift thickness which results in the most
economical rolling for all soils and types
and weights of equipment. However, some
general rules can be laid down. Gen-
erally, the heavier the equipment the
greater the lift thickness which can be
handled. The rule does not hold in the
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TABLE 12

SUGGESTED RANGE OF DENSITIES FOR SUBGRADE SOILS AND BASE MATERIALS IN CONSTRUCTION

TYPE OF SOIL

Moderate to hagh

volume chenge pre-
dominantly clayey

so1ls

MOISTURE
TYPE OF PAVEMENT MINIMUM CONTENT BRANGE REMARKS
DENSITY RANGE  (PERCENT

(PERCENT OF AASHO OF AASHO
MAXIMUM DENSITY) OPTIMUM)

Predomneantly silty and
sandy soirls having
lattle or no volume
change

Good qualaty granular
materials suitable for
base and subbase con-

struction.

Flexible 95-100 95-100
Rigid Condrtaen 1 90-95 100-110 ¥hen construction traffic
does not use prepared sub-
Condrtion 2 95+ <100 grade. When construction
traffic hauls over pre-
pared subgrade.
Flexble 10043 95-100
Rigid 10043 95-100
Flexable 100-110 95-100 Maxamum practiceble den-
sity varies with type and
grading of material. A
maximum range can be se-
lected according to
material.
Rigad 100- 105 95-100 For condition 1 above?
100-110 95-100 For condition 2 above

8The lower range of densities and higher range of permissible moisture contents for Gonditaon 1 may make
1t dafficult to obtain hagh densities in base materials.

TYPE OF SOIL
Heavy Clays

Medium Clayey
Soils

Friable Siltv )\
and Sandy Sorls

Granular Base and
Subbase Materials

TABLE 13

EQUIPMENT AND METHODS FOR ADDING WATER PRIOR TO COMPACTION

EQUIPMENT AND METHODS FOR INCORPORATING WATER WITH 'SOIL

Difficult to work and to incorporate water uniformly. Best results usually obtained
by sprinkling followed by mixing on grade. Heavy disc harrows are needed to break
dry clods and to aad in cutting in water, followed by heavy-duty cultavators and
rotary speed mxers. Laft thickness in excess of 6 in. loose measure are difficult
to work. Time is needed to obtain uniform morsture distributaon.

Can be worked in pit or on grade as convenience and water hauling conditions dictate.
Best results are obtained by sprinkling followed by mxing wath cultavators and rotary
speed mixers. Cen be mixed in lifts up to 8 in. or more loose depth.

These soils take water readily. They can often be handled economically by diking and
ponding or cutting contour furrows in pit and flooding until the desired depth of
moisture penetration has taken place. That method requires watering a few days to

2 or 3 weeks in edvance of rolling (depending on the texture and compactness of the
soils) to obtain wnaform moisture distribution. These soils can also be handled by
sprinkling end mixing, either in-pit or on-grade, and require relatively lattle mix-
ing. Mixing can be done with cultivators and rotary speed mxers to depths of 8 to
10 in. or more without difficulty.

These materials take water readily.

Best results are obtained by sprinklang and mix-
ing on the grade.

Any good mxing equipmtnt is adequate.




same proportion for sheepsfoot rollers
as for other types, because some stock
models have about the same length of
tamping foot regardless of the contact
pressure and size of tamping feet. In
any instance, the maximum lift thickness
which can be compacted in different soils
should be determined during the early
stages of rolling on a project. Small
differences in soil moisture may make
the job values differ markedly.

Adding Water to Soil

It is often necessary to increase the
moisture content of embankment soils,
subgrade materials, and base materials
to make 1t possible to obtain the desired
degree of compaction and the uniformity.
Due to the variable conditions encountered,
there can be no single method nor piece
of equipment which is always superior.
The soil can be watered on the grade or in
the pit. Although sprinklingis most com-
monly used, there are instances where
watering can be done most economically
by flooding the pit, provided that the
water soaksin readily to adequate depths.
There are also some differences in the
relative efficiency of various pieces of
mixing equipment on different soils.
Table 13 summarizes some rules which
have beenfound to be useful inincorporat-
ing water into soils and base materials.

Handling Excessively Wet Soil

When the soil moisture content marked-
ly exceeds that needed to obtain the re-
qured density, the moisture content must
be reduced or the soil must be relegated to
a use where the excessive moisture con-
tent 1s not detrimental. Drying great
quantities of soil from highway cuts 1s at
best a slow and costly process. It has
been done successfully by the use of ag-
gregate-dryingkilns similar to those used
in asphalt plants. However, most drying
has been air drying, which relies on aera-
tion and exposure to the sun's rays to re-
move excess moisture. In drying by
aeration, the object is to manipulate and
expose the wet soil to the air and sun and
to keep mixing and reexposing wet soil to
promote the fastest drying practicable.
Manipulation can be done by the use of
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plows, cultivators, or rotary mixers.
Rotary speed mixers, with their tail-hood
sections raised, permit good aeration
and constitute one of the best methods of
facilitating soil drying.

Where wet soils must be used and where
dry soils are also available, the mixing
of the two hasproved a good way to reduce
the excess moisture content in the wet
soil. Rapid mixing can be accomplished
with the use of rotary speed mixers.
Another method which has been used is
alternate-layer construction, where a
layer of wet soil about a foot deep 1s cov-
ered with a layer of dry, stable soil. The
thickness of the layer of dry soil is ad-
justed to that necessary to permit hauling
equipment to be carried, so both layers
can be compacted sufficiently toprovide a
stable embankment.

If wet s0ils are encountered in only the
surface soils, the simplest method is to
blade off or otherwise remove the ex-
cessively wet topsoils. That will in many
cases permit construction to proceed
using the subsoils.

Wet soils can often be placed in the
outer part of the embankment where they
will not endanger the stability of the road-
bed section and where they will dry suf-
ficiently to attain the necessary stability
before being covered with a second layer
of wet material, should the quantity of
wet material make that necessary.

Sheepsfoot-Type Rollers

The weight of the roller, the area and
shape of the feet, and the spacing of the
feet are variables in the sheepsfoot roller
which influence compaction. Other var-
iables include soil type, moisture content,
initial density, and thickness of lift.
The existence of so many variables makes
it difficult to present specific recom-
mendations on the selection and use of that
type of roller without many reservations.
The best that canbe done at thistime is to
discuss the effect of the variables and then
make recommendations based on the
trends which have developed to date.

The contact pressure should be as
large as possible without greatly exceed-
ing the bearing capacity of the soil. If
that is exceeded, the roller will sink
deeper until greater contact area reduces
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the contact pressure tothat which the soil
will carry, even if it must sink so far
the drum makes contact with the soil. The
bearing capacity increases with increase
indensity, which explains why a sheepsfoot
roller "walks up' whencontactpressureis
not too great (22).

The bearing capacity decreases with
decrease 1nsize of loaded areafor granu-
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Figure 15. Relationship between compac-

tive effort and dry density (after Corps
of Engineers).

lar soils, which depend on their frictional
qualities for bearing capacity. Increasing
the size of the loaded area increases not
only the total but also the unit-contact
pressures which can be used effectively.
Excessive pressures and small contact
areas will shear the soil. Although nomi-
nal tamping-foot areas seldom exceed 7 sq.
in. , there 1s ample experience to indicate
that greater areas are desirable for the
friable soils, which are dominantly silty
or sandy 1n nature.

There is little evidence to 1ndicate that
increasing the length of tamping feet will
permit more efficient compaction by per-
mtting greater thickness of lift. Some in-
crease in lift thickness is gained by in-
creasing ecnntact pressures on the larger
feet, but the inherent character of the
sheepsfoot roller is such that stock models
can seldom compact efficiently to depths
greater than 10 to 12 in. of compacted
thickness.

TABLE 14

CONTACT PRESSURES ANC SIZES OF TAMPING FEET BEST SUITED FOR COMPACTING
DIFFERENT SOIL.S WITH SHEEPSFOOT ROLLERS

SOIL TYPE CONTACT AREA (QONTACT PRESSURE REMARKS
(sg. 1n.) (p.s.i.)
Friable s1lty and clayey These groupings are based on stock models
sandy so1ls whach deperd for use 1n compacting to densities of about
largely on their frictional 7-12 15-125 95% AASHO T 99 maxamum density at moisture
qualities for developing contents at or slightly below optamum when
bearing capacity. 6- to 9- in. compacted lift thicknesses are
developed. It 1s also based on the expera-
Intermediate group of ence that rollers are most easily towed
clayey silts, clayey sands 6-10 100-200 when their weaght allows them to begin to
and lean clay so1ls whach *walk up” as rolling progresses. It 1s
have low plasticaty. realized that much heavier contact pressures
may be more desirable 1f contact areas are
Medium to heavy clays. 5-8 150-300 ancreased and that such increases are

necessary 1f higher field densities are to
be produced.




The spacing of the feet has a bearing
on contact pressures and percent cov-
erage, that is, the actual area of tamp-
ing feet in contact with the ground in
one pass divided by the area passed
over. Other things being equal, the
greater the tamping-foot area, the fewer
passes required to compact the soil. It
has been shown 1n actual rolling tests (23)
that random rolling will give 32 percent
coverage in 4 passes and 53 percent cov-
erage in 8 passes of a roller having 64 3-
by-4-in. tamping feet per drum (42 in.

diameter by 48 in. long) and corresponding

values of 19 and 34 for a roller having
similar size drum but having 88 2'/s-by-
2'-in. feet per drum (5%s sq. in.). The
relationship between percent coverage and
number of passes is shown by the two
curves in Figure 14. The values given
for the two rollers will serve to indicate
comparable values for other rollers.

The number of passes has large in-
fluence on the degree of densification ob-
tained. It has beenfound that the relation-
ship between density and number of passes
is approximately a straight line when
plotted on semilogarithmic paper, as is
the relationship found in the laboratory be-
tween number of blows and the density ob-
tained in the laboratory compaction test.
However, rolling beyond a given number
of passes is uneconomical. Comparable
relationships are shown in Figure 15.

An additional factor influencing selec-
tion of the proper sheepsfoot roller is the
rolling radius, because it determines in
some degree the force required for towing
as well as its maneuverability. The
smaller the rolling diameter (diameter
of drum plus feet) for a given weight, the
greater is the drawbar pull both in the
straight-away and in turning.

The factors to be considered in the
selection of a roller which will compact
the soil to the desired density in the
least amount of time are: (1) select the
maximum contact pressure which the soil
can carry without shear failure as evi-
denced by failure of the soil to compact
under rolling, and (2) select the roller
which satisfies No. 1 and which also gives
the greatest coverage per pass.

Table 14 may be used as a guide in the
selection of rollersfor threebroad groups
of soils. It must be borne in mind that

27

unit contact pressures far in excess of
those shown are being used and are giv-
ing good results. However, those rollers
are settling to a depth which adjusts the
contact pressure to that of the soil, hence
do notwalk up and require greater drawbar
pull for towing. It should also be borne
in mind that plastic soils at moisture
contents well below optimum require
much greater contact pressures if ade-
quate densities are to be obtained.
Methods of Rolling. When commencing
compaction on a project, even though op-
erators and inspectors are experienced,
it is well worth while to conduct tests on
trial hfts to determine the best rolling
procedure. Assuming there i1s no choice
of equpment (as to size of tamping feet),
then test rolling is limited to determining
the best hift thickness which can be com-
pacted, the number of passes requred
for the major soil types encountered,
and the need for increasing or decreas-
ing foot pressures. Such test rollings
should include a mimmum of varables,
and the soil should be at optimum mois-
ture content. Usually three lifts are suf-
ficient to show minimum rolling neces-
sary to produce the required density.
For example, loose hfts of 6, 9, and 12
mn. are spread and strips of each are
rolled 4, 7, and 10 passes of the roller.
Density tests will indicate the most effec-
tive combination. If the roller walks up
too fast and densities are inadequate, the
Iift thickness may need to be reduced or
the foot pressure increased, or both;
contrariwise, if the roller does not walk
up or sinks deeper with increasing number
of passes, the shear strength of the soil
is being exceeded and the foot pressures
need be decreased by removing ballast
from the roller. In either instance the
moisture content may need adjustment.
The length of the rolled area, while
otherwise not significant, may have large
influence on densities in hot summer
months when evaporation 1s high. Quick
handling of soils on the grade often means
the duifference between adequate densities
with few passes and the addition of and
mixing 1n of water. Routing construction
equipment so its compacting effect is
well distributed may decrease materially
the rolling required. Roller speed,
within the range normally used in towing
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TABLE 15

RANGE OF COMPRESSION OF 3-WHEEL ROLLERS
Weight Group Range of Compression
of Drave Rolls

150 to 225 lb. per lin, 1n.
of wadth of drave rolls
225 to 300 1b. per lan. in.
of wadth of drive rolls
Heavy (10 to 12 tons) 300 to 400 lb. per lan. an.
of width of drive rolls

Light (5 to 6 tons)

Medaum (7 to 9 tons)

sheepsfoot rollers behind tractors, has
little influence on effectiveness.

The proper balance between earth-
moving equipment and compaction equip-
ment is necessary if compaction is to be
adequate and economical. Productive
capacity of a given group of trucks,
wagons, or scrapers can be estimated for
any given group by the number of units
of each size delivered to the dump. The
roller capacity of sheepsfoot rollers in
terms of cubic yards of compacted soil
can also be determined with reasonable
accuracy. The two values should balance
as nearly as possible, with ample reserve
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Figure 16. Maxamum rolling capacaty of

sheepsfoot rollers (basedon 6-1n. compact-

ed 11ft and 8-ft. compacted strap waith no
overlap; continuous operation).

g

:
e

&
S
"n,,c

8
e

NNNES

/
4
L

) /
% ] 2 3 3 3 )
ROLLER SPEED (MPH)
Figure 17. Maxamum rolling capacity of

3-wheel roller. (Eased on 10- to 12-ton

nominal size having 20-in.-wide rear rolls

spaced 36 in. apart providing 2-in. over-

lap and complete coverage by rear rolls,
6-in. compacted lift).

roller capacity available if conditions
change from a sol which rolls with a
minimum of rolling to one which requires
greater effort.

Figure 16 shows graphically the maxi-
mum possible productive capacity of a
given sheepsfoot roller (dual-drum type
with 4-ft. drums) for different numbers
of passes and different operating speeds
when compacting a 6-in. compacted lift.
Similar charts may be constructed for
other thicknesses of lift.

Since increases in speed within rea-
sonable limits do not change the effec-

TABLE 16
RANGE OF QOMPRESSION OF 3-WHEEL ROLLERS
OBTAINEL BY BALLASTING

Weaght Compression Pressures
Class an Lb. per Lan. In. of Wadth of Rolls
Guide Roll Drive Boll *
5-6 99-129 153-196
6-8 119-162 178-241
%10 136-177 218-284
9-12 157-212 236-317
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Figure 18. Maximum rolling capacity of

3-wheel roller (on same basis as Fig. 15,
except 9-in. compacted lift).

tiveness of sheepsfoot rollers, it may be
seen in Figure 16 that the productive
capacity 1s directly proportional to the
operating speed. This makes it worth-
while to consider speed when specifying
roller hours.

Smooth-Wheel Power Rollers

Smooth-wheel steel rollers of 3-wheel
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type have long been used to obtain com-
paction of soils. Tandem-type rollers
are not widely used for earth work but
are used for final surface compaction of
subgrades and bases. Normally the 3-
wheel type is used in earthwork com-
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Figure 19. Maximum rolling capacity of

3-wheel roller (on same basis as Fig. 15,
except 12-an. compacted lift).

TABLE 17
PRESSURE AND WEIGHT CLASSES OF 3-WHEEL ROLLERS
SUITED FOR QOMPACTING DIFFERENT SOILS

So1l Group

Clean, well-graded sands, uniformly
graded sands (one size), and some
gravelly sands having little or no
s1lt or clay

Friable-si1lt and clay-sand so1ls
which depend largely on their fric-
tional qualities for developing bear-
1ng capacity

Intermediate group of clayey silts and
lean clayey soils of low plasticaty
(<10)

Well-graded sand-gravels containing
sufficient fines to act as filler and
binder

Medium to heavy clayey so1ls

Weight Group and Pressure
(We. per Lan. In. of Wadth of Rear Rolls)

Cannot be rolled satisfactorily with
3-wheel type rollers

5 to 6 tons, 150-225 1b.

7 to 9 tons, 225-300 lb.

10 to 12 tons, 300-400 1b.

10 to 12 tons, 300-400 1lb.
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paction, because of the greater pressure
exerted by the rear (driving) rolls.

Rollers of the 3-wheel group may be
obtained in a wide range of sizes and
weights. The 3-wheel types may, for
convenience, be divided into three weight
classes. The weight classes and the ap-
proximate range of contact pressures, ex-
pressed 1n terms of pounds for linear in.
of width of tire on the drive rolls, are
given in Table 15.

Some manufacturers make no provision
for ballasting 3-wheel-type rollers to
provide a range of compression for a
given weight. Others do, however, pro-
vide for ballasting to gavea range between
maximum and mnimum pressure suf-
ficiently great to be of value in adjusting
a given weight class for best performance
on different soils. An example of one
manufacturer's specifications is given
in Table 16 to illustrate the range of
compression which may be obtained by
ballasting.

The principles which govern the re-
lationship between contact pressures and
compaction apply to 3-wheel type rollers
equally as well as to the sheepsfoot type;
3-wheel rollers adjust their contact pres-
sures to the bearing capacity of the soil
by simply sinking to that depth which pro-

vides adequate area to equalize the unit
pressure.

The 3-wheel type has the advantage
of giving complete coverage wherever
the drive rolls pass. The passage of the
guide roll often compacts the soil suffi-
ciently to build up a bearing capacity
adequate for the drive rolls. The heavier
umts of this type (10 to 12 tons or great-
er) can often compact lifts of 10 to 12
. or greater in depth, especially on
friable, fine-grained soils.

The proper balance between capacity
of hauling equapment and roller capacity
is important for 3-wheel rollers. I
sheepsfoot rollers are towed by tractors
having adequate capacity, they .are more
flexible in terms of capacity, because
their towing speed can be increased or
decreased. That range is not so great
for 3-wheel rollers. The charts shown
in Figure 17, 18, and 19 permit rapid
estimate of the rolling capacity of 3-wheel
rollers of 10-to-12-ton capacity for com-
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pneunatic-tire roller (based on 2-axle,

13-wheel, type, rolling width, 84 1in, no
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Figure 22. Heavy single-axle, multiple-wheel vibratory, pneumatic-
tire compactor.

TA
CONTACT PRESSURE OF PNEUMATIC ROLLER

BLE 18
SUITED FOR COMPACTING DIFFERENT SOILS

Soil Group

Contact Pressure

Clean sands and some gravelly sands.

Friable-silty and clayey sands which
depend largely on their frictional
qualities for developing bearing
capacity.

Clayey soils and very gravelly soils

Figure 23.

20 to 40 psi. inflation pressure,
the greater pressures with the
large size tires.

40 to 65 psi. inflation pressure.

. 65 psi. and up inflation pressure.

Grid Compactor.
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Figure 24. Heavy, oscillating multiple-wheel pneumatic-tire
compactor.

pacted lift thicknesses of 6, 9, and 12 in.

The use of test strips to determine
the bestlift thickness is equally as worth-
while for the 3-wheel type as for the
sheepsfoot type, if the most economical
compaction is to result. Table 17 may be
used as a general guide to estimate the
range of lift thickness for the weight of the
roller. Those values, however, do not
hold if moisture contents differ materially
from optimum.

Some 3-wheel rollers have little or no
provision for ballasting; therefore, it is
important to select the best weight for the
prevailing conditions. Table 17 gives
the approximate ranges of pressure and
weight classes of 3-wheel rollers suited
for compacting different soils.

Pneumatic-Tire Rollers

The pneumatic-tire roller, like the
3-wheel type, depends on area of contact
pressure (the contact pressure is equal to
the inflation pressure plus some pressure
due to sidewall stiffness), number of cov-
erages, and thickness of lift. The area of
contact and the contact pressure bear a
relation to each other and to the total load
of each wheel. If the contact pressure is
constant, for given tire equipment, in-
creasing the total load will not increase
the density obtained in rolling. However,
increasing the load will increase the size
of the loaded area and the effective depth
of compaction. Thus, for example, itis
possible on a given soil toobtain approxi-
mately equal density in a 3-in. compacted

lift with a 1,500-1b. wheel load as is ob-
tained in a 6-in. compacted lift with a
10, 000-1b. wheel load. That does not hold
equally true for cohesionless soils, which
depend largely on their frictional quality
for developing support. Here the larger
the size of tire, the greater is the size of
the loaded area and the greater the con-
fining effect.

The experiments of the Corps of Engi-
neers (24) furnishproof of the above state-
ment. Figure 20 shows that the 1, 500-1b.
wobble-wheel roller and the 20,000 and
40, 000-1b. wheel loads developeddensities
within about 2 lb. of each other. The data
are not directly comparable because six
passes of the 1,500-lb. - wheel-load rol-
ler were used, and the lift thicknesses
may not have been proportional to the
wheel load, but they do illustrate the
relationships involved.

Thus, the contact pressure is a major
factor in obtaining densities and the
wheel load and number of passes are

i Ak
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Figure 25. Heavy multiple-wheel oscil-
lating, pneumatic-tire compactor with
indivicual loading box for each wheel.



factors in determining the most eco-
nomical lift thickness for a given roller.
The data given in Table 18 may be used
as a general guide for lift thicknesses
which can be compacted with different
contact pressures and wheel loads with
ease and economy. The pneumatic-tire
roller is quite flexible in that contact
pressures can be changed by changing
inflation pressures.

There is, for each soil (at its field
optimum moisture content), a most de-
sirable combination of inflation pressure
and lift thickness for a given wheel load
at optimum moisture content. Table 18
may be used as a guide for preliminary
estimates of the approximate ranges of
contact pressures for compacting dif-
ferent soils.

The chart in Figure 21 may be used
as a guide for estimating roller capacity
of a given size and weight of pneumatic
roller based on a 6-in. compacted lift
thickness.

Roller Performance on Different Types of
Soil

An attempt has been made to show that
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Very-heavy, multiple-wheel, oscillating, pneumatic-
tire compactor.

Figure 26.
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the bearing capacity of the soil, when it
is being compacted, limits the contact
pressure which can be used in rolling.
Therefore, in selecting a type and a weight
of roller, the most economical roller is
that which gives the best economy between
contact pressure and lift thickness, when
due considerationis givento size of loaded
area.

Smooth-wheel rollers of the 3-wheel
type give good results on all types of
soils except clean, nonplastic sands. The
maximum allowable compression is de-
termined by the type of soil and the mois-
ture content. The rollers are effective in
compacting gravelly soils and clayey soils.
In compacting clayey soils the thickness
of the layer must be so compaction will
be to full depth, otherwise, compaction
is apt to be limited to a surface crust.

Sheepsfoot rollers are most efficient
on fine-grained soils of the plastic groups
and are least efficient on the very sandy
and gravelley soils.

Pneumatic-tire rollers, as a type, are
suited to compacting any type of soil,
provided the values of contact pressure and
wheel load are proper for the soil being
compacted.

s8N
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Tandem roller with segmented guide roll.

Figure 27.

NEW TYPES OF
COMPACTION EQUIPMENT

Several new types of compacting e-
quipment, some of which have shown
promise of giving effective and eco-
nomical compaction have recently come
on the market:

Pneumatic-Tire Compactor with Vibratory
Unit

This unit is built in two sizes, 30-ton
and 12'%-ton. The 30-ton unit hastwo 24-
by-33 tires (36 ply). The 12%-ton unit
has four 12-by-20 tires (14 ply). The
unit consists of a heavily loaded frame-
work superimposed on coil springs, sup-

.COWDEN&0L

DAYTONO

ported by the axle, and held in place by
flexibly mounted linkages; and a pair of
unbalanced, weighted shafts which rotate
and are timed with gears to produce a
vertical vibrating force which will operate
at speeds of 600 to 1,400 rpm. A photo-
graph of one of the units is shown in Fig-
ure 2.

Heavy Pneumatic-Tire Rollers

Several manufacturers are now pro-
ducing pneumatic-tire rollers of much
greater weight than the multiple-wheel
types which have been produced and in
common use for many years. It is now
possible to obtain heavy pneumatic-tire-
roller units of 50-, 100-, 150-, and 200-



Figure 28.

ton gross weights with maximum wheel
loads of 50 tons. Tire pressures range
upwards to a maximum of about 150 psi.
The units include single- and dual-axle

Figure 29. Small, hand-operated self-propelled, vibrating-baseplate
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Tander roller with vibratory intermediate roll.

types, oscillating units with two wheels
per axle, and individually loaded wheel
units. Examples of some of the heavy
and very heavy pneumatic-tire roller

“

compactor.
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units are shown in Figures 24, 25, and
26.

Grid-Type Steel-Wheel Rollers

This type may consist of a towed type
somewhat like a sheepsfoot roller, ex-
cept that the tamping feet are replaced
by an open, square-mesh grid work, as
is indicated in Figure 23, or may consist
of a 3-wheel roller in which the com-
pression rolls are equipped with grids.
The towed units, when equipped with
ballast boxes, can be loaded toproduce
compression pressures in excess of 300
lb. per lin. in. of drum width.

Three-Wheel Type with Scalloped Ribs on
Rolls

A 16-ton, 3-wheel type of roller now
comes equipped with a series of scalloped
ribs on the wheels. Rear rolls have five
scalloped ribs around the periphery of each
wheel, the scallops being 4 in. high, 2 in.
wide, and 13 in. long at the base and
spaced 2% in. apart from one inside
edge to the other (42 in. center to cen-
ter). The position of the scallops in each
row is staggered, and the transverse
angle (with the axle) of the scallops is
reversed on the two wheels. The guide
roll has 2-in. -high scallops about 8 in.
long. The heavy weight (11,470 1b. per
drive wheel) permits a wide range of
compression pressures, depending on
the area of scallops in contact with the
ground.

Tandem Type with Segmented Front Roll

A conventional tandem roller has been
built with the guide roll constructed in
segments somewhat resembling a sheeps-
foot roller with large rectangular tamp-
ing feet. This type is illustrated in Fig-
ure 27.

Tandem Type with Vibratory Intermediate
Roll

The unit consists of a heavy-duty tan-
dem-type roller in which the center roll
is energized by a motor unit mounted
directly above the center roll. Its prin-
cipal use, to date, has been in the com-
paction of macadam bases (Fig. 28).

Figure 30. Large, hand-operated, self-
propelled vibrating-baseplate compactor.

Vibrating- Base Compactors

This type consists of a vibratory unit
mounted on a base plate. Previbration
set up in the base plate is transmitted to
the ground setting up a movement in the
soil which has been found effective in
compacting granular materials. One type
of unitis alight-weight compactor similar
to that illustrated in Figure 29. Another
type is illustrated in Figure 30. This
larger unit is constructed in different
sizes ranging from small self-propelled
units to large tractor-towed units. Fig-
ure 30 illustrates the self-propelled unit.

Tampers

Tamping of trench backfill has been
done largely by hand tampers (see Cur-
rent Practice) or by hand-manipulated
mechanical tampers (largely pneumatic
type). Recently a pneumatic-type pave-
ment breaker has been used successfully
in compacting trench backfill. Two ad-
aptations of the pavementbreaker for com-
pacting backfill are illustrated in Fig-
ures 31 and 32. Figure 31 shows one of
the smaller machines which straddles the
trench. Figure 32 illustrates one of the
larger machines capable of compacting
backfill in wide, deep ditches.

A gasoline-driven, manually- operated
rammer hasbeenusedin compacting back-
fill adjacent to structures, in trenches,
and in restricted areas which cannot be
reached by motor-driven equipment.
This type is illustrated in Figure 33.



Figure 31. Pneumatic-driven pavement breaker adapted for com-
pacting trench backfill.

Figure 32. Pneumatic-driven pavement breaker fitted on unit for
compacting backfill in wide trenches.
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The rammer operates on regular grade
gasoline. It makes 50 to 60 jumps per
minute, the height of jumpsbeing about 13
to 14 in. Productive capacity may range
from about 150 to 250 cu. yd. per 8-hr.
day, the rate depending on the nature of
the soil and the degree of densification
required.

FIELD CONTROL OF COMPACTION

The nature of the specifications de-
termines, in large measure, the nature
of methods of testing and inspection for
the control of compaction. If specifica-
tions govern only the number of passes or

.coverages, control lies only in inspection

by counting the number of passes actually
made or, on a general basis, by bal-
ancing the equipment and inspecting to see
that rolling is continuous as long as mate-
rials are moved. If provisionis made for
controlling the moisture content as well
as the number of passes, or ''rolling

until thoroughly compacted, '" some control
of density can be insured through control
of moisture content to give the best re-
sults. Under conditions of control of
moisture the standard AASHO compaction
and field density tests can serve as useful
guides for obtaining compaction.

Moisture Content and Density Control

Inspection and Test Methods. Inspec-
tion and testing for control of moisture
content and density begin with determina-
tion of moisture-density relationships
for the soils to be compacted. The pro-
cedure givenfor ""Standard Method of Test
for the Compaction and Density of Soils
AASHO Designation: T 99-49" is recom-
mended for use. The method "is also ap-
plicable for determining the moisture-
density relations of soils compacted at
other degrees of intensity produced by
varying the weight of the rammer, the
height of drop of the rammer, the num-

Figure 33.

Gasoline-driven rammers for compacting soil in re-
stricted areas.



ber of blows per layer, or the number
of layers of soil compacted. " That com-
pactive effort which is necessary and
practicable to produce the desired den-
sity should be used.

There are several factors which may
influence the values of maximum density
and optimum moisture content obtained in
the test. Individually they seldom intro-
duce serious errors, except in some types
of soil. However, if the individual er-
rors are added, the standard values may
be difficult to use as a basis for inter-
preting the results of rolling. Some of
those factors are: (1) initial moisture
content of the soil (before increments are
added in the test); (2) temperature used
in drying to determine moisture content;
(3) rgidaty of the mold during compaction;
(4) degradation of soft granular particles
during preparation of sample and testing;
(5) method of handling large proportions of
plus-4 aggregates; and (6) amount of
manipulation during the test.

Determinations of moisture content
and density of rolled soils are often
done under one overall test procedure.
However, because there are several ac-
ceptable methods in use, they are de-
scribed here separately. There is no
one best way of determining moisture con-
tent, because the reliabilhity and speed of
any method depends, in a large measure,
on the individual making the determina-
tion. The following methods are de-
scribed:

Examination Methods. Experienced
engineers, after they have become famil-
iar with soils, can often judge moisture
contents of soils very closely by exam-
mnation. Friable soils contain sufficient
moisture at optimum to permit forming
a strong cast by compressing the soil in
the hand. Some clay soils have optimum
moisture contents (AASHO T 99) approx-
imately equal to their plastic limits.
Often the amount of moisture 1n those soils
can be judged closely at those moisture
contents at which a ribbon, thread, or
cube can beformed of the sample. Stand-
ard rules have not been written for those
means of appraising the amount of soil
moisture. They can be learned only
by practice and should be used by the
experienced.

Proctor Penetration

Needle. The
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Proctor penetrometer method of deter-
mining soil moisture is sufficiently ac-
curate for most field purposes. It con-
sists of determining the resistance to
penetration when the point is forced
steadily into the soil (when compacted
in the mold under a standard procedure)
at the rate of “z2in. per sec. to a depth
of 3 in. (25). The penetration resistance
must be measured in the mold and not in
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Figure 34. Density and penetration curves
(after ‘Public Roads”).

the rolled material. It can be used in the
rolled soil as an approximate means of
estimating density, provided the operator
has developed the experience necessary to
interpret density by that means. Ex-
amples of density-moisture relations and
relation between penetration resistance
and moisture are shown in Figure 34.
Caution should be taken in the use of
the penetrometer. If the soils contain
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Wet-weight - dry-weight relationships for determin-

1ng moisture content from in-place wet densities and laboratory
moisture-density data (after Goldman).

gravel, the penetrometer is apt to give
erroneous results. It may be seen from
Figure 34 that the penetrometer becomes
less and less sensitive to moisture
change the wetter the soil becomes above
optimum.

When laboratory moisture-to-density-
relationship curves are available, the
moisture content and dry density can be
estimated with reasonable accuracy with-
out the aid of the penetrometer by using
the wet weight of the soil after recom-
pacting it in the mold after obtaining the
in-place wet density.

First, the lines showing the wet den-
sities corresponding to various com-
binations of dry density and moisture con-
tent are drawn on the graph of the dry-
density - moisture - content relationships
as indicated in Figure 35. The following
example will illustrate the method:

A soil sample from the rolled earth-
work was found to have a wet density of
115 pcf. The same material taken from
the rolled earthwork was recompacted in
the compaction mold to determine the re-
compacted wet density. The recompacted

wet density was found to be 120 pcf. That
density line intersects the dry-density
curve at 101. 5 pcf. (dry weight) and 18. 2
percent moisture. Since the samples
were identical in moisture content, that
of the rolled earth-work was also 18,2
percent. The wet-rolled density of 115
pcf. corresponds to a dry density of 97.3
pcf.

Drying to Constant Weight. The most-
accurate method of determining mois-
ture content is that of drying to constant
weight in an oven at a temperature of 110
C (230 F,) - see AASHO T 99-49. 1t is
not often that temperature-controlled
ovens can be set up on construction pro-
jects. Small ovens which can be heated
by gasoline stoves can be used. Another
alternate is that of drying in an open pan
over a stove. These methods can be
handled satisfactorily only if the operator
1s cautious in keeping the temperature
under control and does not overheat the
soil.

Evaporating to dryness may be done
in accordance with the following procedure:

1. Obtain a representative sample of




about 100 grams or less, the size to be
convenient and within the accuracy of the
scale used.

2, Weight sample and record weight.

3. Spread soil to uniform depth in a
pan.

4, Place in oven or, if drying over
burner, place in a second pan to aid in
preventing burning.

5. Dry toconstant weightat a temper-
ature of 230 F. (110 C.). If over stove,
stir often to prevent overheating.

6. Allow tocool sufficiently to handle.

7. Compute moisture content as
follows:

Percent _ wt. wetsoil - wt. dry soil
< = x 100
moisture wt. dry soil

The alcohol-burming method may also
be used to evaporate to dryness. That
method consists of mixing damp soil with
sufficient denatured grain alcohol to form
a slurry in a perforated metal cup, 1gnit-
ing the alcohol, and allowing it toburn off.
The alcohol method will produce results
equivalent to those obtained under careful
laboratory drying. A perforated metal
cup (26) is used for drying the soil. The
suggested procedure is as follows:

1. Weigh perforated cup with filter
paper in place in bottom. Record weight.

2. Obtain representative sample of
about 25 to 35 grams.

3. Place sample in cup and welgh
sample and cup and record weight.

4, Place perforated cup 1n outside
metal saucer and stir alcohol into the soil
sample with a glass rod until the mixture
has the consistency of a thin mud or
slurry. Clean rod.

5. Ignite the alcohol in saucer and
sample and burn off all alcohol.

6. Repeat the process three times,
each time completely burning off the
alcohol.

7. Weigh perforated cup and dry soil
after third burming. The weight of dry
so1l equals this weight minus weight of
cup and filter.

8. Calculate moisture content as shown
under the previous method shown above.

There are other methods which can be
used for field determination of soil mois-
ture. One of these, proposed by Bouyoucos
(27) and further developed by Bonar (28)
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consists of thoroughly dispersing the soil
in alcohol and determining the amount of
water removedfrom the soil by the alcohol
by measuring the change in specific
gravity of the alcohol by means of a
hydrometer.

Another method (29) involves the use of
a pressure-type volumeter which can be
used t0 measure the volume of specimens
and to determine the percentage of water
in the soil by means of air pressure.

There are several other methods for
determining soil moisture which are in
the developmental stage but which have
not been used sufficiently to test their
reliability. Each of the methods de-
scribed above 1s reliable. There 1s some
difference in the relative accuracy of the
methods. Drying to constant weight at a
constant temperature of 110 C. 1s the most
reliable. The alcohol method is equally
reliable if at least three burnings are
used. The penetrometer and the wet-
density methods are reasonably quuck ways
of estimating moisture content and are
not intended to yield values having the ac-
curacy of the drying methods. They can,
however, if used by experienced op-
erators, be made to yield values within
one or two percentage units of the correct
value where care is taken in their use.

In-Place Density Measurement. There
are a number of methods which are suit-
able, both 1n speed and reliability, for
use in determining in-place wet and dry
densities of soils. Standard methods of
Testfor the Field Determination of Density
of Soil In-Place, AASHO Designation T
147-49, providesprocedures for two gen-
eral methods, namely; the undisturbed-
sample method and the disturbed-sample
method.

The undisturbed-sample method con-
sists of removing a sample in as nearly
as is practicable the undisturbed state.
Properly designed sampling tubes will,
in most instances, cause only very minor
changes in soil moisture content and
density. The method of obtaining a sam-
ple with a minimum of disturbance con-
sists of removing the soil, by use of
small, sharp hand tools (for example,
a kmfe) from around a column of soil.
The column of soil may then be coated
with a known weight and volume of paraf-
fin and the volume of the column deter-
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Figure 36. Typical moisture-density

curves (prepared by Ohio State Highway

Testing Laboratory from tests on 10,000
Ohio so1l samples).

mined by means of a syphon-type over-
flow volumeter.

The disturbed sample method consists
of digging a hole and removing the soil
by means of an auger or small hand tools
(for example, a spatula and a spoon),
weighing the removed moist soil, and de-
termining the moisture content and the
dry weight of the so1l thus removed. The
volume of the hole represents the volume
occupied by the soil. That volume may
be determined by means of dry sand or
oil of known volume-weight. The rubber-
pouch method has also been used. The
procedures for measuring volume and

computing density from volume and weight
measurements are generally similar for
various methods and are not given here.

Nearly all methods have some weak-
nesses. Each method must be used with
anunderstanding of its shortcomings. The
sand method is rehable if:

1. The means of depositing the sand in
the test hole is umformfrom time to time
for dufferent operators. The cone method
of depositing the sand has given good
results.

2. The sand is cahbrated frequently
to determine its weight per cubic foot.
That weight may vary some from hour to
hour with changes in temperature and
humidty.

3. The sand is uniform in size dis-
tribution and yields consistent results.
Standard Ottawa sand has given good re-
sults. Some operators havefound screen-
ed concrete sand (usually passing the No.
10 sieve) to deposit to a uniform density.
Others use sand fractions, usually be-
tween No. 10 and No. 40 sieve. The im-
portant thing is to test for uniformity in
deposition.

4. Thereare no large aggregates pro-
truding from the edges of the hole which
cannot be surrounded with sand or there
areno large cavities which cannotbe filled
by the sand depositing to its natural angle
of repose under the method of deposition
used.

5. There is no jarring which wll
settle the sand, either in the test hole
during measurement or in the container
during calibration.

6. Care is taken topreclude soil from
reused sand.

The oil method 1s not satisfactory in
materials which are so porous that oil
permeates into cavities adjacent the test
hole. The rubber-balloon method is ac-
curate only if sufficient air pressure is
used to insure that the rubber membrane
completely surrounds protruding aggre-
gates and completely fills the test hole.
The undisturbed - sample - overflow - vol-
umeter method has no value in soils so
friable they will not hold together. The
drive-tube method, sometimes called the
"undisturbed - core method," loses 1its
value unless 1t produces a core of length
equal to the depth of removed material.

Moisture - Density Relationship. De-




Plasticity Needle Penetration Resistonce

Moisture Gontent - Percent of Dry Weight

2 4 6 8 10 12 14 16 18 20 22 24
3200 -I'\
3000 : N
2800 AN
| A\
2600 T ‘\\\
1 AN
2400 ' \\ N
2200 T MY N
52000 | T ™
[ 1
= 1800, T T
® " » \
5 1600 ! ‘i”‘ o AR
S Needle 'sﬁ'sou_ N }
@ 1400 Gurves; Lyype"c"soll = 2
5 1200 L Type"&'Soll
e 1000 | 600103250 1 | \\_
° 1 | Needle Vkl:rklno Range
3 600 T | 1 Type"8"Sail “IC
% 600 L €00 fo 2250 |y
I I Needle Work Range 1
400 ] t | Type'C'Soil — <
20 t 1 | 600 to 1600 =
) | i Needle Range ~~le
1] 0 I 1
' | \ N
ner- ' L N
Maximum Field' ;:?;‘gﬂl 1 ‘f,’/ )
na Roller Curves : y po'b"Sol! ,{ _', ,;IR
. e A
I VA 17 10!
ne 7117 t
I /|/ / I( / / 1
[ | 4 /
. lee®® Dy {
s 10 ssxspgjy b 7 t
k: SO vl el !
L2 108 3 nd 2# l
-] W~ t
a Y ! A 943 1
S | 7' '
4 - L L4
106 t y
@ 0‘\“‘ 4 "\ /
2 .‘00/!‘/ II N / a2
é 104 “‘9'./ + \ Vi : \ / 1
’ e | \ /:\ [ \ |
£ | 0@*’ | VAR
202 L a8 + N __(Type C'Soil! ATTENTION
3 o . 1000%-77.3% Roller curves move down \
» Wl i Working Range and to the right as mois-
S 0ol— W% B TypelP' Soil ! ture ceases to be uniformly
2 1 100.0%-58.5 % of Opt.  distributed in the soil.
| Woglno Range , I
98 1 Type & Soil | {-
1000% to 33.3% gf Optimum Moisture
| Working Range |
96 I 1 1

2 4 6 8 10 12 14 16 18 20 22 24
Moisture Confent - Percent of Dry Weight

Figure 37. Sample embankment-control curves for typical curve
chart, sets A, B, and C, Noverber, 1941, (after ‘Wyoming Soils
Manual, *' 1949).

43



44

termination of optimum moisture con-
tent and maximum density 1n accordance
with AASHO Method T 99, or some mod-
fication thereof, can be determined by
test 1n the field laboratory as well as 1n
the central laboratory. However, 1t is
often necessary to make determinations
more rapidly than can be done by Method
T 99 or some modification of it. One
method for rapid determination of opti-
mum moisture content and maximum den-
sity is that developedin Ohio by Woods and
Litehiser (30). They found that moisture-
density curves have characteristic shapes,
the curvesfor the higher-weight materials
assuming steeper slopes and their maxi-
mum densities occuringat lower optimum
moisture contents. Most soils having
similar maximum weight per cubic foot
give 1dentical moisture-density curves.

In the original set, based on 1,088
Ohio so1l samples, 9 typical curves were
used. The samples tested were placed in
groups depending upon their wet-weight
peaks. As additional tests were made,
additional typical curves were added. The
set 1n current use, based on 10, 000 tests,
1s shown in Figure 36.

In determining the type of curve to
use for the soil 1n question, two easily
made steps of the field test for embank-
ment control are required. The first
consists of compacting the soil, for which
the density curve 1s desired, into the
density cylinder in the standard manner
and calculating the wet weight per cubic
foot. The second consists of determining
the penetration resistance and then noting
all possible typical curves in Figure 36
upon which the wet weight per cubic foot
1n the cylinder just obtained falls and the
moisture content at these points. The
molsture contents from the wet-weight
and penetration curves which most nearly
coincide designate the curve which most
nearly approaches the true curve for the
material.

Example

Let 122 pcf. equal the wet weight and
800 psi. equal the penetration resistance
of the soi1l compacted 1n the density cyl-
inder. Tabulating the moisture content
at which the various wet-weight curves

cross the 122 pcf. line and the 800 psi.
penetration line in Figure 36 gives:

Moisture Content

Curve Moisture Content
at 122 pef. at 800 ps:.
P 17.5 18.4
Q 19.5 19.3
R 22.5 20.5

An examination of the above values
indicates that a moisture content of 19.3
to 19. 5 denotes Curve Q as the one which
most nearly fits the so1l in question.

Wyoming (31) adopted 20 curves and
made some revisions. It found that the
moisture content, as determined by dry-
ing, often was at variance with the mois-
ture content indicated on the standard,
typical curve chart at the point where the
needle penetration readings and the wet
weight per cubic foot would line up verti-
cally on a needle-penetration curve and
wet-weight curve of the same number.
That indicated difference in moisture con-
tent would change the corresponding dry
weight.

Soils having practically the same maxi-
mum dry weight would sometimes differ so
much in the slope of curves to the left of
optimum that it would not be possible to
arrive at a correct maximum dry weight
and optimum moisture content unless the
penetration reading and wet-weight de-
terminations were made at nearly opti-
mum. Figure 37 indicatesthe typical dif-
ferent curve slopes on the dry side of
optimum for soils whichhave similar max-
imum density and optimum moisture con-
tent. To correct for those differences,
two additional sets of typical curves were
prepared. * One of these had flatter-than-
normal forward slopes (Type A in Fig.
37) and the other had steeper-than-normal
(Type C in Fig. 37). The differences in
moisture content were accounted for by a
special moisture graph placed above the
wet - weight and penetration - resistance
curves.

After a sufficient number of four to
si1x point curves has been determined by
test to establish thetype of curve (A, B,
or C), the number of points may be re-

* Because of space required for the three sets of 20 typical
curves, they are not reproduced here
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duced to one to three and the correct
curve (or tabulated data) used for as-
sociating the penetration resistance and
wet weight to obtain the correct dry
weight.

It was found from the typical curves
that the amount of field moisture re-
quired to secure the same percent of
compaction with the roller varies with
the curve type, i.e., it is necessary to
work ina narrower moisture range closer
to optimum with steep-curve soils (Type
C) than with flat-curve soils (Type A). A
method was developed for calculating the
approximate minimum moisture content
required for a sheepsfoot roller having a
contact pressure of 325 psi. to obtain 90
to 95 percent of maximum dry weight in
the field when the moisture is well dis-
tributed through the soil and lifts are 5 in.
or less loose depth.

Determination of the minimum moisture
content is done by (1) determining the
curve type, (2) selecting the percent of
maximum dry weight which will define
minimum moisture-content requirements,
(3) plot the dry weight thus obtained (see
Fig. 37) on the dry side of the dry weight
curve. The vertical line through that
point (Fig. 37) indicates the minimum
moisture content. The 95 percent -den-
sity point, which is usually about the
maximum that can be expected from the
roller, is plotted on this line of mini-
mum moisture content.

The working moisture content is the
average of th¢ minimum and optimum
moisture contents. The working range
is between the two values as is indicated
in Figure 37.

Correcting for Coarse-Aggregate Con-
tent. The present AASHO Method of Test
T 99 requires separation of the dried
material on the No. 4 sieve and compac-
tion of that portion passing the sieve. It
does not provide for determination of the
compacted weight of the total soil (in-
cluding the plus-4 material) exther by test
or by computation. The same is true for
the corresponding ASTM Test D-698-42T.

Where 1t is desirable to calculate the
weight per cubic foot and optimum mois-
ture content for the entire sample it is
necessary to determine the specific
gravity and absorption of the coarse ma-
terials. Data from the compaction test

on the material passing the No. 4 sieve
and from specific gravity and absorption
tests can be used for determining, by
calculation, the theoretical maximum
dry weight and optimum moisture content
of the entire sample.

Case 1. Where the minus-4 material
is sufficient in quantity to fill the voids
in the plus-4 material.

The maximum dry weight of the total
soil is computed from the following
formula: ‘s

foWc

W=-on~ ¢
t FWc+CWc(l+Ac)

where

Wt = Dry weight per cubic foot of entire
sample at its optimum moisture
content.

Wf = Dry weight per cubic foot of minus-
No. 4-s1eve material at 1ts optimum
moisture content.

Wc = Weight per cubic foot of plus-No. 4-
sieve material = sp. gr. x 62.4 =
153.5

F = Percent minus-4 material expressed
as a decimal.

C = Percent plus-4 material expressed
as a decimal.

A =Percent absorption of plus-4 ma-
terial expressed as a decimal.

If test data:
Remain on No. 4 Sieve
35% = 0.35
2,46 = sp. gr.

Absorp. 3% = 0. 03

Pass No. 4 Sieve

65% = 0. 65
N 117. 4 = pcf. dry wt.
opt. m.c. =17%
Then:
W 117 4 x 153.5
.66 x153.5+.35x I17.4(1 +0. 03)
18020.
= 139203 = 126. 82 pef.

The optimum moisture content of the total
material will be:

Mt = (CAc + FM,) where

f




Mt = Moisture content of the total soil

C "~ = Percent retained on No. 4 sieve ex-
pressed as a decimal

A = Percent absorption of material re-
tained on No. 4 sieve expressed as a
decimal

F = Percent passing the No.
expressed as a decimal

Mf = Moisture content of minus-No. -4-
sieve material expressed as a deci-
mal

4 sieve

The umt dry weight of the minus-No. -
4-sieve material can be computed from
the formula:

W - F Wt Wc
f Wc-WtC(1+Ac)
If the test dataare as givenabove then:

W, = 0. 65 x 126. 82 x 153. 5
f 153.5 - 126.82 x 0. 35 (1 + 0. 03)

_ 12653.5 _
{0778 117. 4 pcf.

The moisture content of the minus-

No. -4-sieve portion will be
M-CA
M. = t c

f F

The percentage of rock, moisture con-
tent, and dry weight per cubic foot may
vary from one individual sample to an-
other. It is desirable to compute the
moisture and density relationships be-
tween total samples and the minus-No. -
4 fraction and construct families of curves
for different values of moisture content
and percent rock. Such charts have been
prepared by Shockley (32) and are re-
produced here as Figures 38 and 39. The
curves are for coarse aggregate (plus-
No. -4-s1eve material) having a specific
gravity of 2.46 and an absorption value
of 3 percent. The use of the curves is
1llustrated by the following example:

Given: Unit dry weight of total sample
= 120 pcf. Plus-No. -4-sieve material =
50 percent. Moisture content of total
sample = 15 percent.

To determine: (A) Unit weight of
minus-4 material. On Figure 38 enter
the scale on the left side of the chart at
120 pef. and continue across to the inter-
section with the 50 percent plus -4-ma-
terial line. From that point read direct-
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ly down to the bottom of the scale to 100
pcf. which is the umt weight of minus-4
material desired.

(B) Moisture content of minus-4-
sieve material. On Figure 39 enter the
scale on the left side of the chart at 15
percent moisture content and continue
across to the intersection with the 50-
percent-plus-4-sieve line. From that
line read directly down to the bottom of
the scale to 27 percent, which is the
moisture content of the minus-4 ma-
terial.

Case 2. Where the minus-4-sieve
material is insufficient to fill the voids
in the plus-4 material.

Acceptable subgrade and fill material
and base-course material can be obtain-
ed in which the minus- No. -4 material
1s not sufficient to fill the voids in the
plus-4 material. Reagel (33) has de-
veloped a chart and a nomograph to fa-
cilitate determination of standard dry
weights for that condition. The chartis
reproduced in Figure 40 and the nomo-
graph in Figure 41.

In the chart, the dry weight of the
minus -4 material has been determined
as 112 pcf. and the specific gravity of the
plus-4 material 1s 2.55. The first step
15 to locate Point A in the parallelogram
of the chart at the intersection of the 112-
Ib. value with specific gravity of 2.55.
This point on the coordinates is the con-
dition where the plus-4 voids are just
filled and shows the percent passing the
No. 4 sieve to be 33.5 percent and the
combined dry weight to be 139. 4 pcf. The
material 1n question has only 32 percent
passing the No. 4 sieve. Then locate
Point B by a 2. 55 line in the parallelo-
gram to a point at the intersection of 32
percent on the coordinate. The point on
the other coordinate gives Point C and
the solution as 135. 7 pcf. for the stand-
ard weight of the combined material.

In the case of the nomograph (Fig. 41)
the specific gravity given 1s 2. 45 and the
dry weight of the minus 4 material is
again 112 pcf. A straight hine connecting
these values givesa value of 34. 7 percent
(Point A). The material has only 33
percent passing (Point B) which is less
than 34.7 percent. A straight line from
Point B through the specific gravity value
of 2,45 intersects the combined weight



48

Percent Passing No.4 Sieve - By gﬂeight
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Figure 40.

Combined dry-weight per cubic foot of rolled-stone

base or stabilized-aggregate base when amount passing No. 4 sieve
equals or 1s less than the voids (42 percent by volume) of the

plus No. 4 material.

The 1ntersection of the coordinates of the

parallelogram gives the conditions of minus No. 4 material ex-
actly sufficient to fill the voids in the plus No. 4 material
(after Reagel).

line at 131. 9 lb. whach is the standard dry
weight per cubic foot for this material.

There are physical limits to any method
of calculation of the influence of material
coarser thanthe No. 4 sieve on the weight
per unit volume (in pounds per cubic foot)
of the total material. Theoretically, as
the content of coarse aggregate is in-
creased, the density of the total ma-

terial increases until, at 100 percent
coarse aggregate, the unit weight is that
of solid rock. Practically, according to
Abercrombie (35) and also according to
Walker and Holtz (34), the weight of the
total material begins to decrease when
the coarse aggregate reaches some value,
ranging from about 50 percent to 65
percent, until the proportion of coarse
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Nomograph for determining combined dry-weights of
base materials (after Reagel).
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aggregate approaches 100 percent, when
the unit weight approaches the unit weight
for the coarse aggregate alone.

CURRENT PRACTICES IN COMPACTION
METHODS AND EQUIPMENT

The Committee on Compaction of Sub-
grades and Embankments of the Highway
Research Board made its first survey of
compactionin 1942. A second survey was
made in 1946 and a third in 1951 and 1952.
Data from the 1942 survey were published
in Highway Research Board Wartime Road
Problems 11, "Compaction of Subgrades
and Embankments" August 1945. Data
from the 1946 survey were published in
Highway Research Board Bulletin 5,
"Report of Committee on Compaction of
Subgrades and Embankments’ (1946).

The 1951-52 survey attemptedto obtain
similar data to those obtained in previous
studies to determine if any trends were
apparent incurrent practices. Inaddition,
the 1951-52 study included summanes of
current state highway standard specifica-
tions for compaction equipment and on
methods of compaction of backfill of
structural excavation and trench backfill.

The 1951-52 survey was broadened further
to include data on compaction of granular
bases to make this report of current

TABLE 19
LIFT-THICKNESS REQUIREMENTS BY REGIONS
Thickness of Layer Number of Organizatians
Before Compaction | Total I In Each Regaon
wn
3-5 1 1 - Mountain
6 13 1 - Pacifac
1 - Mountain
3 - Mddle East
4 - Southeast
4 - North Central
6-8 1 1 - South Central
6-8-24 1 1 - Pacafac
8 14 S - Middle East
1 - Southeast
1 - South Central
6 - Mountain
1 - Pacific
9 1 1 - Mxddle East
9-12 1 - Northeast
12 10 7 - Northeast
1 - Maddle East
1 - South Central
1 - North Central

Note Underlined figures qive

pacted depth,r g figures
give depth before compaction

Fagure 42.

Current practices:*

depth of laft.



practices more nearly complete. Report-
ing of the data from the 1951-52 survey is
made on the same regional basis as was
made in 1942 and 1946.

Lift Thickness in Embankment Construc-
tion

The 1946 report brought out that there
was a wide variance in lift thickness and
showed that a majority of state highway
departments specified a maximum lift
thickness of 6 to 8 in., 17 organizations
using a 6-in. -maximum and 13 using an
8-in. -maximum lift thickness. Those did
not include 7 organizations which had
more than one class of specifications, one
of which fell in the 6-or 8-in. -depth
group. The report also showed 8 organ-
izations which used a 12-in., -maximum
depth of lift. The 1942 and 1946 reports
did not bring out whether the depth of lift
was depth before compaction or compacted
thickness.

The 1951-52 survey showed that of
the state highway departments and the
District of Columbia, 42 organizations
specify thickness of lift before compac-
tion and 7 specify thickness of lift after
compaction.

A summary of lift thickness requre-
ments of the 42 organizations by regions
is given in Table 19.

Seven states specify compacted thick-
ness. Six requre 6 in. of compacted hft
thickness, and one has two classes of
compaction - requring 6 and 12 in. of
compacted depth respectively. Those
states are all in the East.

The states specifying the 6-in. lifts
(before compaction) specify slightly lower
average density requirements than does
the group which specifies the 8-in. loose
depth. That may be due inpart to the fact
that those states contain fairly large
areas of clayey soils which are difficult
to compact to high densities.

It is significant that 7 of the 10 states
requiring a 12-in. depth before com-
paction are in New England, where gen-
erally the soils contain high percentages
of coarse material, and where fine-grained
soils are friable and can be compacted
in lifts of greater thickness than can
heavy clay soils.
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Control of Compaction

Embankments. Compaction and mois-
ture control requrements for embank-
mentshave changed some, butnot greatly,
since the 1946 report. The results of the
1951-52 survey are given in Table 20 and
in Figures 42 and 43.

Subgrades. The 1951-52 survey sought
information on methods of specifying
compaction and moisture control for sub-
grades. The results of the survey are
shown in Table 21. Thirty-four organiza-
tions indicated compaction requirements
were no different from the requirements
for embankments. The remaining replies
indicated that closer attention, more rigid
control, was being givento obtain compac-
tion and moisture content in subgrades.
Several states specify higher compaction
for subgrades. Table 21 shows a wide
variance in depth of compaction in the
subgrade zone. In most instances the
depth was given as 6 in. or was considered
as surface rolling. Othersrequired com-
paction to a depth of 8, 12, 18 and 30 1n.,
as may be seen in Table 21.

Bases. Previous surveys did not re-
cord the compaction given granular bases
(stabilized bases, clay-gravel bases, and
sand-clay bases and other bases of natural
aggregates; this does not include crushed-
rock bases norbases containing plastic or
cementitious binders). The 1951-52 sur-
vey indicates that about three eights of the
states provide for greater compaction of
bases than of embankments (see Table 22).
That is accomplished by decreasing lift
thickness, 1increasing roller weight,
specifying higher densities, or otherwise
exercising more rigid control of rolling.

Cost of Compaction

Compaction is paid for directly in 12
states at an average cost for each state
ranging from 3% to 25 cents per cu. yd.
with an overall average cost of shghtly
over 9 cents per cu. yd. Six of the e-
leven are from the Mountain States re-
gion; two from the South Central and one
each from the Northeast, North Central,
and Pacific areas. In the remainmng
states the cost of compaction is 1ncluded
1n the bid price for excavation and borrow



TABLE 20
CONTROL OF LAYER THICKNESS, COMPACTION AND MOISTURE CONTENT IN EMBANKMENTS

Region and State

CONTROL OF COMPACTION

CONTROL OF MOISTURE CONTENT

Thickness of Layer

Compaction Requirement and .
Com- measurement Baais for control Provision for drying excessively wet soils
Loose acted
(inches) inches)
NORTHEAST
Connecticut 12 max Saﬁsfnctfry Min 90% AASHO T 99 in | Not speafied Not speafied directly
18] cases
Maine 12 max Satisfacto Not specified Not specified direetly
Massachusetts 12 max Min 90% AASHO Modified Not spearfied Ntl)t s"ﬁlclgec}i dlrectly Moistu.re content
imi y denaity
Michigan 12 max (1) Under 121n layer method—satisfactory As required to obtain density 1I necessary to obtain gens’lty Also select
9 max (2) Controlled density method Min 95% | As required to obtamn density material having rsroper moisture content
AASHO T 99 for fine grained soils to replace wet sof
Min 95% Michigan cone method for granu-
lar matenals
New Hampshire 12 max Satisfactory Min 6 passes of tampin; type Not specified May be ordered to suspend work
roller when “special compaction” n-
cluded 1n special provisions
New York 6 Av Min 90% AASHO Sufficent to obtain required density Yes
Rhode Island 12 max Satisfactory Not specified Not specified directly
Vermont 12 max Sam(actoll;y Roll unu‘l roller 1s entirely sup- | Not specafied Not specified directly
y tamping feet
‘Wisconsin 12 max Until no lurthel? compaction 13 evidenced | Visual Matenal to be dried when excessively wet.
under rollers
MIDDLE EAST
Delaware 6 max Min 95% of Modlﬂed AASHO =+ 109, of optimum Yes By manipulation.
Distnet of Columbia 6 max 90'}1(:)01% AASHO T 99 (See compaction | At least equal to optimum Yes By manipulation
able 1)
Illinois 6 max MK:Ago% Max density on wet wt curve | Shall not exceed 110% of optimum Yes No additional material may be placed
Indiana 9 max Min 969, AASHO T 99 for soils As req d to obtain d As required to obtain density
Kentucky 12 max Min 9lo% AASHO T 99 for granular ma- | As required to obtan density As required to obtain denmity
terals
Satisfactory Sprinkling required by engineer Yes "eghnll be permitted to dry before being
Maryland 8 max 90-1009, AASHO T 99 (see ion | Sprinkling if required by Yes Shall be permitted to dry to a mos-
Table 2) ture which will allow eompaction Must
not be above 2 percentage points above
optimum percentage
New Jersey. 6 (8 passes of sheepsfoot roller), (5 passes o( Not specified If too wet to support 3-wheeled roller is
pneumatic tire roller), (4 considered necegsary to dry
wheel 10-ton roller), 90—95% AASHO T 99
(special projects only)
Ohio 8 max 90-102%, AASHO T 99 (see 1on | Sprinkling if y to obtain density Yes Dried to moistura content not greater
Table 3) than optimum + 2
Pennsylvama 8 max Satisfactory Not specified Yes Wet matenial if suitable when dry
shall be allowed to dry
Tennessee 6 Mmn 95% AASHO T 99 Optimum moisture content Air dry excessively wet mlls on job
Virginia 8 max Minimum 959, AASHO T 99 Optimum moisture content Yegd Drylﬂg or mixing with dmer soils
ore rolling
‘West Virginia 8 max 90'}10bol% AASHO T 99 (see compaction | As required to obtain density Yes Drying until density can be obtained.
able 4
SOUTHEAST
Alabama 8 max 95-1009;, AASHO T 99 (1009, 1n top layer) | As required to obtain density Yes. By windrowing
Flonda 6 Avemgle 95'7/,;'0 o(gModlﬁed AASHO with no | Not speaified
test less than
Georgia 6 max Min 956% AASHO 91‘ 99 As required to obtain density Yes. gly drying until density can be ob-
tain
Mssissippy 6 max M}\nE ’?0‘% AA§HO T 99 for clay soils, Min | Satisfactory As required to obtain density

(44



SOUTH CENTRAL
Arkansas
Louisiana
Oklahoma
Texas
NORTH CENTRAL

Iowsa

Kansas

Minnesota

Missoun
Nebraska

North Dakota

South Dakota

MOUNTAIN
Arizona
Calorado
Idaho (c)

Montana
Nevada
New Mexico

Utah
Wyoming

PACIFIC

California
Oregon

‘Washington (1)

&

12 max

(X1
g8
b

12 max

12 max

6 max

8 max

8 thax
8 max

8 max
8 max

5 max

8 max
6 max

24 max

8 max
6 max

S Pddd il velbide 1 YImax )

6 max
6 max

6 max
6-12

6 max

VI vV /9 ROV 4 Jv uliutl fiplh Wypv
pavement

Satisfactory

Min 959 AASHO T 99
Not less than 909, AASHO T 99
Mimmum 90 to 160% AASHO T 99

Usually to satisfaction of engineer

Some
pereentage of modified AASHO 1n 1

WhRUUIA VY

Moisture must be such that soil will com-
pact properly

959, of optimum

When directed by engineer

For special projects 1n gumbo so1l slightly
above to 5% below optimum

Usually-—as directed by engineer  90-110%,
of op in | cases

Type A—Mm 90%, AASHO T 9

Type B—Compactlnn until roller feet nde
surface of compacted hft

Type C—6-16 passes of sheepsfoot type
roller

until no evid

Sufficient to 1nsure good bonding
Sufficzent to mnsure good bonding

Suffieient to 1nure good bonding
Not fied

(1) Ordinary
of further compactios
(2) Speafied denmty method Generally
97-98 AASHO
Mmn 90% AASHO T 99
Min 90% AASHO T 99 (Except 1n sand
hill region where oompactlon wnth con-

As required to obtain denaity
As required to obtain density
90% optimum = 4

Same as for extra compactlon except no
values nor

structlon 18
S d i ling with sheep:
foot roller until no further 18
v obtained

Min 95% AASHO T 99 when extra compac-
tion 1s specified on plans

Compaction until tampmf feet do not pene-
trate appreciably 1n so1

48 iyl i Wo welb

Yes, s0 soil will eompact properly

Yes
Y
£ rollin, diately
“after bemilbrought to uniform mouhue
content o particular method of dry-
ing specifi

Yes

Yes, by mampulation
Yes, by manipulation
Yes, by manipulation
Not speafied

As required to obtain denmty.

As d to obtan d t
See Basa for Control

Y«aL Dr;gng until demired compaction is

stated Provision for watering dry smls
Molisture content as determined by the

Min 959% AASHO T 99 sp
provisions for esh fills and fine gramn soils.
Min 90% Modlﬂ AASHOT 99 95%on

(a)’;so-loo% AASHO T 99 (see Compaction
Table 1)

(b) Compaction by routing all transporting
and earth moving equipment over entire
width of each layer

(c) Snme as (b) above except top foot shall
l nat.ru in layers not exceeding 4 1n

1ckness
90'}1('{:)% AASHO T 99 (see Compaction

Min 90% Calfornia method 85% on some
secondary roads

Min 95% on soils having AASHO T 99 max-
imum aenmty less than 120 p e f

Min 90% on soils havin; AASHO
maximum density more than 120

90 to 1007, AASHO T 99 (See
tion Table 4)

Non-rolled emban} (C
construction equipment.)

Satisfactory Try to obtain mimmum 929,
AASHO T 99

ompae-

ted with

Min 90%, California method
AASHO T 99 mntop 3 ft Min
90%, below 3 ft

(1) Satisfactory compaction by routing com-
paction equipment

(2) Satisfactory compaetmn by rollmg

(8) Minimum 959, AASHO T 9!

engineer
Not speafied Sprnkl as ordered by
engineer

fied by Not specified, but sprinkl is provided for

Optimum =+ 2% is objective
Approved moisture content
Satisfactory to engqineer

Satisfactory to engineer

Not fled Asd d by

Not specified As directed by

Yes Drying until specified compaction
can be obtamned
Yes As directed by engineer.

Yes
Yes.
Provision for drying
Provision for drying

Provimon for drying

Yes. Drying to proper conmstency
Not fied

Optimum to optimum minus 5%,
Optimum to optimum minus 6%

Based on optimum Ranges from & to 20
As directed by engineer

As directed by engineer

Op d to obtain d
As dlrected by engmeer

Not specified

Not speafied

Optimum + 3%

Yes. Drying to permit acceptable compae-

on
Yes. Drying to permit acceptable compac-
tion,

Yes.
Yes Permitted to dry when posmble
Not specified.

Not speafied
Optimum + 3%

(a) Using modified AASHO on some current p!
(b) 12 in maximum in zone more than 8 ft. below surface of embanl t 6

1 top 8 ft of fill.

£¢
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EMBANKMENT COMPACTION REQUIREMENTS
TABLE 1

Standard of Compaction or Maximum De
T 99 (P

CF.)

nsity obtained by AASHO Method

Minmimum Compaction Required
(Percent of Maximum Density)

89 9 or less
90t0o 999

100 to 109.9
110to 1199
120 to 1299
139 and above

100
100

TABLE 2

CONDITION 1

Fills 10 ft or less in height and not subject to

extensive floods

CONDITION 2

Fills exceeding 10 ft 1n height or subject to long

penods of flooding

Maximum Laboratory Dry
Weight (PCF)

Mimmum Field Com-
paction Require-
ments (Percent of Dry

Maximum Laboratory Dry
Weight (P.CF.)

Minimum Field Com-
paction Requirements
(Percent of Dry

Weight) Weight)
89 9 and less *» 94.9 and less ok
90-99 9 100 96-99 9 100
100-109 9 95 100-109.9 100
110-119 9 95 110-119 9 98
120-129 9 90 120-129.9 95
130 and more 90 130 and more 95

#* Soils having maximum dry weights of less than 90 p ¢ f. will be considered unsatisfactory and shall not be used 1n embank-

nt
** Soils having maximum dry weights of less than 96 p c.f. will be consideréd unsatisfactory and will not be used 1n embank-

ment under condition 2 requirements.

TABLE 8

CONDITION 1

Fills 10 ft or less 1n height and not subject to

extensive flooding

CONDITION

2

Fills exceeding 10 ft 1n height or subject to
long periods of flooding

Maximum Laboratory Dry
Weight (PCF)

Minimum Field Com-
paction Requirements
(Percent of Labora-
tory Maximum Dry

Maximum Laboratory Dry
Weght (PCF)

Mimimum Field Com-
paction Requirements
(Percent of Labora-
tory Maximum Dry

Weight) Weight)
89 9 and less * 94 9 and less hod
90 0-102 9%+ 100 95.0-102 9 102
103 0-109 9 98 103 0-109.9 100
110 0-119 9 95 110.0-119 9 98
120 0 and more 90 120 0 and more 95

* Soils having maximum weights of less than 90 p ¢ f wall be considered unsatisfactory and shall not be used 1n embankment
** So1ls having maximum dry weights of less than 95 p e f will be considered unsatisfactory and shall not be used 1n embank-
ment under condition 2 requirements or 1n top 8 1n. layer of embankment which will make up the subgrade for pavement or sub-

base under condition 1 requirements

Soil, 1n addition to the above requirements, shall have a hquid limit of not to exceed 65 and the minimum plasticity index
number of soil with liquid imits between 35 and 65 shall be not less than that determined by the formula 0 6 Liquid Limt minus

TABLE 4

Maximum Density Obtainable by AASHO Method T-99-49—Pounds

Per Cubic Foot

Minimum Compaction Required—Per Cent
of Maximum Denaity

90-99
100-119
120 and over

100
95
90
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~ 5-95

90 Mod
o
90 M

(a) Minimum 6 passes of tamping roller
when special compaction 1s specified

(b) 8 passes of sheepsfoot roller
5passes of pneumatic tire roller
4passes of 3 wheel 10 ton roller

(¢} Usually to satistaction of engineers Some
percentage of mod AASHO n unusual cases

s-92(f)

90-100

$-90(d) 90

$-95

Sk
q. TG

4=0¢

5

of the

{d) Type A-90% AASHO T99 Type B-Satisfactory
Type G-6-15 passes of sheepsfoot roller

(e) I sahisf paction by earth moving equipment

{f) Try to obtain minimum ot 92 percent AASHO T99

a

Figure 43. Current practices ml

for embankments.

nimum compaction requirements

Values are percentages of AASHO T99-49 except

as noted.

and is difficult to determine. Five states
in which compaction is paid for indirectly
estimated its cost as ranging from 1 to 8
cents per cu. yd. with an overall average
of slightly over 4 cents per cu. yd.

Method of Testing

Nine of the states which conduct the
laboratory compaction tests reported us-
ing new samples for each point on the
compaction curve, the remainder of the
group reusing the remaining part of the
sample after the sample for molsture
content determination has been removed.

Eleven states reported using mechan-
1cal mixers for incorporating water with
soils for the laboratory compaction test.
Five of those adopted the Hobart food
mixer to that use; five used Lancaster
type of laboratory mixer widely used for
making test batches of concrete, most of
them using the 12-in. -diameter bowl with
the muller attachment; and one reported
using a specially constructed mixer in

which rubber-covered rolls operated at
different speeds to provide the mxing
action. That machine also provideda good
means of breaking down soils for making
the test.

Ovendrying or drying in open pans over
electric, gas, or gasoline stoves were
used in almost every state for drying
field samples for moisture - content
determination.

The sand method of determining the
volume of soils in the in-place density
test was reported in use in 25 states;
the rubber pouch, or "balloon," n 7
states; the volumeter method in 4 states,
and the 011 method in 2 states. Some of
the departments reported using more than
one method.

Backfilling of Trenches, Pipe Culverts
and Sewers

During July 1949 the commuttee spon-
sored the publication of a review of the
then current "State Highway Standard




TABLE 21

CONTROL OF COMPACTION AND MOISTURE CONTENT IN SUBGRADES

Region and State

_Compaction requirements and measuremd nts

Depth of subgrade compaction

In cuts

In previously compacted fills

Moisture control requirements

NORTHEAST
Connecticut
Maine
Massachusetts

Michigan
New Hampshire

New York

Rhode Island

Vermont
‘Wisconsin

MIDDLE EAST
Delaware
Dastriet of Columbia
Illinois

Indiana

Kentucky
Maryland

New Jersey
Ohio

Pennsylvania
Tennessee

Virginia
West Virginia

SOUTHEAST
Alabama
Florida

Georgia

Thoroughly and umformly compacted 10-ton
3-wheel roller.

Compacted 10-ton, 3-wheel or approved pneu-
matie tired roller.

Compacted self-propelled roller weighing not
less than 12 tons.

When required, same as for embankments

Rolled to a firm unyielding surface with 10-
ton, 3-wheel roller

Min 95 percent AASHO T 99 for top 4 ft be-
low crown grade, 2 ft wider than pavement
and downward and outward on 1 to 1 slope

Compacted umformly with approved roller
weighing not less than 10 tons

Compacted with 3-wheel power roller

Same as for embankments

Minimum 95 percent Modified AASHO
90-100 percent AASHO T 99 (See compaction
table 1-S

Compaction to the satisfaction of the engineer

Same as for embankments

Satisfactory  All soft and yielding material
replaced with suitable material

Compaction with tandem or 3-wheel, 10-ton
roller, also sheepsfoot or any other method
to secure required compaction

Same as for embankments

95-105 percent AASHO T 99 (See compac-

tion table 2-S)

Same as for embankments

Same as embankments Compaction per-
formed with 10-ton roller or pneumatic
tired roller

Minimum 95 percent AASHO T 99

Scanfied to not more than 4” and compacted
with 10-ton, 3-wheel roller to firm un-
vielding surface

Mimmum 100 percent AASHO T 99

Same as for embankments (Av , 95%, Modified
AASHO with no test less than 909,

Same as for embankments, Minimum (95%,
AASHO T 99)

Not less than 8 inches

Construeting equipment will
probably compact sufficiently
12 inches

Covered by special provisions 1n
special cases

Surface rolling
Min 6 inches

Excavate 9 ins below final grade

8 inches
4 inches

6 inches

12 if stabihization 13 required—
6 1f no stabilization 18 required
61n except 121n over sohd rock

No requirement

No requirement
12 1nch (old fills)

Same as for other locations

Surface rolling
Min 6 inches

6 inches max

8 inches
4 1inches

6 inches

6 inches

No requirements specified
No requirements specified
No requirements specified

Same as for embankments
No requirements specified

Sufficient to obtain density Same as for
embankments

No requirements specified

No requirements specified
No requirements specified

Optimum =+ 10 percent
At least equal to optimum
Provision for wetting or drying subgrade

As required to obtain density Must be
satisfactory at time of paving or placing
subbase

See compaction requirements

Soft, unstable material shall be removed

No requirements specified

Not greater than optimum -}-29, (see com-
paction table) Not greater than opti-
mum tn elastic solls

No requirements specified Excessively wet
material removed

Control by field and laboratory tests

Optimum moisture content
No requirements specified but must be firm
and unyielding

Only as required to obtain density Ma-
nipulation until dry enough to compact
Optimum used as guide only Provision for

drying
No requirements specified

96



Massissipp1

North Carolina

South Carolina

SOUTH CENTRAL

Arkansas
Louisiana

Oklahoma

Texas

NORTH CENTRAL

Iowa

Kansas

Minnesota

Mssouri
Nebraska
North Dakota

South Dakota

MOUNTAIN
Anzona
Colorado
Idaho
Montana

Nevada
New Mexico

Utah
‘Wyoming

PACIFIC

Cahforma

Oregon

Washington

Minimum 95% AASHO T 99

Thoroughly compacted with power driven
roller weighing not less than 330 Ib per
inch of width of tread

Same as for embankments (Min 909, AASHO
T 99 under high type pavements)

Same as for embankments

Sa¥eo92;s for embankments (959, AASHO

959 of Standard Proctor Density for sub-
grades

Same as for embankments (90 to 1009,
AASHO T 99)

Min 95% AASHO T 99 specified for sub-
grade for Flexible Type Pavement Sub-
grade rolling for rigid type pavement

Thoroughly compacted with approx 5-8 ton
tandem or 3-wheel rollers for subgrade for
PCC pavement

Type AA Min 959, AASHO T 99

Type AAA Min 1009, AASHO T 99

Same as for specified density method for em-
bankments according to special provision
(generally 97 or 98% AASHO T 99)

Same as for embankments (Min 909, AASHO

T 99)
Sa?%g for embankments (Min 909, AASHO

Same as for embankments (Min 959, AASHO
T 99 when specified)

Same as embankments

Same as for embankments (Min 959, AASHO
T 99 by special provision)

Same as for embankments except when sub-
grade 18 of selected matenals

Hagher comﬁactmn required 1in subgrades than
1n embankments (see Table 3-S)

Same as for embankments except last 10 ft
below grade on high fills

Same as for embankments

Sa'rrneggg for embankments (90 to 959, AASHO

Same as for embankments (90 to 1009
AASHO T 99)

Same as for embankments to a depth of at
least 6 inches

Min 909, Calhforma method eompaction 4 1n
compacted layers for 2% ft below profile
grade

Same as for embankments (95% AASHO T 99)

Same as for embankments

6 inches

6 inches where used

8 inches
8 inches loose

6 inches

6 inches

6 inches

61n to 121n

61 tol2m

Generally upper 12 inches

18 inches

6 inches

Standard scarify and recompact
to 12” to density of adjacent

fills
12 inches

6 inches when required
12 inches
12 inches

8 inches

6 inches
8 inches +

Min 6 inches

30 inches

Up to 22 1n 1n special cases

6 inches where used

8 inches loose
6 Inches

6 inches

6 inches

61n to12mn

61n to 12 m

Generally upper 12 inches where
required

18 inches

Same as for embankments

Same as'for embankments (stress
uniformity)

Secanfy 6 inches and recompact

6 inches when required
12 inches
18 inches

8 inches

6 inches
8 inches =4
Min 6 inches

30 inches

1 to 6 in (surface rolling only)

No requirements specified Soft yielding
materials removed

No requirements specified except at discre-
tion of engineer

Optimum = 3 percent

No requirements specified
959%, of optimum

Based on optimum

Same as for embankments (shightly above to
5% below optimum)

90 to 110 percent of optimum for flexible
sprinkling when necessary for rigid type

No requirements specified

As required to obtain density
As required Yo obtamn density
Min 809% of optimum

No requirements specified except as required
to obtain density
1009, + 3 (concrete pavements only)

As required to obtain compaction

No requirements specified Provisions for
drying 1f necessary to secure stable road-
bed

No requirement specified Engineer tries to
obtain approximately optimum
Optimum =+ 2 18 objective

No requirement specified except at direction
of engineer

Moisture control required as directed by
engineer

No requirements specified

Optimum to opttmum—5%
drying

Provision for wetting or drying subgrade at
direction of engineer

Requirements based on working range of

Wyoming A, B and C type curves

Provision for

Same as for embankment

No requirement specified Provision for
wetting or drywng
Optimum = 3 1n compaction Method C only.

LG
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SUBGRADE COMPACTION REQUIREMENTS
TABLE 1-8

Standard of compaction or Maximum | Mimimum compaction
Density obtained by Method AASHO | required (Percent of

9 (pef) Maximum Density)
90 to 99 9 100
100 to 109 9 95
110to 119 9 95
120 to 129 9 90
130 and above 90
TABLE 2-8

Minimum subgrade
compaction require-

Meaximum laboratory dry weight ments (Percent of

(p.cf) laboratory maximum
dry weight)
94 9 and less b
95 0-102.9 105
103 0-109 9 102
110.0-119 9 100
120 0 and more 95

= Soils with a maximum dry weight of less than 95 pef
shall be unsatisfactory for usé in the 6-inch compac soll
layer d ly b th the pa t and shall be replaced
with suitable soil or granular layer

The moisture content of all subgrade materials at time of
compaction shall not be greater than 2 percent over the opti-
mum. The moisture content at the time of compaction of
granular matenals containing 15 to 40 percent passing a number
200 sieve, of predominantly silty or sandy st soils for which
the plasticity index 1s less than 10, or other approved subgrade
material which displays pronounced elasticity or deformation
under construction equip t shall not d optimum

TABLE 3-8

Minimum field com-

paction requirements

Maximum laboratory dry weight | (percent of laboratory

(pounds per cu ft) determined dry
weight)

89 9 and less 100
90010999 100
1000 to 1099 100
1100 to 1199 100
1200 to 129 9 95
130 0 and over 95

Specifications on Compaction of Back-
fill of Trenches and around Pipe Cul-
verts and Sewers'" (36). That was done

as a result of the increasing quantity of )

work being done in urban areas. That
summary of practices in compaction of
trench backfill is included in this overall

review of current practices.
Compaction requirements can be placed

into two broad groups: those requiring
compaction of backfill but not specifying
density requirements and those controlling
compaction of backfill by specifying com-
paction to some minimum required
densaty.

Group A - Compaction Without Density
Control

Of the 48 states and the District of
Columbia, 41 specify that the soil shall be
tamped or that the soil shallbe thoroughly
or carefully, firmly or solidly tamped,
rammed or compacted. Nearly all specify
quality of compaction in terms of "to the
satisfaction of the engineer. "

Tamping Methods and Equipment. The
above group provides the following re-
quirements for tamping methods and
equipment (when 1naccessible to a roller).

Of these 41 states, 11 do not state
whether compaction of backfill shall be by
hand or mechanical methods, nor do they
state requirements for hand tamping
equipment.

Five states mention hand tamping but
make no mention of mechamical tamping.
Two of these 5 states list no requirements
for hand tamping equpment. One state
provides only that heavy iron tampers be
used. Two states require "heavy 1iron
tampers' having tamping faces not ex-
ceeding 25 sq. in. 1n area. Nine states
specify mechanical tamping only. Six-
teen states provide for either mechanical
or hand tamping methods.

For hand tamping equipment: nine
states require heavy iron tampers with
tamping faces not exceeding 25 sq. 1n.
in area. One state requires tampers
weighing not less than 12 Ib. and having
a tamping face of not more than 50 sq. 1n.
One state requires tampers weighing
not less than 15 lb. and having a tamping
face area 6 in. by 6 in. One state re-
quires tampers weighing not less than 20
lIb. and having a tamping face area not
larger than 6 in. by 6 in. One state re-
quires tampers weighing not less than 50
Ib. and having a face not exceeding 100
sq. 1. 1n area. Three states give no
requirements for hand tamping equipment.

Lift Thickness. All states in this
group of 41 states specify some require-
ment for depth of hift. Of this group,35
state clearly the depth of lift either as
loose thickness or state that the material
shall be placed 1in layers of somegiven
thickness and compacted. They are tab-
ulated according to depth of lift as follows:
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Figure 44.

Chart for determining gallons of water required per

cubic yard of embankment (after “Kansas Highway Manual”).

Depth of Laft  States Specifying
{inches loose)

4 3
6 29
8 1
9 1
12 1

In addition, one state provides for a

4-in. depth for hand tamping and a 6-1n.
depth (loose) for mechanical tamping,
another specified layer not exceeding 8
in. for mechanical tamping and that for
hand tamping layers shall not be more than
4 in, Four additional states specified 6-
in. depths of lift but it was not clear
whether the depth was loose depth or
compacted depth.

Moisture Control. Nineteen states
provide for the addition of water, if nec-
essary to facilitate compaction. A major
portion of those states specify, '"'Each
layer, if dry, shall be moistened and then
compacted.” One state provides, (in
addition to moistening) for saturation of
sandy and granular soils. The remaining
states in this group do not prowvide for
addition of water to facilitate compaction.

Materials Requirements. Thirty-four
of this group of states specify that the
material shall be approved or shall be
selected material free from large lumps

or clods, stones, rock, sod, roots, frozen
lumps, etc. Three states provide for the
use of granular materials. Five states
provide for acceptable selected materials
or when specified, granular materials.

Provision for Saturating, Flooding, or
Puddling. One state permitsthorough sat-
uration of granular materials meeting
certain grading requirements. One state
permits flooding and tamping of special
granular materials meeting certain grad-
ing requirements. One state permits
puddling around pipe only. One state
permits water puddlirig up to the natural
ground line as an alternate to hand tamp-

ing.

Group B - Compaction with Density Control

Density Requirements. Eight hghway
departments control compaction of back-
f111 (within the scope of this review) by
specifying some minimum density re-
quirements: Three require not less than
90 percent of maximum density as deter-
mined by Method of Test AASHO Designa-
tion: T 99. One requires not less than_
95 percent of maximum density as deter-
mined by Method of Test AASHO Designa-
tion: T 99. Two require not less than
90 percent relative density as determined




* TABLE 22
CONTROL OF COMPACTION OF GRANULAR BASES

/

REGION AND STATE

COMPACTION REQUIREMENTS
Compart<on with Requirements for Embankments or Subgrades

NORTHEAST

Connecticut
Maine
Massachusetts
Michigan

New Hampshire
New York
Rhode Island
Vermont
Wisconsin

MIDDLE EAST

Delaware

Dastrict of Columbia
Ilhnois

Indiana

Kentucky

Maryland

New Jersey

Ohio

Pennsylvama
Tennessee
Virgima

West Virginia

SOUTHEAST

Alabama
Flonida
Georgia
Miassissippt

North Carolina
South Carohna .

SOUTH CENTRAL

Rolling to give satislactory compaction 1n layers not to exceed 6 in depth (compacted)

Use 8-inch loose lifts compared to 12 for embankments

Use 12-ton power roller on bases compared to 10-ton for embankments

Subbase—Same as for embankments (95% of Michigan Cone Method) ! Base—(Processed gravel) Satisfactory compaction

Use min 10-ton 3-wheel roller and roll to satisfaction of engineer

Require rolling with 10-ton rollers i1n separate layers of max 6 in depth Tamping rollers 1n some areas where roller cannot be used
Same as for embankments

Same except 3-wheel power roller 18 used on bases

Provision 13 made to require power rollers if desired compaction 1s not attained by hauling equipment Compaction 183 to 5in layers

Same as for embankments

Same as for embankments 90-1009, AASHO T 99

Compacted to satisfaction of engineer

Density and moisture content satisfactory to engineer.

Must be within 5 1b of Proctor Density  Also pneumatic tire roller required with other rollers

No density requirements stated Rolled with 10-ton power roller

1009, AASHO T 99 for subbase “Type A” Provision for moisture control

No density requirements Compaction with a 3-wheel roller weighing 10 tons or more or an approved pneumatie tire roller to satis-
faction of Engineer

Same except pneumatic tire and sheepsfoot rollers are permitted

Rolling requirements are more ngid than for embankments Thickness of compacted layer 18 set between 2 5 and 4 inches.

No density requirements Compaction as required by Engineer

Compaction to the satisfaction of the engineer.

Density 100 percent AASHO T 99 Mousture content optimum o+ 2 percent

Same as for embankments

Bases require 100 percent of AASHO T 99. (Embankments require 95 percent )

Bases require 100 percent of AASHO T 99 (Embankments 90-95 percent) Contractor maintains for 10 days If contractor
obtains 105%, then maintenance elause is waived

Bases or subbases are thoroughly compacted by rolling satisfactory to engineer

Density 95 percent AASHO T 99 required.

09



Arkansas
Louisiana
Oklahoma
Texas

NORTH CENTRAL

Iowa
Kansas
Minnesota
Missouri

Nebraska
North Dakota

South Dakota

MOUNTAIN

Arizona
Colorado
Idaho
Montana
Nevada

New Mexico
Utah
Wyoming

PACIFIC
Califorma

Oregon
‘Washington

Dafferent layer thickness used Compaction under traffic

Same as for embankments

95% of Standard Proctor Density for stabilized aggregate base course Provision for mosture control

Density requirements based on compaction of individual samples consisting of total maternal up to 2 1n top sizes

Density 100 percent AASHO T 99. Moisture content that which will insure maximum compaction

Min. 1009, AASHO T 99 Aggregate binder bases min 4 1n compacted lifts and not less than 125 p ¢ f.

Placed 1n 3 in layers and compacted to 98 percent AASHO T 99

Density 90-95% AASHO T 99 except when otherwise covered by special provisions Compacted granular base 909, Stabilized
aggregate or rolled stone bases 959%,

Density 909, AASHO T 99 (for concrete pavements) Maoisture content 1009, optimum - 3

Density 96-1009, AASHO T 99 (for flexible pavements). No moisture requirement except as

Subbase—same as standard compaction for embankments

BW] 133 t.lllmes dry loose weight of material but not to exceed 140 p ¢ f dry weight 1n place for material weighing 100 p ¢ f or more
oose weight

Base course density shall be 1 33 times loose dry wt of aggregate or 140 lb. max required Subbases rolled with pneumatie tire roller
(250 Ib per i1n width of roller) to an unyielding condition

y for constr

4

Same as for embankments

No density tests made Rolhing to satisfaction of engineer Minimum of 4 passes with suitable rolling equipment.

No density requirements Compaction controlled by layer thickness

‘Watering and rolling required  Greater attention 18 given projects where watering and rolling are paid for as separate 1tems

Rolled with power roller weighing at least 8 tons until maximum compaction 18 obtamned Placetf in thinner layers If more than
41n. place 1n two or more layers

No density required as no test deemed satisfactory Compaction to satisfaction of engineer

Rolling until maximum feasible compaction has been obtained

No density requirement Watering, processing and rolling to satisfaction of engineer

Minimum relative tion not specified but minimum amount and type of rolling equipment 1s specified.
As required by engineer
Thinner hfts  Rolling with 3-wheel or pneumatic tire rollers untit matenial does not creep under roller.

1 The Michigan Cone Method consists of compacting granular soils into a funnel-shaped
mold having a sohd bottom in the large end and equipped with a stopper for the small end
The bottom shall be so shaped that there will be no sharp corners inside the mold The
base or large end of the mold shall be approximately 53, inches in diameter and the small
The mold shall be approximately 8!, inches m
proximately 1,300 cubic centimeters or 0 0459 cubic
y mixed, then compacted 1n the mold 1n three equal

The blows shall be delivered by raising the mold

end shall be not less than 214 inches

height and shall have a volume of n?
feet The sample shall be thorough!
layers, each layer receiving 25 blows

approximately 4 inches and stnking it sharply down on a concrete or heavy timber base
After the third layer has been placed the blows shall be continued with the wood stopper
reversed and held firmly over the opening. Sand shall be added at intervals to keep the
mold full, and operations continued until no further consohidation oeccurs  The compacted
soil ghall be carefully leveled off to the top of the mold and weighed, and the wet and dry
volume weights determined For eomplete test procedure and description of equipment
see ‘““The Use and Treatment of Granular Backfill” by R L. Greenman, Michigan Engineer-
ing Experiment Station, Bulletin 107, 1948

19
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by the California method. Two have min-
imum density requirements similar to
those specified in Standard Specifications
for Materials for Embankments and Sub-
grades AASHO Designation: M 57.

Four of the eight departments which
specify minimum density requirements
make no reference to method of compac-
tion or equipment. Two departments

specify mechanical tamping. The remain-
ing two specify mechanical tampers or
hand tampers, having a tamping face not
exceeding 25 sq. in. in area.

Lift Thickness. Highway Departments
specifying the density method of control
of compaction of backfill provide the
following requirements for maximum
thickness of lift during compaction.

TABLE 23
HIGHWAY DEPARTMENT REQUIREMENTS FOR TRENCH BACKFILLING
No. of States
Group Requi remen ts and D.C.
A Specifications require compaction but do not specify density . . . . 41
Tamping Provisions:
Mechanical tamping only specified . . . . . . . . « e 9
Hand or mechanical tamping allowed . . . . . . e e e e e e e 16
Hend temping mentioned only . . . . . . . .. . ¢ e e e e e 5
Tamping method not mentioned s e e e e e e ae e . . 11
Depth of Layer or Laft:
Depth placed before compaction, 1n.
4 . e e e e e e e e e e e 3
6 i e i e e e e e e 29
< s e e e e s 1
L . 1
) 1
Depths 4 to 8 in., but with particular requirements for hand
CAMPING o o « o ¢ ¢ « o o o s o o s s e e e e e e e e 2
Depth 6 1n., but not clear as to loose or compacted . . . . . . 4
Moisture Control
Some PrOVISION « « « v o o & o » & s e e s e e e e e e 19
Noproviston. « « .« o ¢ o v v o v o I . .22
Meterials Requirements.
Provision for select or approved materials . . . . . ... ... 4
Permission to Saturate, Flood or Puddle. . . . . . . « ¢« ¢ o ¢ o . 4
B Specifications require density contro} . . . . . . . 0o . 000 . 8
Jamping Provisions
Mechanical tampaing specified . . . . . . . . .. 000 0. 2
Hand or mechanical tamping allowed . . . . . . . . . . v o o .. 2
Tamping method not mentioned . . . . . + + ¢ ¢ 4 v o o v o o o s 4
Compaction Requirements
Not less than 95% max. density (AASHOT 99) . . .. . .. .. .1
Not less than 90% max. density (AASIOT99) .. .. .. .. .. 3
Not less than 90% rel. densaty (California Method) . . . « . . . 2
Depth of Layer or Laft:
Not to exceed Basas
4 in. loose . « . ... .. . 2
6 1n. loose . . o 4 v v 0. . ]
6 in. compacted . . . . . .. .. . 2
4 to 6 in. loose . « « ¢ v . . [P |
8 1n. loose . « v v v v e v v v v 1
Moisture Control, provision made . + « « « o« ¢ ¢ ¢ o o ¢ o« o [ 8
Materials Requirements-
Granular backfill specafied . . . . . ... ... e e e e e 2
Select or approved backfill specafied . . . . . . . .. .. .. 6
Provision for puddlang . . . . . . s e e e e e . .. . 1




No. of
Dept. Depth of Lift Requirements
2 Not to exceed 6 in. compacted
depth
Not to exceed 6 in. loose depth
Not to exceed 4 in. loose depth
Not to exceed 8 in. loose depth
Not to exceed 4 and 6 in. loose
depth depending on construc-
tion method.

[ -

Moisture Control. All of the eight
highway departments specifying the density
method have provisionfor control of mois-
ture content during compaction.

Materials Requirements. Two of the
eight departments specify granular back-
fill and give grading requirements, and
one department specifies granular back-
fill around pipe and selected materialfor
the remainingpart of the trench. The re-
mainingfive departments call for selected
or approved material free from large or
frozen lumps, rocks, roots and similar
extraneous material.

Provision for Saturating, Flooding or
Puddling. One highway department in
this group provided puddling as an alter-
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nate to tamping to obtain the required
density, but that method must be used on
material from deposits indicated on plans
or on material meeting specified grading
requirements.

Statement of Requirements for Backfilling
Sewers

Twelve States have specification items
covering sewers, storm sewers, sanitary
sewers, or storm and sanitary sewers.
Because these specifications do differ in
some states from those given for pipe
culverts and trench backfill, data on
specifications for sewers are given sep-
arately in the following summary:

State 1. Sanitary sewer. Suitable
materials are tamped around pipe and
to a depth of 2 ft. above the pipe. Re-
mainder thoroughly settled and compacted
by tamping and flooding. No moisture
control given.

State 2. Sewer. Suitable materials
are hand tamped to 1 ft. above sewer.
Balance filled to within ' ft. of top and
flooded.

. v A~
105 29 4 . - - 105
00 9/ / 1 ] 100
95p~ < < r "//‘ 95
- // ,/'V e
RO O e o s el
AN g o s et BN
3 75 /‘// % ] -
i T "
N i -
so// // | 60
80 85 90 95 100 105 110 5 120

Probable Rolled Density

Frgure 45.  Chart for determining shrinkage from cut to fill
(after ‘Kansas Highway Manual’).



TABLE 24
CURRENT STATE HIGHWAY STANDARD SPECIFICATIONS FOR COMPACTION OF BACKFILL FOR STRUCTURAL EXCAVATION

Region and State

Depth of Laft

Compaction

Moisture Control

Tamping Eqmpment and Methods

NORTHEAST
Connecticut

Maine
Massachusetts

Michigan

New Hampshire
New York

Rhode Island

Vermont

‘Wisconsin

MIDDLE EAST

Delaware

Dastrict of Columbia

Ilhnois
Indiana

Kentucky
Maryland

New Jersey

Ohio

Pennsylvama
Tennessee

Virgima
West Virgima

SOUTHEAST
Alabama
Flonda

Georgia

12 . max. loose
9 1n max loose
6 1n max loose

9 1n max loose

8 1n. max loose
4 1In max loose

121n max loose

12 1n max loose

12 1n max loose

61n max loose (power equip-
men

41n max loose (hand equip )

6 1n max loose

6 1n _max

Grade B special borrow max
6 1n_loose

Sgeclal filung matenal

12 1n max loose

61n max loose

61n max loose

6 1n max (subsurface strue-
ture excavation)

4 1n. max loose

4 1n max loose

6 1n_max loose for tamping
roller 3” max loose for
mechanical tamp.

6 1n max loose

61n max loose for roling
41n max loose for tamping

6 1n max. loose
8 1n max loose
4 1n max loose

61n max compacted
6 1n max loose

Min 95% AASHO T 99
Thoroughly compacted
Thoroughly compacted

Same as Emb controlled den-
sity method for granular
material (95% cone
method)

Thoroughly consolidated

Min 96% AASHO T 99

Well compacted

Thoroughly compacted
Thoroughly compacted

Min 95% Modified AASHO

Same as embankments
(90-100% AASHO T 99)

Thoroughly tamped
Thoroughly compacted

Thoroughly saturated
Thoroughly compacted
Same as embankments

(90-100%, AASHO T 99)
Satisfactory

Same as embankments
(90-102% AASHO T 99)
Thoroughly tamped or rolled

Puddhng permitted

Not specified
Not specified

Same as for embankments

Not specified
As required to obtan density

Not speaified

Not specified
Not specified

Optimum =+ 10 percent

At least equal to optimum

Not specified
Not specified

Sufficient to 1nsure desired
compaction and density
Suffiwent to 1insure proper
compaction
Not specified

Sufficient to 1nsure density

Not specified
C

Thoroughly ting each
layer

Thoroughly tamped

Thoroughly compacted

Same as embankments
{95% AASHO T 99)
Thoroughty compaected

Thoroughly compaeted

‘Well tamped
Min 95% AASHO T 99

ted at optimum mois-
ture content as determined
by laboratory tests on back-
fill matenal

Not specified

Not specified

Provision for adding water or
rying
Provision for adding water or

rying

Provision for adding water or
drying

Not specified

Sufficient to allow speafied

Power rollers, motonzed equipment or hand equipment of
type (b), and vibratory equipment

Tamping or flushing with water

Tamped Equipment not shown under excavation for struc-
ture but type (a) equupment shown under backfiling of pipe
culverts uddling of clean granular matenal permitted

Power and hand equipment. Details on tamping equipment
not given Vibratory equipment used extensively ood-
ing permitted on permission of engineer

Approved ni)owex- tamping devices
echamical rolling or tamping Mechameal tamg‘era shall
be equal 1n weight and power to Ingersoll-Rand No. CC46
with a tamping foot area not to exceed 50 aq 1n.

Equipment not specified under structure excavation and back-
fill but mechanical tampers or hand tampers type (a) shown
under bedding and baclkfill for pipe culverts

Mechanical or hand tampers. Details on tamping equpment
not given.

E t not sp

fod

under excavation for structures

Mechanieal tampers Detaills on tamping equipment not
given

Power rollers or mechanical tampers Mechanieal tampers
capable of exerting a blow equal to 250 lb per sq ft of
tamping area and have a dead weight 1n excess of 40 1b

Mechanical tampers of approved design

Mechanical tamps (preferably). For small areas hand tamps,
min weight 15 1b having a face area 6 by 6 1n

Approved mechanical tamping devices
Mechanical tampers

Mechanical tampers Puddliing of foundation excavation and
subsurface structure excavation Details on equipment not
specified

Pneumatic tampers

Mechan:cal tampers
Tamping rollers and mechanical tamps are used

Mechanical tamper capable of exerting a blow equal to 250
pal of tamping area
Roller mimimum weight 10 tons P, tic backfill tamp
gs to 35 b ) having a piston blow rather than a hammer
ow

Mechanical tamping and/or rolling
Approved mechanical equipment

Approved hand tampers weighing not less than 50 tb and
having a face area not exceeding 100 sq 1n

(Foundations excavation for bridges) Power drniven tamper

(Embankment adjacent to structures ) Roller or power dnven

¥9



Mississipp1 6 1n max compacted Thoroughly compacted

North Carolina
South Carolina

SOUTH CENTRAL

Arkansas
Lousiana

Oklahoma

Texas

NORTH CENTRAL

Iowa

Kanesas

Minnesota
Missoun

Nebraska
North Dakota

South Dakota

MOUNTAIN
Anzona

Colorado

Idaho,
Montana

Nevada

New Mexico

Utah
‘Wyoming

PACIFIC

California

Oregon
‘Washington

Bureau of Public Roads

61n max compacted
6 1n max. loose

61n max loose

61n max loose (Spec Prov.)
6 1n max loose

61n max loose

10 1n max loose

61n max loose

6 1n max compacted

61n max compacted
6 1n max loose

61n max loose
8 1n max loose

4 1n max loose

§ 1n. max loose (6 1n. max
alongmde pipe)

6 1n max loose

61n loose

81n max loose
8 10 max loose

4 1n max loose
41n max loose

8 1n max loose
51n max loose

4 1n. max loose

6 1n max loose

6 1n max loose

12 m max loose .

90-95% AASHO T 99

Same density as ad)acent por-
tion of embankment
Thoroughly compacted

Satisfactorily compacted
Satisfactonly compacted

Same as emb (909, AASHO
T 99)

Same as for emb 90-100%,
AASHO T 99

Compacted Satisfactory to
Engneer

Min 90% AASHO T 99

Thoroughly compacted
Same as embankments
(90% AASHO T 99)
Min 80% AASHO T 99
Extra Comp Mm 959
AASHO T 99
Satisfactonly compacted

To a denaity satisfactory to
engineer
Thoroughly compacted

Same as embankments
(90-100%, AASHO T 99)
Thoroughly compacted
Same as embankments
(90-1009, AASHO T 99)
Same as embankments
(Min 90%, modified AASHO)
Same as embankments
(Min 959 AASHO T 99)

Thoroughly compacted
To a density satisfactory to
engineer

Ponding of sandy or granular
matertal Same as em-
bankments (90%, Cahfornia
method )

95%, AASHO T 99

Same as embankments
(95% AASHO T 99)

Satisfactonly compacted

compaction
Not specified

Satisfactory
Not specified
Not specified

Not specified

mechantca) tam;

(Backfiling for structure) Mechanical or hand tamping
Details on tamping equipment not given

(Embankment adjacent to structures)
sheepsfoot rollers

Approved mechanical tamper which will deliver at least 186
pef of tamping area

Equipment not specified under excavation {or structure

Pneumatic tired or

Hand or mcchamcal tam,

Provision for

If too wet dried in borrow

8 or ﬂes.nd tampers of type (a)

fiod

Prowvision for

As required to obtain density

Not specified

Sufficient for thorough bonu-
ing and density

Not specified

Provision for moistening

Same as embankments
Provision for moistening

Not specified

Provision for motstening

Provision for moisteming

As approved by engineer

E t not

P P

under excavation for structures

Equipment not specified under astructural excavation.

Apg‘roved roller or
all be supplied with air at a pressure of not less than

Rollmg, mechamcal tampers or hand tampers of type (a)

Approved rollers or mechanical tampers
orlers, mechanical tampers or hand tampers of type (a).

Rollers, mechanical tampers
Rollers, mechanical tampers or hand tampers of type (a)

Mechanical tampers

Rollers, mechanical tampers or hand tampers of type (a).

Mechanical tamper, Ingersoll-Rand Model 34 Backfill
tamped or acceptable equivalent with 6 i1n diameter butt
min operating air pressure 80 p s1

Approved air, gasoline or electnc driven tamper

Mechanical or hand tampers (excavation for structures)
Tamping, pneumatic or power rollers (Embankments placed

ddled or rolled (Note this refers to selected

Not specified
Provision for wetting or

drying around structures)
Provision for tening

Provision for moistening or
non-use of wet matenal

Not specified
Provision for

grunular matenal) Pneumatic or hand tampers

Pneumatic or mechanical tamping units Tamper head area
19-29 s3q 1n and deliver a blow of not less than 175 ps1
of tamper head area

Equnpment not specified under excavation for structures

M — Thor model 60 BFT Tamper with

Pr
hibit use of wet mat.erlal

Provision for

d tor to 4 ahl

61n head or equivalent Tamper
must operate at about 750 strokes per minute under air pres-
sure of 70-80 ps:1 Also pneumatic, sheepsfoot or smooth
steel roller

T

Provision for drying Same
as for embankments

Optimum + 3 gercentage
points (Method C)

Provision for ing

ped or rolled Equipment not specified

As approved by engineer

Atrr driven tampers with tamping foot area of 36-64 sq 1In min
air pressure 75 ps1

Gasoline driven tampers Barco or equal with tamping foot
area 36-64 sq n

Mech I r s or hand tampers ol type (a)

NOTE —Type (a) requires tampers (usually heavy, iron tampers) having tamping faces not exceeding 25 8q In In area

Type (b) requires tampers weighing not less than 12 1b and having a t

ace not g 50 8q 1n

G9
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State 3. Storm sewers. Suitable
materials are placed in 4-in. layers and
thoroughly tamped to a depth of 1 ft.
above the pipe. Materials for the re-
maining depth are placed in 6-in. layers
and eachlayer tamped. No moisture con-
trol given.

State 4. Storm sewers. Suitable ma-
terials are placed and compacted in ac-
cordance with one of three methods.
Method 1. Placed in layers of 6 inch
loose depth and tamped.

Method 2. Use Method 1 to 12 in. above
the pipe. Remaining materials are placed
in Iafts of 12 1n. and each Lft inundated.
Method 3. Same as Method 2 except that
the trench isfilled and jetted to within two
feet of the pipe.

No moisture control specifiedfor Methods
1 and 2.

State 5. Storm sewers - If under pave-

ment. Selected granular materials are
used. If crushed stoneis used it is tamp-
ed in layers not exceeding 6 in. If sand
or gravel is used it is placed in 12 -in.
layers, each layer isthoroughly saturated
to secure maxamum compaction.
If not under pavement. Selected granular
and ordinary materials are used. Selected
granular materials are placed in 4-in.
layers to a height of 1 ft. above the pipe.
Ordinary materials are thoroughly tamped
1n 6-in. layers for the remainder of the
depth. No moisture control specified.

State 6. Storm and sanitary sewers.
Ordinary materials are carefully hand
tamped in 4-in. layers up to a height of
6-in. above the pipe. Remainder tamped
in 6-in., lifts. No moisture control spec-
ified.

State 7. Pipe sewers. Ordinary ma-
terials are used if satisfactory. If not
satisfactory, pit-run sand with 100 per-
cent passing a 3-in. sieve is placed in
layers not exceeding 6-in. and each layer
thoroughly compacted. No moisture con-
trol specified.

State 8. Storm sewers. Ordinary suit-
able materials are placed in layers not
exceeding 4 in. loose measure and com-
pacted to density requirements given for
roadway(AASHO T-99 table of densities).
Moisture control required but no limits
gwen.

State 9. Sewers. Suitable materials
are placed in 6-in. layers and solidly

tamped. Provision is made for adding
water to dry soils.

State 10. Sewers. Suitable materials
passing a 1-in. ring are compacted to the
level of the top of the pipe. Water settling
may be used above top of pipe when
specially permitted by the engineer. No
moisture control specified.

State 11. Storm sewers. Selected soil,
sand, or rock dust is thoroughly tamped.
No specified depth of lift nor moisture
control are given. Puddling is recom-
mended for sandy or gravelly materials.

State 12. Storm sewers. Approved
materials shall be used. If stone gravel
or slag is specified for backfilling, the
sewer pipe shall be covered with clean
gravel or broken stone or slag placed
around and above it to a height of not less
than 4 in. above the surface of the pipe.
Material shall be deposited simultaneously
on both sidesof the pipe in uniform layers
not to exceed 4 in. in thickness, solidly
tamped or rammed with proper tools so as
not to injure pipe. No moisture control
specified.

The foregoing statement of require-
ments for backfilling over sewer pipe can
be summarized more briefly as follows:

Sixof the twelve states provide only for
compaction, with no provision for pud-
dhing, flooding, or jetting. Two states
provide for compaction and indicate that
flooding or puddling may be permitted,
one stating specifically that puddling is
recommended only for sandy soils and
gravelly soils. One state specified that
the material shall be thoroughly settled
by tamping and flooding. One state has
provisions for use of compaction, flood-
ing and jetting. One state provides for
compaction of ordinary and angular
(crushed rock) granular materials, per-
mitting flooding only on rounded granu-
lar materials. Only one state provides
simply for 'flooding" without any qual-
ifications or reservations.

Backfilling Structural Excavation

The 1951-52 survey included a review
of Current State Highway Standard Spec-
ifications to summarize compaction and
moisture control requirements for back-
filling of structural excavation (see Table
24).



Lift Thickness. The specifications
show a wide range of variation in thick-
ness of hft. Four states specifly a 6-in.
compacted thickness. Two do not specify
layer thickness. The remainder (two
specifications are shown for some states)
are divided in specifying thickness of lift
(loose measurement):

Loose Depth Number of Organizations
in. Specifying
7 fL_
5 1
6 242
8 5
9 2
10 1
12 4
4-6 1
4-8 1
6-12 1
Not specified 1

Five states required a 6-in. compacted
depth.

Compaction. Thirty organizations
stated their requirements for backfill
compaction simply in terms of being
thoroughly or satisfactorily compacted
or well tamped or in similar terms.
Seventeen states which required compac-
tion in terms of some percent of 2 maxi-
mum density showed identical require-
ments for embankments and structural
backfill. Four specified 90 percent of
AASHO T 99, seven specified 95 percent,
one specified 90-95 percent, 5 specified
90-100, one specified 90-102, two re-
qured 90 percent and one required 95
percent of a modified method. There are
16 organizations which specify density
control of backfill compared to 39 which
specify density control of embankments.

Nearly all organizations provided for
the use of mechanical tamping equipment;
32 required mechanical tampers; several
states provided for hand-tamping equip-
ment. The hand equipment referred to
was of two types. Type A was usually
referred to as heavy iron tampers hav-
ing tamping faces not exceeding 25 sq.
in. in area. Type B tampers were de-
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scribed as weighing not less than 12 1b,
and having a tamping face not exceeding
50 sq. in.

COMPACTION EQUIPMENT

Because of the important part of equip-
ment in obtaining compaction, a summary
has been made of State Highway Depart-
ment Standard Specifications for rolling
and tamping equpment. Data on various
items which are mentioned in specifica-
tions are given in Table 25.

Sheepsfoot-Type Rollers

Contact Area of Tamping Feet. Most
organizations allow a wide range of size
of tamping-foot contact area. This may
be seen from the summary of specification
requirements:

No. of
Organizations

Range in Contact Area

(sq. in.)

4to08

4t09

4 to 10

4 to 12

4to 13

4to 18

5 min.

5 approx.

5to8

5 to 10

5% min.

6 to 8

8 to 12

13 max.
(Note: Two states provide for two ranges
of sizes. They are incorporated in the
above tabulation. )

Pt bt DN b bt QO b= DN = DN OO DN DD s

An analysis of the specifications on a
regional basis shows no difference in
specifications for contact area for any
specific region.

Contact Pressure. An analysis of
standard specifications covering pressures
of sheepsfoot-type rollers also showed a
wide range in minimum contact pressure
requirements. The range 1s:
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TABLE 28
CURRENT STATE HIGHWAY STANDARD SPECIFICATION RE%UIREMENTS 1 FOR PNEUMAT[C TIRE ROLLEES AND SMOOTH WHEEL POWER ROLLERS
COMPACTION OF GRANULAR
Poeumatio Tire Rollers Taodem type 3-wheel typo
Capacity
Compresson Co c Operst- | Jaor
m m- om- rat- or
Region and State - G Op 15;“1, . ((hpulty Weht 1()1115,1_01: Weigh pression ng tan;g; Remarks
pe Rolling rogs we Operating | (max. cu. e Jin eight i speed
width weight per tire (Lb /in (Lh /in Inflation speed yd. per {tons) of (tons) of 'létnh (m.ph) :r umt
(inches) (tons) | (pounds) | widthof | ofrolling | presure | (m.ph) | umt per wdth of of drive per hour)
tire) (pas) hour) roll) roll)
NORTHEAST
Connecticat 10 mn 1508q yd.| (8) Rolled gravel base—bottom
M (a) 10 (:S ( f""ﬁ" approved pneumats
aine a) An 3
tired roller may be used
Massachusetts 12 min (a) 12 oun (a) (l) Raqmm 8 self-propelled
Michigan (a) . (l) Roqumd but no specifica-
mwl?: covering pneumatic tire
New Hampahire 10 min
New York 10 min Approved mller 'elghma not
less than 10
Rhode Island 10 min
Wesama M 250 | °™ | M 230 (8 Maz 637 ofgrom wught
1seonsin in n B) ax weight on
@ ® f;msvuaht serving ol
of on rol
auling qupmmt Engineer
special rol
squ‘:pmt if not attained dur-
mkeuntmt Rubber tired
rollers are used.
MIDDLE EAST
Delaware 10 min (a)| (a) For W B Maeadam. No
mrement for gravel,
Dustriet of Columbia 510 () | 200260 | 812 ) | 200-380 (s) Wewght approved for job
ITinots 6-10 200-325 | 6-10 200-325 (l)l.oﬂﬂl ot 1Ey " stons sar-
o cotrse
Indiana 2-axle, 9-wheel, Up to 200 10 mn 10 mm Permn use of en'ler tread trac-
mw ors having o bearmng at
lun ] lb per aq i of tread,
Vary Lit thickness to obtun
demired denmty
Kentucky 7-10 7-10
Maryland 10 (s) 10 (a) (@) qu.ru a 10-ton ‘‘power
roller ™
New Jersey 8 min 225 min 8 m (a)j Min 330 (a) On a tire not more than 24 m,
wide.
Ohio ) 10 Mmn 300 | 2 Weight, dimenmons of roller
@ e " (.)nndu::mbar and mcmg of
tires shall be such that apeci-
fisd compaction may be ob-
Pennsylvania 8 250 10 mn Mm 330 Specified for erushed rock.
Tennexsee 10 H] ng:q
Virgia 10 () 10 (a) (a) For W B Macadam only
Sheepefoot or other a
types for stabilized and pit run
West Virginia Approved t, 10 (a) [¢ ;nnmm ted base courss,
es min a
P Coarm to Fine gradings.

L
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No. of
Organizations

Specifying

Minnmum Permissible
Contact Pressure
by Tamping Feet

psi.
550 (loaded)
450
325
300
250
200 1
200 (loaded)
150
135
125
110
100

[ e | e e Y X T

Other significant specification require-
ments for sheepsfoot rollers are given 1n
Table 25, "Current State Highway Standard
Specification Requirements for Tamping
(Sheepsfoot) Type Rollers for Embankment
Construction. "

Pneumatic-Tire Rollers. Twenty -
three orgamzations included some re-
quirements for the pneumatic-tire roller
in specifications for compaction of em-
bankments (see Table 26).

Smooth-Wheeled Power Rollers. Thir-
ty-four organizations have specification
requirements for power rollers for em-
bankment construction (see Table 27).

Granular-Base Compaction. A sum-
mary of specifications for pneumatic-
tire rollers 1s given in Table 28, "Cur-
rent State Highway Standard Specification
Requirements for Pneumatic Tire Rollers
. . . for Compaction of Base Courses."

Smooth-Wheel Power Rollers. A sum-
mary of '"Current State Highway Stand-
ard Specifications for Smooth Wheel
Power Rollers" 1s given 1n Table 28.
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Appendix

MANUFACTURERS' SPECIFIC ATIONS

The 1951-52 survey of current practice includes data on current state highway and
federal specifications for various types and sizes of compacting equipment. In order
to present more nearly complete data on compacting equipment, manufacturers who
were known producers of such equpment were contacted by letter requesting equip-
ment specifications. Tables A through E include data received in reply to those
requests.

The list of manufacturers is not complete but 1s sufficiently inclusive to indicate
the ranges 1n types and sizes of equipment and may be of value in preparation of spec-
fications for compacting equpment. The data are presented 1in the tables following.



TABLE A
MANUFACTURERS SPECIFICATIONS FOR PNEUMATIC TIRE ROLLERS

Groes operating weight Load per wheel (b) Range of
ground
Rolling Inflation pressure
Manufacturer Type wdth Tire m1ge (in ) pressure Empty Loaded (a) Empty Loaded {Lb per
(in) (p.o1) m_of
roller
(Tons) | {Pounds) | (Tons) | Pounds) | (Pounds) { (Pounds) wdth
Tampo Manufacturing Co, | 5-axle, 9-wheel 80 750x 18 30-35 14 2,750 603 18,000 305 2,000 47-325
8an Antonio, Texas 7-axle, 13-wheel 84 750x16 30-35 18 3,700 1286 26,000 308 2,000 47-325
Wm Bros Boiler Manufactur- | 2-axle, 7-wheel 48 780 x 16 (4-ply) 1 1,980 7 14,000 283 2,000 3-304 | Use of 8-ply hm mcrnm
ing Co, Minneapolts, Minn |} 2-axle, 9-whee! 80 7 50 x 15 (4-ply) 13 2,550 '] 18,000 284 2,000 43-300 capacities ! Maxi-
2-axle, 13-whee! 84 750x 13 (4-ply) 18 3,600 13 26,000 brid 2,000 43-310 mum overloadaen 1y
Single axle, 4-wheel 108 18 x 24 (24-ply) 50-20 10 20,200 35 70,000 5,050 17,500 | 189-660 7,9 and 13 tons Man-
Single axle, 4-wheel 108 18 x 24 (24-ply) 50-90 12 22,600 50 100,000 ,850 25,000 | 226-042 mum load for 1 to 8
mph rolling 6, 8 and 11
!ons Maximum speed
5 mph
M J Dunn Company, St | 3-axle, 5-wheel 72t0 75 | 17x 16 3 4000 5-14 10,000 800 800 | 53-373 | With caleum chlonde 1n
Paul, Minn ,000 5,600 tires add 2,500 ibs
Southwest Welding & Mfg | 6independentlyeprung | 60 1100x 20 80 36 7,250 15 30,000 1,812 7.500 81-333
Company, Alhambra, Calif wheels
4 mzrpﬂ:dently sprung | 80 1400 x 20 80 52 10,500 25 50,000 2,025 12,500 | 131-625
wheel
4 1ndependently sprung | 118 1800x 24 90 15 30,000 50 100,000 7,500 25,000 | 254-847
whee!
4 lnlLepel;Idenlly sprung | 128 2100x24- 80 187 31,500 70 140,000 7.875 35,000 | 238-1111
wheel
41ndependently sprung | 140 2400x 32 00 24 48,000 100 200,000 12,000 50,000 | 343-1428
wheel
4 |n(;lepﬂ1dently sprung | 184 3000 x 33 180 45 90,000 400,000 22,600 | 100,000 | 489-2174
wheel
Willamette Iron and Steel Co, | 2 canllating axles, 4- | 114 (¢) 1800 x 24 (24-ply) Not B3 27,000 50 100,000 8,750 25,000 | 60-220
Portland, Oreg wheel Specified
Buperca-'uéaclt?n. Inc , Bacra- 2-uleh(dual oscillating | 174 3000 x 33 (60-ply) | 30-150 40 80,000 400,000 | 20,000 | 100,000 | 460-2209
mento, Calil 4-w
2-=xle }:dTL';c:cllhtmz. 12 21002 25 (44-ply) | 30-150 18 36,000 100 200,000 9,000 25,000 | 322-1785
-wheel
Smglle :»l. e,ceentnc o4 16 00 x 21 (36-ply) | 30-130 [ R] 19,000 60 120,000 4,500 30,000 | 202-1277
axle, 4-wheel.
Single box, eccentric | 85 16 00 x 21 (36-ply) | 30-150 75 15,000 60 120,000 45,000 30,000 | 175-1412
axle, 4-wheel
W _E Grace Mfg Co, Dallas, | 3-axle 68 Front 75x 10 1,120 1,120
Texas Open body type Drive 9x 24 4,460 1,115
Self-l;;ropelled 11-wheel Rear 76x 15 5,920 987
roller
3-nle (d) 66 Front 75x 10 Total 11,500
Drive 9x 24
lYmpelleq:l ll-wheel Rear 75x 15 . . ¢ . . *Approuimately same es
for open body type
Shovel Supply Co, Dallas, | 2-axle (e), cscillating 16x21or18x 24 122 24, 500 50 100, 000 6,125 25,000 In two models —one for
Texaa. 4-wheel sand ballast, the other
for cast 1ran blocks
2-axle dual esaillating, . { 30 x 33 (60-ply) 150 388 77,000 200 400,000 19,250 | 100,000 Cast iron ballast blocks
4-wheel box
Jown MIg Co, Cedar Rapuds, | !-axle, 2-wheel 48 24 00 x 33 (38-ply) 40-100 150 30,000 30 60,000 7,500 15,000 (Varable from static to
Iowa 1-axle, 2-whee! dual 48 12 00 x 20 (14-ply) 40-100 63 12,500 125 25,000 6,250 12, 500 lm"x)lmum wibrator -
pu

(a) Loaded we

(b) Load per wheel s gross weight divided by number of whee

5:) Compuud by editor from spaeing of 18-nch tires

d) Tank body has capacity of 1,000 Fllom and may be equip)

(e) Fumuhed ' two models  Mode!

RT 100 for cast iron

last

with spray ba.

Model RT 1008 for sand ballast

t 18 product of rolling width and maximum ground pressure in pounds per inch of rollar width

6L



TABLE B

MANUFACTURERS SPECIFICATIONS FOR TAMPING (SHEEPSFOOT) TYPE ROLLERS

Dimensions of drums Data on tamping feet Weights (Ib) Contact pressure (p.s1)5
Tamping

Manufacturer Model and type orea Number Loaded Loaded

Number | Length! Diam- No per of Length of feet Loaded with Loaded wth

(m) eter? drym?3 each of foot on Empty wth wet Empty with wet

{n) foot {n) ground 4 water smand water sand

(sq m)
American Steel Works, Kansas City, Mo MS 48, Single 1 48 40 112 | 55 7 4 3,220 4,895 6,436 146 222 293
MS 60, Single 1 60 40 40 | 55 7 5 3,610 8,080 8,372 131 221 304
MS 72, Single 1 72 40 188 | 55 7 [} 4,040 7,285 10,263 123 221 311
MD 06, Oscillating 2 48 40 112 | 58 7 8 6,190 9,724 13,242 141 221 301
MD 120, Oscillating 2 80 40 140 | 35 7 10 7,100 12,160 16,815 129 221 308
MT 144, Oscillating 3 48 40 12 |65 7 12 10,000 14,800 10,048 151 224 302
AS 48, Single 1 48 60 90 |7 7 3 4,100 8,300 12,076 195 395 575
AS 66, Single 1 66 60 120 | 7 7 4 5,460 11,060 16,072 195 385 574
AD 98, Oscillating 2 48 60 80 |7 7 ] 8,000 16,380 ,000 190 390 573
AD 132, Osaillating 2 66 60 120 | 7 7 8 10,640 21,840 31,864 190 390 569
American Steel Works, Kansas City, Mo 8 B3 48, Non-oscillating 1 448 54 72 317 7 3 3,750 7,080 10,050 179 338 479
B4 48, Non-osoillating 1 48 54 72 |7 7 4 3,750 7.060 , 050 134 252 359
B4 86, Non-oscillating 1 66 54 % |7 7 4 5,160 8,470 11,460 184 303 410
B#6 96, Oscillating 2 48 54 72 |7 7 [} 7,000 13,670 19,800 166 325 470
B8 96, Oscillating 2 48 54 72 |7 7 8 7,000 13,670 19,800 125 244 353
B8 132, Oscillating 2 86 54 86 |7 7 8 9,820 16,440 420 176 284 401
C8 79, Non-oscillating 1 79 73 136 18 18 4 9,700 19,605 28,915 303 815 904
CD 158, Oscillating 2 70 73 136 | 8 18 8 19,300 30,205 7,725 302 614 902
Slusser-McLean Scraper Company, Sidney, Ohio | Single 1 48 40 12 |8 7 4 3.000 4,936 6,870 125 205 286
Qseillating 2 48 40 12 |6 7 8 6,000 ,870 13,740 125 205 286
Oacillating 3 48 40 112 1 8 7 12 9,000 14,805 20,610 125 206 286
Tampo Manufacturing Company, San Antonio, | Hi, One-drum 1 48 40 112 | 6 7 4 3,200 5,134 132 213
"Texas H2, Two-drum 2 48 40 112 |8 7 8 6,300 10,168 132 212

501, One-drum 1 60 60 120 | 6 7 4 7,200 12,317 16,876 300 512 703
502, Two-drum 2 80 80 120 |8 7 8 14,400 24,034 33,752 300 512 703
501R, One-drum 1 72 60 120 | 7 8 4 8,400 13,517 18,076 300 483 645
502R, Two-drum 2 72 60 120 | 7 8 8 16,800 .034 36,152 300 483 645

08



Wm Bros Boiler and Manufacturing Company, | M1 6% Slngle 1 48 40 112 | 5! 7 4 2,925 4,860 8, 133 221 309
Minneapols, Minn ¢ pany M1 7, Sin, 1 48 40 112 7 4 3,033 4,960 6,910 108 178 247
M25 (%ullhtlng 2 48 40 12 | 5% 7 8 5,850 9,720 13,600 133 221 300
M3 7, Oscillating 2 48 40 112 7 8 8,070 9,020 13,820 108 178 17
M3 514, Oscillating 3 48 40 112 | 5% 7 12 9,180 14,080 20,800 139 27 315
M3 7, Oscillating 3 48 40 12 |7 7 12 , 520 15,320 21,140 113 183 252
G1 55-8, Single ! 60 muz |7 8 4 ,300 13,700 19,100 296 400 82
(G2 55-8, Oscillating 2 80 60 1ua |7 8 8 17,800 28,100 8,900 310 500 695
G1 55-9%4, Single 1 60 60 120 | 7 1273 4 0,400 14,890 20,290 340 530 728
G2 65-913, Oscillating 2 80 80 120 |7 1 8 | 19,720 | 30520 | 41,320 383 545 740
R G LeTourneau, Inc, Peorto, Il X1, Single 1 48 41% 88 |54 8 4 3,610 5, 7.610 167 260 353
Ou,glhtmg 2 48 41% 88 154 8 8 6,590 10,583 14,580 152 U6 337
x3 QOzscillating 3 48 4114 88 (54 8 12 9,570 15,560 21,570 147 240 333
Xl. QOzeillating 4 48 411%5] 54 8 18 12, 20,537 28,650 145 40 330
120, Tournapacker Oscillating 2 60 120 | 707 8% 4 17,700 29,360 40,0707 828 1,035 1,420
Com) , Denver, Colo UBHD 85, Oscillating 2 72 138 | 6to® 814 or 914 4 500 36,959 50,500
MeCoy Company USHD 86, Osaillating 2 72 72 188 |8to9 |81 oroig 4+ | 2700 | 43188 | 60342
USHD 85, Oscillating 2 60 120 [6or? 814 4 15,000 25,076 535-625 | 890-1,040] 1120-1308
Baker Manufacturing Com) , Springfield, Il 8 | SF 898, Oscillating 1 48 40 9 | 575 7 4 3,210 5,100 6,100 139 221 266
g pany, Spring 8F D98, Oscillating 2 48 40 9 | 875 7 4 6,570 10,040 12 040 143 225 263
8F T96, Oscillating 3 48 40 9 | 578 7 4 9,860 15, 18 500 141 233 268
B -Erie C: . South Mitwaukee, Wiz 8 | TDO, Oseillating 2 48 40 12 16 7 8 6,225 9,825 11,825 138 210 250
W E Grace ManufacturingCo , Dallas, Texas® | RSX 112, Oscillating 2 48 40 12 | 55 rey 8 8,200 140 24 310
e TX 06, Ose1 llating 2 42 40 96 | 85 7% 4 5,700 130 200 210
X 112 Sln le 1 48 40 112 | 58 7% 4 200 144 228 314
%scllh!mg 2 48 40 104 | 55 78 4 7,200 163 248 332
Lxx 95. Osclllatlng 2 48 60 95 |7 8 () 12,400 230 375 500
LX5X120, Oscillating 2 80 120 |7 8 ®) 14,250 259 456 662
LX6X136, Oscillating 2 72 60 136 |7 8 ®) 16,250 288 525 765
Shovel Supply Co, Dallas, Texas Fer son 112, Oseillating 2 48 40 12 | 55 7 8 6,340 10, 200 150 242
PPy bhard 22, Oulﬂahng 2 72 60 144 | 625 8 8 425 885
Gebhnrd 22, Oscillating 2 60 80 120 | 65 ki) 8 14,200 25,020 320 530
Mode! llZW Oscillating 2 48 40 112 | 55 7 8 8,020 11,880 180 270 n
Model 112W-48, Ont',lllatu:ﬁn 2 48 48 112 | 55 8 8 9,700 15, 280 21,190 220 347 481
Mode! 2, Reclamation Oscillating 2 80 706 10 4 28, 500 37,860 47,400 1,010 1,340 1,678
1 Length of each drum 2 Diameter without feet 3 Number of feet shown here 13 standard Manufacturers provide more or fewer feet as mny be Mos d to furnish special shapes and sizes if demred
4 Number in one row times number of drums per umt & Based on one row of feet o contact with ground ¢ Manufacturers computations 7 Loaded mth nter nnd boxes laaded mth mm{ 8 Data from Powers Road and Street Cata-

logue, 1850-51 9 Not closer than 11 1n , not farther than 13 1n ¢ ¢ diagonally

3 ft for each an ft of drum area
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TABLE C

MANUFACTURERS SPECIFICATIONS FOR STANDARD WEIGHT 3-WHEEL POWER ROLLERS

Dimensions of rolls

Roller com-

Tranamission speeds (pr"s;nm ) Roll
r o 10
Weight Guide roll Drive rall pe overlap | Overall roling mdth
Manufacturer Model Type group Goud (mdea;ch (inches
(tons) Diam | Width | Diam | Width ulce | Drve | S19€
Low Int 3 4 High in) o) (in) () roll roll
Galion Iron Works and Manufacturing Com- | Warrior 3-wheel [} 14 29 50 36 L)1 58 18 98 224 81| 70 wth 18" rolls
pany, Gahon, Ohio
Warrior 3-wheel 7 12 25 43 38 41 60 18 114 281 31%| 70 with 18” rolls 20-n ;Igth rear rolls
available
Warnor 3-wheel 8 12 28 43 38 41 60 18 130 208 35| 70 with 18” rolls 20-in width rear rolls
available
Chief 3-wheel 10 14 29 50 4“ 44 69 20 152 335 4 | 76 wmith 20” rolla 22- and Izl:-m Wi :II‘h
rear rol
Chief 3-wheel 12 14 29 50 4“4 14 69 20 182 403 4 | 76 mth 20" rolls 22- and 24-n wdth
rear rolls svailable
Trench 3-wheel 8% 185 35 60 20
H‘(’)h)fr Manulacturing Company, Marnon, 3-wheel 3 17 34 34 37 52 18 97 217 3 | 67 wmith 187 rolls
10
3-wheel L] 17 34 34 37 52 18 07 239 3 | 67 mith 187 rolls
3-wheel 8 20 40 52 40 40 60 18 134 308 21| 71 with 187 rolls
3-wheel 10 20 40 62 44 43 69 20 148 348 4 | 78 mth 20” rolls 24-in m: th reat rolls
available
3-wheel 12 20 40 52 “ 3 69 20 187 415 4 | 75 mith 20" rolls 24-in IW!d th rear rolls
W A Ruddell Corp, Bueyrus, Ohio 10G 54 3-wheel 10 108 320 538 4“4 42 (1] 20 168 354 4 | 74 mth 20" rolls
12G 54 3-wheel 12 106 320 538 “ 42 ] 20 193 405 4 | 74 mith 20" rolls
Austin-Western Company, Aurora, Il Cadet 3-wheel [} 131 3 59 5 86 3614 37 52 18 108 20 3-5/8] 85% with 18" rolls Weights for gasoline
motor powered rol-
er for 8-, 7-, 8-, 10
and 12-ton rollers
Cadet 3-wheel 7 13 359 5 868 36 I 37 52 18 124 N 3-5/8| 85% with 187 rolls
! Cadet 3-wheel 8 138 370 6 04 37 37 54 18 136 314 3-5/8] 853 wmth 18" rolls | Special (8-ton) avail-
| able with 22-n
: wheels
Autocrat 3-wheel 10 11 30 49 43 4% 68 20 168 330 4% 22- and 24-n rear
! rolls avatlable
Autocrat 3-wheel 12 11 30 49 43 45 68Y% 20 108 387 4% 22- and 24-n  rear
'l | rolls available
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TABLE D

MANUFACTURERS SPECIFICATIONS FOR VARIABLE WEIGHT 3-WHEEL POWER ROLLERS

Transmizsicn speeds

Dimensiona of rolls

Roller compression

(Mles per hour) (Lb perln 1)
Gude roll Drive roll Roll
over-
Weight lap | Overall rolling width
Manufacturer Mode} Type E{rw;; X _G“_'de rolt .___D_"_vﬂl!._ (in (inches)
tons, on
Dwm | Wadth] Diam | Width Maz. | each
Low | Int 3 4 High | Reverse | in) | m) | Gn) | (in) Max | with | mde)
Mo { Max. | Min | with | wet
water | sand
Bugz;l: -cgpr:snzﬁeld VM-18 3-wheel 5-7 17| 25| 36 52| Same 36 38 55 18| 101 | 130) 228 | 267 | 307 3 | 64 mth 16" rolls 18 1n width rear rolls available
g » OpTING-
field, Ohio VM-19 3-whee! 6-8 17] 25| 36 52| Same 36 38 53 18 102 { 131 33| 218 32 3 { 68 mth 18~ rolls 201n width rear rolls available
VM-21 3-wheel 7-10 171 25| 36 5 2| S8ame 4t 40 60 18 122 | 156 | 264 | 316 | 369 4 | 68 mith 18" rolls 20 end 22 in width rear rolls
available
VM-24 3-whee! 8-11 17| 25| 38 52| S8ame 41 40 60 18 125 | 159 | 317 | 366 | 414 4 | 68 with 18" rolls 20, ZZ.BIII:d 24 1n wndth rear rolls
available
VM-31C 3-whee! 10-12% 15) 23] 35 50| 8ame “ “ 69 20} 14 178 | 363 | 430 4 | 76 mth 20” rolls 22 .meZIA i wndth rear rolls
available
VM-32C 3-wheel 12-15 15] 23] 35 50| Bame “ 44 69 20 145 | 180 | 446 | 504 | 563 4 | 76 mith 20" rolls 22 mdhbzl: i wdth rear rolls
avail
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TABLE E

MANUFACTURERS SPECIFICATIONS FOR VARIABLE WEIGHT TANDEM POWER ROLLERS
{Does not include 3-axle type)

Transmission speeds
(Miles per hour) Dimensions of rolls Roller Compresston—(Lb per in 1n )
Weight
Manufacturer Mode! Type %rou;; Guide roll Drive roll Guide roll * Drive rol
tons,
Low Int 3 4 High Min
Dum | Width | Dom | Wadth | oo | Max | Max
Go) [ n) | (o) | (o) x water | saod
Galion Iron Works and Man- Tandem 3-5 15 34 30 40 48 42 66 89 109 171
ufacturing Company, Tandem 5-8 15 34 40 50 53 50 108 144 130 207
Galion, Ohte Tandem 8-12 223 485 48 54 60 54 123 178 184 282
Tandem 10-14 22 465 48 54 60 54 152 208 217 317
Buffalo-Springfield, Spring- | KT-7 Tandem 3-5 ;?g 3 g 30 38 40 38 12 150 178
, Ohio
¢ KT-16C Heavy duty tandem | 5-8 176 25 36 50 40 50 53 50 140 224
KT-17C Heavy duty tandem | 6-8 175 25 35 50 40 50 53 50 181 233
KT-240 Heavy duty tandem | 8-12 175 25 356 50 48 54 00 54 185 285
KT-25C Hravy duty tandem | 10-14 17% 25 35 50 48 54 60 54 240 340
VT—48 Heavy duty tandem | 15-21 135 16 275 41 51t 59 EA 59 330 505
Clyde [ron Works, Dututh, | 21 Tandem 1-1%% Up to: »| 214 20 24 20 28 47 2 87 5
Minn 80 Tandem 3-4 Up to: >| 244 28 36 38 42 107 155
Huber Manufucturing Com- Tandem 3-4 2¢ 44 b1 M 4 38 64 68 112 1m
pany, Marion, Ohio Tandem 4-5 26 44 7 34 “ 38 64 68 150 198
Tandem 5-8 195 362 40 50 52 50 97 135 125
Tandem 8-10 1085 362 40 50 52 50 in 147 266
Tandem 8-12 29 57 48 54 60 54 1148 1733] 2074 2086
Tandem 10-14 29 57 48 5 60 54 133 185 240 3.
Lattleford Bros, Cincinnats,| 185 Van- | Tandem 4-8 2 4 30 40 48 42 n 98 100 170
Ohto Packer
Esaick Manufacturing Com- | 200 Tandem 114-2 1-18 28-34 30 2815 40 30 40 40 &0 110
many, Los Angeles, Calif 300 Tandemn 2-3 1-12 2241 2815 40 30 40 60 110 148
400 Tandem 3-4 1-2 116-4 30 34 48 3r 40 80 105 160
500 Tandewn 31h6-5 1-32 15-5 34 36 48 38 59 It 156 200
800 Tandem 5-8 23 42 40 50 50 50 95 130 135 195
Austin-Western Company, Tandem 5-8 10/226 226/463 40 50 52 50 145 224 Weghts are for gaso-
Avrora, 111 8 1014 10/226 226/463 40 50 52 50 242 309 ] l:j'h-po wered
mode
Tampo Mfg Co., San An- | 5-8 Tandem 5-8 2 4 40 50 52 50 93 130 124 198
tonto, Texas

* Where compression for gmde roll 18 not given i1t was not shown by manufacturer
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The Highway Research Board is
organized under the auspices of
the Division of Engineering and
Industrial Research of the Na-
tional Research Council to pro-
vide a clearinghouse for highway
research activities and informa-
tion. The National Research
Council is the operating agency
of the National Academy of
Sciences, a private organization
of eminent American scientists
chartered in 1863 (under a spe-
cial act of Congress) to ‘“‘investi-
gate, examine, experiment, and
report on any subject of science
or art.”
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