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Preface 
The introductory portions of thisbulletinpresent some historical high

lights relative to compaction and state some of the principles thatgovern 
compaction in the field as well as in the laboratory. The main body of the 
text is composed of data that illustrate the compaction and operation 
characteristics of the several types of compactors on different types of 
soils. This is foUowed by brief statements on methods used as aids in 
the control of moisture content and unit weight in construction. 

This bulletin as have previous bulletins of this nature sponsored by 
the Committee (see Foreward), provides tabulated data on current (as 
of March I960) state highway departmentpractices as indicated bysfpeci-
ficattons governing compaction requirements and compaction equipment. 
It also includes tabulated data on manufacturers' specifications for com
paction equipment, and, for the f i r s t time, provides data onpermissible 
loads and tire-inflation pressures for tiresused on pneumatic-tired ro l l 
ers. Thus, this bulletin, which summarizes the results of researches 
with full-scale equipment and provides other useful data, is prepared 
specifically for the construction engineer and the project ei^neer and 
their technical assistants. 

In assembling the data for the main body of the text, the original draft 
submitted to the Committee was written to include a great amount of de
tail so as to permit the preparation of a briefer text by deletion of ma
terial. However, the Committee elected to recommend publication of 
the text in its original degree of detail. 

The authors regret that because of limited funds and personnel for 
translation, the literature searched has been limited to those languages 
with which they are familiar. 

The task of assembling the material in this bulletin has been a re
warding onefor theauthors. Appreciation for theprivi l^e of doingthis 
work is expressed to Mr. Fred Burggraf, Director, Highway Research 
Board, and to Mr. Harold Allen, Chief, Division of Physical Research, 
U.S. Bureau of Public Roads. Acknowle(%mentis made by references, 
to sources of informationgiven in tfaelist of references. The authors 
are grateful for the assistance of Dorothy Bright, Librarianfor the High
way Research Board, for aid in literature searches and to Marie Koneczny 
of the Highway Research Board for typing the original manuscript. 

A.W. Johnson 
John R. Sallbei^ 



Foreword 
The value of compaction as a construction process has been attested 

to by the fact that i t has been used by man since he built the earliest 
earthworks. With the increase in knowledge of the influence of com
paction on soil properties has come a better appreciation of the advan-
tagesof its use. As this knowledge has increased to permit interpreta
tion and field use, i t bears repeatii^ time and again-and with greater 
emphasis-no other single treatment can be applied to natural soil which 
produces so marked a change in soil properties at so low a cost as does 
compaction. Thebearii^valueof some soilsmay be increased several 
times by the increases in unit weightwhich can be produced by present 
compactors. The volume change of a soil actingas apavement subgrade 
can be reduced to relatively narrow limits when compaction and moist
ure are controlled for optimum conditions. Thus, the control of the 
moisture content and unit weight of soils has become one of the more 
significant treatments in the process of constructing highways. As a 
corollary, the development of more effective compaction equipment 
also has grown in importance. 

This committee has continually recognized Ihe growing importance 
of compaction. Inaddition to the sponsorship of numerous papers rela
tive to compaction^ i t has prepared two publications that have summa
rized knowlec^e gained through research and experience. The f i r s t of 
these. Wartime Road Problems No. 11, "Compaction of Subgrades and 
Embankments" was published in 1945. The second. Bulletin 58, "Com
paction of Embankments, Subgrades and Bases" was published in 1952. 
Bulletin 58 was reprinted twice and has been out of print for some time. 

The two previous publications briefly outiinedknowledge then avail
able on the several facets of compaction. Since the publication of Bul
letin 58 the results of numerous researches have been reported. It 
would notbepossible topublishin oneBulletinall of the data that should 
be available to the user of compaction. Accordii^ly, this Bulletin is 
devoted in the main to the performance characteristics of various types 
of compactors on different soils and methods used in the control of com
paction during construction and, in small part, includes data pertaining 
to general fundamentals of compaction. 

There isa lai^e volume of additional published material covering the 
several facets of compaction in the field and the laboratory, and its in
fluence on soil properties. Consideration of the value of this informa
tion has resulted in a decision by the Committee to publish the remain-
i i ^ material in two additional bulletins, one on factors affecting labora
tory tests, the other on the effect of compaction on soil properties and 
design. Much work has already been done in assembling data for these 
two publications, which wi l l be published as availability of time and per
sonnel permits. 

The preparation of this Bulletin has been a task of considerable mag
nitude requiring many man-months of literature research, of correlation 
of pertinent data, of organizing of material and, finally of wriUrig the 

^InBulletinsS, 23 , 42 , 93, 122, 159 , 254, SpecialReport38, andvari-
ous volumes of Proceedings of the Highway Research Board. 



manuscript. Credit for this time consuming, arduous task belongs 
to A.W. Johnson, Engineerof Soils and Foundations, Highway Research 
Board," and John R. Sallbei^, Highway Research Engineer, Divisionof 
Physical Research, Bureau of Public Roads. 

The Chairman wishes to acknowledge and thank Miles D. Catton, W. 
F, Abercrombie, and Leo J. Ritter, Jr . , for their service on a sub
committee appointed to review the f i r s t draft of the Bulletin, to con
sider all review comments offered by members of the Committee, and 
to approve the final draft for publication. 

L .D . Hicks, Chairman 
Committee on Compaction of Embankments, 

Subgrades, and Bases, 
Highway Research Board 
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Early History of Earthwork Compaction 
WHAT MAN ACCOMPLISHES concerns f i rs t an idea. As that idea develops into afield 
of knowledge it is accompanied by the development of tools and methods to apply that 
knowledge. No doubt man has always possessed the idea that the residual compression 
that was his footprint was, under certain conditions, due to compaction of the soil. No 
doubt he also knew that compaction gave strength to the soil. Country people have for 
centuries understood the effect of both moisture content and compaction with relation 
to soil t i l th. The engineer also imderstood something of the effect of soil moisture on 
compaction, for depending on the season he was aware that the soil was often too wet 
or too dry for good results. Whatever the form or extent of his knowledge the engineer
ing literature prior to the 1930's gives no evidence that anyone had established those 
relationships between moisture content, imit weight and compactive effort that is now 
spoken of as the fundamental principles of soil compaction. 

However, the changing requirements of construction soon demanded that the engi
neer provide some measure of compaction. According to an early account (18) "The 
f i rs t work along this line was done by the California Division of Highways inT929 when 
an extensive series of tests was conducted from which developed field equipment and 
methods of consolidating soil samples to determine optimum moisture requirements 
before construction and subsequently the relative compaction of the completed embank
ment. This procedure and equipment was adopted as standard in August 1929..." This 
was the beginning of the "idea." The results of the California work were made known 
through department publications but were never published in a periodical having nation
wide circulation. 

The requirements for earth dam construction demanded not only a measure of com
paction but also measures of the influence of compaction on shear strength and permea
bility. As a result, the Bureau of Waterworks and Supply of the City of Los Angeles 
conducted an extensive study that yielded data on those relationships. The findings 
were published beginning in August 1933 by R. R. Proctor (11) in a periodical having 
national distribution. During the period 1927 to 1930 the Silvan Dam for the Melbourne, 
Australia water supply was constructed. During that construction, Kelso (15) perform
ed experiments that yielded data on soil moisture content-unit weight relationships and 
thus the idea began to develop into a new field of knowledge that was necessary to the 
understanding of the behavior of soil. 

The development of the tools and methods for compacting soils began long before 
the principles of compaction were discovered. For a long period before the building 
of the f i rs t road roller, engineers used cattle, sheep and goats to compact soils in the 
construction of earth dams. Although their use had been largely in Europe and the 
Mediterranean area, as recently as 1893, one hundred fifteen goats were used to com
pact the upstream half of an 85-ft high Santa Fe, New Mexico (1.) water supply dam. 

But a look even farther back must be made to find the f i rs t record of mechanical 
compaction. In 1619, in England (69) a patent was granted to one John Shotbolte for 
employing " . . .land stearnes, scowrers, tnmdlers and other strong and massy engines 

in making and repairing highways and roads." But the learned members al the 
Royal Society did not look with favor on Shotbolte's invention, hi fact, the 1824 edition 
of John Louden McAdams' book emphasizes traffic compaction rather than rolling. 
The French, however, after adopting the McAdams' system about 1830 considered 
rolling an "indispensable concomitant." The f i rs t written advocacy in the English 
language on the economy of rolling was penned by Sir John F. Burgoyne, Royal Engi
neers, then Chairman of the Board of Works in Ireland. 

The f i rs t patent for a steam road roller was issued in France in 1859 to M. Louis 
Lemoine (69) of Bordeaux. The honor for inventing the f i rs t successful road roller is 
credited to Thomas Aveling of England. The "Illustrated London News" of December 
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16, 1866 described the t r ia l run of the new roller. The f i rs t steam road roller used 
in the United States was purchased by the Central Park Commissioners of New York 
City on June 19, 1869. A similar machine was also piu-chased at that time for use in 
Prospect Park, Brooklyn. They were built in England by Aveling and Porter andwere 
similar in many respects to some of our present 3-wheel roUers. The English-type 
roller with horizontal boiler was used here almost exclusively until the development 
of a vertical boiler with a tandem-type roller by the Julian SchoU Company of New York 
in 1903 (2). This was followed by the construction of a 12-ton 3-wheel roller by the 
Austin Manufacturing Company of Chicago. The Austin roller was powered by a 25-hp 
gasoline engine (4). Additional information pertaining to details of developments of 
steel-tired rollers of both the 3-wheel and tandem types are given in a paper by C. F. 
Parker (128). 

However, the effectiveness of animals as compactors had not been forgotten. It is 
said that the f i r s t sheepsfoot roller owes its origin to a flock of sheep that crossed a 
scarified oil-treated road surface in Southern California (92). The f i rs t sheepsfoot-
type roller was constructed of a log 3 f t in diameter and 8 f t long into which had been 
driven 7-in.-long railroad spikes (65). But the period 1904-1906 saw further develop
ment of the sheepsfoot roller at Santa Monica, California (3, 5, 6, 7, 32). A patent 
was issued on the "Petrolithic Roller" in 1906 (92). A photo of the Petrolithic roller 
is shown in the frontispiece. This roller was also known as the Fitzgerald roller, was 
manufactured in Los Angeles and sold for $750. It was about 5 f t in diameter and 8 f t 
wide, weighing about 5, 000 lb and was horse-drawn. Maximum groimd pressure was 
about 75 psi. 

Much of the early rolling was limited to the surface of the subgrade soil and to the 
metaled surface. Later, although 3-wheel, tandem- and sheepsfoot-type rollers were 
available, the application of rolling to embankments was not without controversy. It 
was generally believed that embankments would settle in time. There was some doubt 
that compaction would wholly prevent settlements. Others simply believed any part 
of the road structure other than the surface "a waste of money." 

In the decade following the introduction of the sheepsfoot roller, the practice of 
"ponding" became popular. During 1910-1915, 12-in. layers were "ponded" even in 
earth dam construction (65). During this same decade many highway f i l ls were built 
by loose dumping the soil and the entire f i l l "jetted". In some areas jetting was ac
companied by surface ponding. Jetting and ponding in highway construction, irrespec
tive of the type of soil, continued in some areas into the late 1930's. A method known 
as the alternate-ridge and wet-trench method was used in earth dam construction as 
recently as 1917 (8). The method consisted of dumping the soil in ridges about 5 f t in 
height separated by trenches. The trenches were then partly f i l led with water and 
fil led with earth to the level of the ridges. New ridges were then built over the position 
of the trenches and the procedure repeated. 

The use of rollers began to increase following the transition from horse-drawn to 
tractor-drawn equipment. The sheepsfoot rollers came into widespread use during 
the 1930's. However, the three-wheel roller continued to be popular in the north
eastern states. 

This brings this historical summary to the late 1930's and early 1940's when the 
ideas expressed as "principles of compaction" became widely known and discussed 
among highway engineers. The "Proctor Curve" was an expression of the times. 

Following the publication of Proctor's report, numerous studies were made to in
crease knowledge of these principles by compacting soil into cylindrical molds by using 
different sizes of molds and different compaction efforts. Those studies resulted not 
only in further exploring the moisture content-unit weight-compaction effort relation
ships but also resulted in the standardization of a test procedure whose results could 
be used as a basis for comparing with field compaction and thus determining the re
lative degree of compaction attained in the field. The Committee on Materials of the 
American Association of State Highway Officials (AASHO) agreed on a test procedure 
that was published under AASHO Designation: T 99-38. Committee D-18 on Soils for 
Engineering Purposes of The American Society for Testing Materials (ASTM) ap
proved a similar test procedure under ASTM Designation: D 698-42 T. These early 



standards provided adequate maximum unit weights for normal highway construction. 
However, the heavy wheel loads of large military aircraft during World War I I required 
markedly greater compacted unit weights, and the test known as the Modified AASHO 
Test (as modified by the Corps of Engineers) was developed for use in airfield con
struction. 

The new-fo\md knowledge concerning compaction brought with it problems of ad
ministration. The measure of compaction had to be stated in specifications that were 
a part of the construction contract. There was some apprehension that specifying unit 
weight would result in excessive costs. Administrators generally were willing to be
gin by specifying less than "maximum" unit weight obtained in the new standard tests. 
The problem of measuring unit weights where coarse aggregates were prevalent in 
embankments and in subbases and bases, in many instances precluded specifyingunit 
weights and much thought was given to specifying equipment and roller hours so the 
project engineer would be able to control compaction adequately. There has been a 
strong tendency in the last decade toward specifying compacted unit weight and more 
specifications each year omit mention of compaction equipment. Tables of state high
way specifications given herein and in previous publications of the Highway Research 
Board attest to this. 

As the Standard AASHO T99 and ASTM D698 tests provided inadequate unit weights 
for airfield construction, i t became evident during the 1950's that increases in high
way wheel loads and number of load applications necessitated increases in unit weight 
requirements for highway bases, subbases and subgrades. These requirements re
sulted in the development of new test methods (AASHO T180-57 and ASTM D1557-58T) 
to provide maximum unit weights markedly greater than those provided by AASHO T 99 
and ASTM D 698. 

Some equipment developed during the late 1930's continues in current use on some 
projects today. That equipment, as well as examples of more recent equipment — con
stituting our tools for "putting to work" our new-found knowledge of compaction — are 
shown in the form of a number of photos throughout the text of this report. 

This brief historical account of the development of ideas concerning compaction and 
the development of construction equipment and methods for their application in con
struction has, of necessity, included experiences in construction of earth dams and 
airfields, and their influence on progress. However, in the main, the data presented 
in this publication pertain to the construction of highways. 



Fundamentals of Soil Compaction 
THE TERM COMPACTION refers to the act of artificially increasing the unit weight of 
the soil by manipulation in the form of pressing or ramming or vibrating the soil parti
cles into a closer state of contact. During compaction, air is expelled. Both air and 
water may be expelled from pervious granular materials as the porosity is reduced by 
compaction. 

The extent to which a soil mass can be made to occupy a smaller volume depends 
mainly on (a) the nature of the soil and its compactibility; (b) the nature of the com
paction effort (that is, the type of effort and the energy expended); and (c) the moisture 
content at which the soil is compacted. However, before discussing those factors that 
influence the degree of compaction, it is well to imderstand the volume-weight relation
ships that exist for any given unit weight. Knowledge of those relationships is useful 
in analyzing the degree of compaction in terms of the relative proportions of soil solids, 
air, and water by weights or by volumes. They also aid in understanding the effect of 
increasing the unit weight on the properties of the soil mass. 

SOIL, WATER AND AIR VOLUME-WEIGHT RELATIONSHIPS 
The soil mass is composed of solid particles and interspaces or voids and is termed 

a porous system. Accordingly, soil has two "densities": f i rs t , that of the solid parti
cles which is termed the Specific Gravity (of solids), and second, that of the soil mass 
which includes solids, water-filled voids and air-fi l led voids and is termed its unit 
weight or density and is represented by the symbol -y. (It is recognized that "density" is de
fined as the mass per unit volume. However, in the field of soil mechanics the term 
density is often used in place of unit weight. In this publication the terms unit weight 
and density are used synonymously. However the term unit weight is preferred and is 
used throughout most of the text. The Greek gamma, "y , has been standardized by the 
American Society of Civil Engineers (119) and the American Society for Testing Mate
rials (121) and has been accepted on a worldwide basis as a symbol indicating unit 
weight. See "Definitions" Appendix A. ) Although the imit weight may be determined 
for any moisture content, i t is, unless otherwide designated, expressed as dry unit 
weight, "Y (J. A diagrammetric representation of the composition of soil is shown in 
Figure 1. 

The moisture content, dry unit weight, and proportion's of solids, and water-filled 
and air-fi l led voids may be determined by means of simple formulas that express the 
Interrelationships involved. These interrelationships are expressed in the "Defini
tions" Appendix A. 

For those who are being introduced to compaction and the calculation of these 
interrelationships it may be of interest to illustrate the interrelationships here by 
sample calculations using numerical examples. 

Specific Gravity (of Solids), Gs 
Given a specific gravity of 2.7, the dry unit weight of solids in soil is determined 

by multiplying the specific gravity and the unit weight of water. For example 2.7 x 
62.43 = 168.56pcf. 

Moisture Content, w 
If Wŷ  = wet weight of a soil mass = 12.4 lb or 5, 625 grams, and W^ = dry weight 

of a soil mass = 10.6 lb or 4, 808 grams, the moisture content, 

, ^ W w ^ , 100 100 or x 100 = 17 percent. 



Dry Unit Weight. Yrf 
The dry unit weight of a soil mass is the weight of the soil per unit of total volume 

of soil mass (119). For example, i f V = total volume of the soil mass = 0.1 cu f t or 
2, 832 cu cm, and W(j = dry weight of the soil mass = 10.6 lb or 4, 808 grams, 

Proportions of Solid and Air and Water Volumes 

If ng = the percent of soil solids, 
Yd = dry unit weight (106 pcf or 1.698 g/cc), 
Gg = specific gravity (2.7), and 
Vg = volume of soil solids, 

ns X 100 = 62.43 x 100 = 62.885 percent 

and 
's 2?70 

Vg = = 0.6289 cu f t soil solids. 

S V = total volume of the soil mass, 
Vy = volume of voids (air and water), 
Vg = volume of soil solids, 
V:^= volume of water-filled voids, and 
Va = volume of air-f i l led voids. 

Vy = V - Vg = 1 - 0.6289 = 0.3712 cu f t total voids. 

Also, if Wjj = dry weight of soil mass, 

Vw = IOg^S-3 = W l ^ 3 = 0.2886 cu f t of water 

and 
Va = V - = 0.3712 - 0.2886 = cu f t of air. 

The corresponding values of porosity, percent soil solids, percent water-filled voids, 
percent air-f i l led voids and void ratio may be computed as follows: 

K n = porosity (percent total voids), 
ng = percent soil solids, 

= percent water-filled voids, 
= percent air-f i l led voids, and 

e = void ratio, 

n = ^ X 100 = .̂ 1̂ 1? X 100 = 37.12 percent porosity (percent total voids) 

Hg = ^ X 100 = i J ^ X 100 = 62.89 percent soil soUds 

n^ = ^ X 100 = X 100 =28.86 percent water-fiUed voids 

na = X 100 X 100 = 8.25 percent air-f i l led voids 

« = T r = § S = 0.5902 void ratio 
s 
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For convenience. Table A, giving values of total solids Vg in percent by volume for 
various values of specific gravity Gg, and dry unit weight y^, is included inAppendix B. 

In some areas where the soil exists at a moisture content uniformly greater than 
optimum (81) i t may be convenient to compact at the existing moisture content and spec
ify compaction in terms of a maximum percentage of air voids (V^). The following 
expression shows the relationship between percent air voids, dry unit weight and other 
variables: 

Yd = 
V w ( ^ - T ^ ) 

in which 

Volume Weight 

Yd 
Yw 

Air= 8.3% 

Water = 28.8% 

dry unit weight of the soil; 
imit weight of water (62.43 pcf in 
lb. f t units); 

Va = maximum percent air voids pos
sible (at w = 17 percent) = 8.25 
percent; 

Gg = specific gravity of soil solids = 
2.7; and 
soil moisture content = 17 percent. w 

Example 
62.4311 

Yd =• 
V-wrJ 

2.7 
17 

Too 

106 pcf 

Figure 1. Diagrammatic representation of 
the composition of s o i l . 

calculations: 

Zero Air Voids Curve (Line of 
Saturation) 

The curved line showing the unitweight 
at zero air voids is a function of moisture 
content (119); that is, the moisture con
tent w (expressed as percent of dry weight 
of soil) necessary to completely f i l l the 
voids of a soil mass to saturation at a 
given dry imit weight. It is computed as 
follows from data given in preceding 

If 

Yd 

= volume of solids = 0.6289 cu f t , 
= volume of voids = 0.3712 cu f t , and 
= 106 pcf 

thentheweight of water, W,,, required to f i l l the voids becomes 0.3712 x 62.43 =23.171b, 
and the moisture content at saturation 

Wsat = w 
Yd 

X 100 

w =-
23.17 

106 X 100 = 21.86 percent 

This computation can be made by insertingthe appropriate values In an equation, as 
follows: 

If w = moisture content in percent 
Y(j = dry unit weight in pcf, and 
Gg = specific gravity in g/cc, then 



w 

• (TOT -A) ^ 21-8« w 

and the saturated unit weight, ^g^t > is 

Yd ( 100 + wgat ) _ 106x 121.86 _ . -g , 
100 Too 12a. 17 pcf 

Line of Constant Air Voids 
The values for a line of constant air voids (see lines representing 10 and 20 percent 

air voids in Figure 2) may be determined by substituting the appropriate values of spe
cific gravity, Gg, dry unit weight, Yd» and percent air voids n^, in the following equa
tion and calculating the moisture content corresponding to the value of dry unit weight 
used: 

If n- = percent air voids for which computation is'made (use 10 percent). 
Yd = dry unit weight (use 106 pcf o r - g ^ i ^ = 1.698 g/cc), 
Gg = specific gravity of solids =2.7, and 
Yw = unit weight of water = 62.43 pcf or 1 g/cc 

"a 
w ^ " Too 1 

100 Yw Vd Gg 

1 10 
w 1" Too 1 

100 X 1 ~ 1.698 " 2.7 
w = 15. 97 percent, the moisture content corresponding to a dry unit 

weight of 106 pcf for 10 percent air voids. 
By computing values of moisture content, w, for the necessary range of values of 

dry unit weight, Yd» and plotting the values on a graph and connecting the points by a 
line, the result wi l l be the 10 percent air voids line (for a specific gravity of 2.7) as 
is shown in Figure 2. For convenience, Table B giving values for determining the 
zero air voids curve, is included in Appendix B. 

Percent Saturation, S 
In earthwork construction above the groundwater table, the soil voids usually con

tain both air and water and it may be desirable to analyze the behavior of soil in terms 
of the degree in which the voids are filled with water (that is, the degree of or percent 
of saturation). The percent saturation, S, is the ratio expressed as a percentage of 
(a) the volume of water in a given soil mass to (b) the total volume of intergranular 
space (voids) (119). The percent saturation, S, may be determined on a volumetric 
basis, as follows: 

If V^ = volume of water-filled voids = 0.2886 cu f t , and 
Vy = total volume of voids = 0.3712 cu f t 

X 100 = - ^ f l X 100 = 77.77 percent 
Vv " 0.3712 

Or, from values of porosity, if 
n = total porosity in percent = 37.115 
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10% air 0% air voids, n 
l i -^Spec i f ic 

gravity, Gs 
Example: Given w = 
17%, Yd = 106 pcf and 
Gs= 2.70 (point o). Then 

in 
terpolation between tlie 
0 % and the 10% air 

2 0 % o r voids lines, ng = 8. The 
zero air voids curve 

when referred to per 
cent voids — void 
ratio scale indicates 
8 = 0.59. For a condi
tion of saturation at a 
constant TTjj of 106 
pcf, w= 22 and IC^et'' 
129. For a condition of 
saturation at a con 
stant w of 17%, "Yd 
115.6, T „ e t = '35, n 
31.5 and e = 0 .46 

5 0 - ^ .0 

^110 

10 20 30 
Moisture Content, w , percent of dry weight 

Chart of solids-water-volds relations of s o i l masses (source. Bureau of Public Roads). 



percent of water-filled voids = 28.864 
"w 28.864 
IT - - 37 j y ^ X 100 =77.77 percent 

The percent saturation, S, may also be computed from appropriate values of per
cent moisture content, w, void ratio, e, and specific gravity Gg, as follows: 

» - ( ^ ) 

S = 77.77 percent 
Lines indicating 80 and 90 percent saturation for a soil having a specific gravity, 

Gg =2.7 are shown in Figure 3. 
The percent of saturation, S, may also be expressed in terms of percent air voids 

n^, as has been shown previously and as is indicatedin the moisture content-unit weight 
chart shown in Figure 2. For example, for a specific gravity Gg =2.7, a moisture 
content, w = 17 percent, and a dry unit weight, = 106 pcf (point 0 on chart in Figure 
2) the air void content in terms of percent (n^) may be interpolated between the line of 
zero air voids and the line of 10 percent air voids by scaling the distance between the 
two lines and determining the relative proportion of that distance from the zero air void 
line to point 0. 

Use of Chart for Determining Soil-Mass Volume-Weight Relationships 
Point 0 in Figure 2 represents a moisture content, w = 17 percent; a dry unit weight, 

"Vd = 106 pcf; and a specific gravity, Gg = 2.7. Using the chart for interpolation, the 
wet vmit weight, y^f/ei (at a w = 17 percent) = 124 pcf. By interpolating between the 0 
and 10 percent air void curves, the percent air voids, n̂ ^ = 8. The zero air-voids curve 
(for a specific gravity, G_ =2.7) indicates that the total porosity n=37.2. Conversion 
of the porosity, n, to void ratio, e, on the scale in the upper right of Figure 2, gives 
e = 0. 59. 

For a condition of saturation at a constant dry unit weight "ŷ j = 106 pcf the values 
obtained in Figure 2 are Wg^^ = 22 percent and Ysat - P'^- ^ condition of 
saturation at a constant moisture w = 17 percent, the appropriate values are Ysat -
135 pcf, n = 31.4 and e = 0.46 percent. 

THE MOISTURE CONTENT-UNIT WEIGHT-COMPACTION EFFORT RELATIONSHIP 
When samples of a given soil are f irst mixed with different percentages of water and 

then compacted under identical procedure there results a relationship between unit com
pacted weight, Ywet> ^'^^ moisture content, w. This relationship is expressed in 
the form of a curve of compacted weight vs moisture content and Is known as the wet 
unit weight curve (Fig. 4). Here the compacted unit weight increases with increase in 
moisture content to a maximum and then decreases with additional increase in moisture 
content. The increase in compacted unit weight results in part from the water added 
and in part from the greater densification obtained by compaction. The relative pro
portions of the increased wet unit weight due to the water added and that due to com
paction are indicated in Figure 4. 

Inasmuch as compaction consists of increasing the soil grains per unit of volume it 
is necessary to express the results of compaction in the form of a relationship between 
moisture content and dry unit weight. An example of a moisture content-dry unit weight 
relationship curve (compaction curve) is shown in Figure 3. Here the corresponding 
wet unit weight curve (Fig. 4) for the same soil is duplicated for comparison. The 
highest point on the dry unit weight curve represents the maximum imit weight attained 
with the method of compaction and compaction effort used. The moisture content cor
responding to that maximum dry unit weight is known as the optimum moisture content 
(wo or OMC). Also shown in Figure 3 are lines of 80 percent and 90 percent saturation. 
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as well as the zero air voids line (line of 100 percent saturation). (These lines of per
cent saturation are not to be confused with the lines of 10 and 20 percent air voids shown 
in Figure 2.) The line of 100 percent saturation (zero air voids) represents the theo
retical relationship between dry unit weight and moisture content, assuming al l the voids 
to be filled with water. The percent saturation refers to the percent of the total pore 
volume that is filled with water. 

Hie compaction curves shown in Figures 3, 4, and 5 are "regular" in shape; that is, 
they are nearly parabolic in form. Certain laterltic soils, uniformly graded sands, 
and colloidal clays exhibiting very high plasticity indices often result in irregularly 
shaped curves when compacted by the effort employed in AASHO Designation: T99, or 
similar efforts in field compaction. Highly plastic clays usually respond to increase 
in compaction effort, the shape of their compaction curves changing from irregular to reg
ular on increasing the compaction effort from that of AASHO T 99 to AASHO T180. That is 
not necessarily true for some of the other soils. Some of the early tests illustrating regular 
and irregular curves were obtained in the early studies of soil-cement mistures (17A). 

Figure 3 also shows the relationship between the porosity, n (the percent total voids), 
corresponding to the dry unit weights on the graph. The curve of porosity vs moisture 
content is a fundamental measure of compaction because it does not reflect the effect 
of the specific gravity of the soil solids G^, as does the dry unit weight expressed in 
pounds per cubic foot (pcf). For any given porosity, n, the dry unit weight, y^, in
creases with increase in the specific gravity of the soil solids, Gg. 

There are several general factors that influence the value of unit weight obtained by 
compaction, whether the compaction be in the laboratory test or in field construction. 

^ 120 h 

Line of 80% 
saturation 

1 1 1 1 

-Line of 100% saturation (zero air voids) 
for specific gravity, Gs = 2.70 

90% saturation 

Compacted unit weight, 
L ^wet, pcf 5> 110 

Poros percent total voi 

30 
10 15 20 25 
Moisture Content, w, percent 

Figure 3 . The moisture content-unit weight relationship shewing the curves of (1) com
pacted unit weight, 'Ywet* '"'s moisture content, and (2) dry unit weight, 74, vs moisture 
content and porosity corresponding to dry unit weights shown. S o i l i s a s i l t y clay, 

l i = 37, PI = l ' ^ , compaction effort = AASHO Method T99 (12,375 f p / c f ) . 
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The most significant of these are (a) the moisture content of the soil, (b) the type and 
amount of compaction effort used, and (c) the nature of the soil (that is, its grain size 
distribution and its physical properties). In addition, (a) the temperature of the soil, 
(b) the amount and the effectiveness of manipulation during the addition of water, mix
ing and compaction, or in the removal of water by aeration, and (c) the vmiformity of 
moisture distribution and time period between mixing and compaction, have some in
fluence on the degree of compaction attained. 

Influence of Moisture Content 
Examination of the moisture content-dry unit weight curve (Fig. 3) resulting from 

a laboratory compaction test, or of curves developed from full-scale field rolling ex
periments (Fig. 13) show that for a given soil and a given compaction effort, the moisture 
content determines the state at which maximum dry unit weight occurs. When the 
moisture content is low, the soil is stiff, and difficult to compress; low values of dry 
unit weight and high values of air content are obtained. As the moisture content is in
creased, the added water decreases surface tension and acts as a lubricant causingthe 
soil to soften and become more workable resulting in a higher dry unit weight and a 
lower air content. The optimum moisture content at which maximum dry unit weight 
is attained is the moisture content at which the soil has become sufficiently workable 
that under the compaction effort used it has permitted the soil to become packed so 
closely as to expel most of the air. As the moisture content is increased above optimum. 

130 

120 

o 
Q. 

> - n o 

5 
5 
^ 100 

9 0 

8 0 

Unit weight, "Yy^gt. ° ^ 
compacted. ^ 

Increase of unit weight 
due to compotion 

Increase of un 
due to the wei 
water added. 

-Weight per cubic foot when compacted dry. 
J I 1 1 L 

Unit weight 
when com
pacted dry 
plus weight 
of water 
added. 

10 15 20 25 
Mois ture Content, w, percent 

3 0 35 

Figure h. The moisture content-unit weight relationship Indicating the Increased unit 
weight resulting from the addition of water and that due to the compaction effort ap
plied. S o i l I s a s l l t y clay, LL = 37, PI = 1**, compaction effort = AASHO Method T99 

(12,375 fp/cf) (source (15)). 
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the soil becomes increasingly more workable but the increased moisture content and 
the remaining unexpelled air f i l l the soil voids and prevent closer packing. Thus, the 
moisture content-unit weight relationship is indicative of the relative workability of 
the soil at various moisture contents under the compaction effort used. 

T 1 r 

Influence of Compaction Effort 
For al l soils, in field or in laboratory compaction, increasing the energy applied 

per unit volume of soil results in an increase in the maximum unit weight and a de
crease in the optimum moisture content. Although the optimum moisture content de
creases with an increase in compaction effort for a given soU, that soil is sufficiently 
workable at the reduced moisture content to be compacted to a higher maximum unit 
weight at the increased compaction effort. Thus, for each compaction effort applied 
per unit volume of a given soil, there is a corresponding optimum moisture content 
and maximum imit weight. 

Early studies of the influence of compaction effort on dry unit w e i ^ t were made by 
several state highway departments and the Corp of Engineers. The early studies of 
soil stabilization by the use of portland cement (122A, 122B) explored the effects of 
different compaction efforts on the properties of the soil-cement mixtures. 

The effect of compaction effort on dry unit weight and optimum moisture content for 
a well-graded clayey sand is illustrated in Figure 5. Here five compaction efforts 
were used. The magnitude of each effort is given in Figure 5 in terms of foot-pounds 
per cu in. and also in terms of foot-pounds per cu f t . Note that the values of dry unit 
weight range from about 11.6to 127.1 pcf, atotalrangeof about 10. 5pcf, and that the values 
of optimum moisture content range from 7.7 to 10.5 percent. 

The effect of compaction effort is often 
determined by comparing the results ob
tained with (a) AASHO Designation: T 99-57 
(3 layers, 25 blows per layer, 5.5-lb 
rammer dropping 12 in. in a %)-cu f t 
mold); and (b) the method formerly known 
as the Modified AASHO Method but which 
is now AASHO Designation: T 180-57 (5 
layers, 25 blows per layer, 10-lb rammer 
dropping 18 in. in a Vao-cu f t mold or 56 
blows per layer in a Vu.as-cu f t mold). 

Performing both tests on each of several 
types of soil shows that different soils ex
hibit different increases in unit weight with 
increase in laboratory compaction effort. 
Uniformly graded (one-size) sands may 
exhibit little (2 to 3 pcf) or in extreme 
cases no increase in unit weight; well-
graded sands 8 to 10 pcf; silty to clayey 
sands, sandy clays, and silty clays 10 to 
18 pcf; and heavy clays may exhibit unit 
weight increases up to 20 pcf for AASHO 
Method T180 compared to that of AASHO 
Method T99. Examples indicating the 
differences in compactibility of two soils 
in these two laboratory tests that differ 
so greatly in compactive effort (T 99-57 
Method A = 12,375 f t = lb pcf, T 180-57 
Method A = 56,250-ft = lb pcf) are illustrated 
in Figure 6. The absence of different sizes 
of particles in the fine sand makes it im
possible to obtain high unit weights for 
this soil regardless of method of com-

128 

126 

124 

122 

3 
- 120 

118 

116 

114 

49 ,922 

28 89 
34,370 

22.913 

Compoction Effort 
ff Ib/cu in 

6 63 

Soil—Texos well-
groded clayey sand 
L L = I8, PI = 3 
Gs=2 65 3 98 

Compaction Effort 
ft Ib/cu ft 

11,457 

6 ,877 

8 9 10 II 12 
Moisture Content, percent 

13 14 

figure 5. Effect of compaction effort on 
moisture-wiit weight relations for a 
clayey sand. Note: The compaction effort 
for Standard AASHO Method T 99-57 i s 
12,375 fp/cf and Modified AASHO i s 
56,250 fp/cf (55,986 fp/cf for AASHO 
Method T 180-57 using 1/13.33 cf mold) 

(source (106A)). 
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paction or compaction effort used in field or laboratory. The silty clay soil, however, 
responds to compaction effort either in the field or laboratory. 

If maximum unit weights for each of several compaction efforts are determined as 
indicated in Figure 5, and those maximum unit weights are plotted vs compaction effort 
on a semi-log plot there develops compaction effort vs maximum unit weight curves of 

the nature indicated in Figure 7. These 
curves illustrate the very marked effect 
that changes in the laboratory compaction 
effort has on some soils compared to a 
much lesser effect on other soils. 

These differences, in response to com
paction effort are of practical significance 
to the engineer who prepares specification 
requirements for compaction. They are 
also of significance to the engineer who 
interprets the results of unit weight tests, 
particularly when the specification require
ments are stated in terms of percent re
lative compaction (see "Definitions," Ap-

1 1 1 
0 Lakaland (Florida) frns sand, A-3(0), 

1 1 
SP, non-plostic, 6 s > 2 7 l 

(D Keith {NflbrosKol silt loam, B-horiion, 
PI = 16, G, = 2 66 

A-6{ I0 ) , C L , L L = 37, 

^ ^ A f l S H O TIBO-57 
Method A 

{\ 

- — AASHO T99-57 
Method A 

® 

1 1 1 1 

MoislurB ConrenI, percent dry weiqM 

No L L PI Source ana Texture 
I N P - Australian dense graded grave l 
Z 20 3 Co l i f a rn ia cloyey sand 
3 18 3 Texas clayey sand 
4 N P - Cal i fornia sand 
5 18 2 Vicksburg cloyey sand 
6 N P - F lor ida send 

4 3 22 Coll 
8 N P 

Compaction Effort 
Mod AASHO Method 
5 6 . 2 3 0 ft-Hb/cu ft 

Pours 

Pours 

Compaction Effort 
A A S H O 

I I I I I l l 

Figure 6. Effect of two different 
compaction efforts on the unit weights of 
two different types of s o i l (courtesy 

Bureau of Public Roads). 

pendix A). For example, the percentages 
appearing above the curves for soils 2, 4, 
and 7 in Figure 7 show the compaction ef
forts required to attain unit weights equiv
alent to 90, 95 and 100 percent of that 
obtained by AASHO Method T 99-57 
(12,375 f t - lb pcf). It may be seen that 
the compaction effort necessary to attain 
90 percent or 95 percent of maximum unit 
weight varies markedly with soil type, 
being a function of the slope of the curve. 
For soil 7, a medium clay, the compaction 
effort at 90 percent relative compaction is 
2,500 f t - lb pcf which is equal to about 20 
percent of the compaction effort required 
to attain maximum unit weight in the AASHO 
T 99 test. In comparing this with soil 4, it may be seen that the compaction effort 
needed to attain 95 percent of AASHO T99 maximum dry unit weight is about 20 percent 
(of 12,375 f t - lb pcf) and that the soil can be poured in the dry state to a unit weight 
about equal to 90 percent of AASHO T99 maximum dry unit weight. Thus, about the 
same compaction effort is required to compact the sandy soil to 95 percent relative 
compaction as is needed to compact the clayey soil to 90 percent relative compaction. 

There are differences in methods of applying compaction effort in the field compared 
with those in the laboratory. Therefore, there are slight differences between field and 
laboratory relationships between compaction effort and the unit weight attained. How-

100 1,000 10,000 100 ,000 
Compaction Effort, ft Ib/cu ft 

Figure 7. Relationship between compaction 
effort and the corresponding maximum unit 
weight obtained at the optimum moisture 

for each compaction effort, 
of data for curves, i n order 
(82A, h2k, 106A, U2A, S3, 63, h2A, 

637: 

content 
Sources 
shown: 
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ever, from the results of full-scale field rolling experiments in several countries, and 
the comparison of field results with laboratory results there has been found to be a 
close similarity between trends in the results of field and laboratory compaction. 
Therefore, the effect of compaction effort is as evident and as significant in field com
paction as in the compaction test. In field compaction, unless the roller sinks too 
deeply in the soil, the effort applied is the product of the drawbar pull and the number 

of passes for the width and depth of area 
compacted. This involves the dimensions 
of the compactor, total weight, size of 
loaded area, unit contact pressure, l i f t 
thickness and number of passes or cover
ages. 

No 

S O I L T E X T U R E AND P L A S T I C I T Y DATA 

Description Sond Si l t Cloy L L PI 
1 Well groded loomy sond 

2 Well groded sondy loom 
3 Med groded sondy loom 
4 L e o n sondy stity cloy 
5 Leon Sllty cloy 
6 Loess io l s i l t 
7 Heowy cloy 
8 Poorly groded sond 

Zero oir voids 
G s ° 2 6 5 

2 16 N P 
13 16 N P 
IS 22 4 

3 5 28 9 
31 3 6 15 
10 2 6 2 
72 6 7 4 0 
- N P -

Effect of Soil Type 
The values of maximum unit weight and 

optimum moisture content obtained under 

Moisture Content, percent 

^gure 8. Moisture content-unit weight 
relationships for eight (8) s o i l s com

pacted according to AASHO Method 199• 

Dry unit weight of 
so i l mortor 

C u r v e s obtoined by 
Moddison ( 2 8 ) on 
s i n g l e - s i z e o g g r e g o t e s 

C u r v e s from la ter work by 
B r i t i s h Rood R e s e o r c h 
L a b o r a t o r y on g r o d e d 
aggregote ( 6 2 ) 

a given compaction effort may differ widely 
for different soil types, depending on the 
shape of the soil grains, their size distri
bution, specific gravity and their plastic 
properties. When compacted under a 
standard effort (AASHO Method T99), some 
clayey soils of volcanic origin may have 
maximum imit weights of the order of 60 
pcf or less. Other heavy textured clay 
soils may exhibit maximum unit weights 
of the order of 90 to 100 pcf or more. 
Poorly graded (imiform size) sands may 
also eodubit imit weights of less than 100 
pcf. Improving the distribution of the 
grain sizes by increasing the sand content 
and by keeping silt and clay components 
in proportions approximiately sufficient 
to f i l l the voids in the sand, markedly in
creases the unit weight for a given com
paction effort. 

Examples illustrative of the differences 
in maximum unit weight and optimum 
moisture content that result for eight dif
ferent soils when compacted in accordance with AASHO Method T99 are shown in 
Figure 8. Here a poorly graded (uniform grain size) sand. No. 8, resulted in the 

"1 1 — 1 <-

Dry unit weight of 
s o i l / a g g r e g a t e 
mixture 

0 2 0 4 0 6 0 8 0 I0< 

Aggregote in Dry Soi l - Aggrega te M ix tu re , percent 

Figure 9. Influence of the proportion of 
aggregates on the compaction of s o l l -
mortar at optimum moisture content (28, 

62). ~" 
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lowest unit weight for the group. Only a slightly higher imit weight was attained for 
the heavy clay. No. 7. The \miformly graded sand. No. 8, was relatively insensitive 
to increases in moisture content as is indicated by the small increase in unit weight 
with increase in moisture content. This is also true for the heavy clay. No. 7. The 
silty soils showed increased response to change in moisture content, and the sandy 
soils with relatively small proportions of silt and clay were highly sensitive to changes 
in moisture content as is indicated by the shapes of their compaction curves. It should 
be noted in Figure 8 that the zero air voids curve is for a specific gravity Gg of 2.65. Be
cause the specific gravities of the soils differ, their relative position with respect to 
the zero air voids curve differs. Thus, the actual percent air voids may vary some-

U S standard Sieve Sizes 

I I I I I I II I I I I I II I I I I I I I I I 7 1 I ' I I I I I I 

1946) 

I I I I I II 

47 range of grodation-

J I M i n n I I I I i r n r 
0 001 0 I I 

Porficle S ize , mill imeters 
100 

Flgvire 10. Grain-size distribution of soil s used i n ful l - s c a l e compaction experiments 
by Corps of Engineers. (Note: Numbers beside cui^res show references from which data 

were obtained.) 

what from that indicated. 
The compaction curves in Figure 8 are representative of soils that contain little 

or no coarse aggregates (material retained on the No. 4 sieve). However, the coarse 
aggregate, whether i t be retained on a No. 4 sieve or the % - in . sieve may, like the 
sand content or the type and proportion of clay, have a strong influence on the com
paction characteristics. That influence may differ depending on the nature of the ag
gregate (natural gravel, crushed gravel, crushed rock, etc.), its maximum size, and 
its size distribution. The proportion of coarse aggregate determines not only the unit 
weight of the soil mortar but also the unit weight of the total mix. The effect of coarse 
aggregate content is significant not because of problems it engenders in obtaining the 
necessary degree of compaction either in the field or in the laboratory but rather because of 
the difficulties i t presents in the measurement of vuiit weight and applying those measure
ments in the control of construction. Measurement is usually based on the imit weight 
of the material passing the No. 4 sieve or that passing the %- in . sieve, although con-
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trol is sometimes on the basis of the total material. The effect of the proportion of 
coarse aggregate on the unit weight of the soil mortar and on the total material for 
two types of coarse aggregate gradings is indicated in Figure 9. 

In arriving at the relationships indicated by the dashed lines in Figure 9, Maddison 
(28) used single size coarse aggregates up to 25 percent of any one size (1 in. to % in., 
77~in. to % i n . , and % in. to /a in . ) . They had but little effect on the compaction of 
the soil mortar in proportions of less than about 25 percent, the aggregate merely act
ing as displacers of soil mortar. However, the use of an aggregate graded between 
the V4-in. and the British No. 7 standard sieve (62) resulted in decreasing the dryunit 
weight of the soil mortar on the addition of even small proportions of the ag^egate. 

u s standard Sieve Sizes 

m CM 

I 

Heavy Clay 
(HC) 

Well-Graded 
Sand (WGS) 

Sllty Clay 
ISiC) ^ 3 

Uniformly 
Graded Sond 

lUGS) 

Sandy Clay 
( S O 

\l I ' I I I I ' l l 

Gravel - Sond- Cloy 
(GSC) 

J I I I J 1 I I I I I II 

Soil Type 8 L L PL PI Sp Gr(Gs) 
Curve No % % % 

GSC 1 NP NP NP 2 68 
WGS 2 NP NP NP 2 70 
UGS 3 NP NP NP 2 66 
SC 4 40 20 20 2 72 
SiC 5 43 24 19 2 69 
HC 6 75 23 52 2 77 

1 1 J 1 1 1 1 J 1 1 M i l l 
0001 001 0 I I 

Part icle Size in Millimeters 
100 

Figure 11. Index properties and grain-size distributions of so i l s used in f u l l - s c a l e 
compaction studies in Great Britain (56, 81, 109A, 110, 129). 

A l l coarse aggregates when added to the soil, resulted in increasing the unit weight 
of the total material to a point of maximum unit weight beyond which further increases 
in the proportion of coarse aggregate resulted in a decrease in imit weight of the total 
material. 

The influence of coarse aggregate content on unit weight and means for measuring 
or computing the degree of that influence as it affects or is affected by specification 
limits has been given much thought and is discussed later. 

Other Factors that Influence Compacted Soil-Unit Weight 
It has been demonstrated (13, 23) under identical compaction procedures, that 

increasing the temperature from near freezing to 75 F or more may increase the 
unit weight of compacted fine-grain soils by three or more pcf. Extreme values range 
up to 11 pcf (23). Thus, soil temperature may favorably or adversely affect compaction 
of certain fine-grain soils. 
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Other factors of a minor nature include manipulation of the type involved in mixing 
soil and water in either field or laboratory, or that involved in reducing soil moisture 
content by aeration. These may influence the unit weight particularly of clayey soils. 
Drying of densely graded granular bases may influence unit weight. Degradation in the 
form of aggregate breakage under rolling is also a factor. The uniformity of the dis
tribution of the soil moisture and the time period between wetting, mixing and compact
ing may influence unit weight. 

The factors previously mentioned that may influence both the compacted unit weight 
(and the optimum moisture content) are of general nature and may apply both in field 
or in laboratory compaction, although not necessarily in the same degree. There are, 
in addition, a number of factors that are peculiar to testing alone or to field compaction 

U S s t a n d a r d S i e v e S i z e s 

100 

/ 

i l l 

€ 6 0 h -

o E 

I I I I I 

Mo (f ine s a n d a s i l t ) H a l m s j d A i r f i e l d 
M o r o i n i c S o i l 
S a n d 
S a n d 
G r a v e l 

C r u s h e d G r a v e l 

H a l m s j b A i r f i e l d 

H a l m s j b A i r f i e l d 

B a r k S k r o A i r f i e l d 

B a r k a k r a A i r f i e l d 

B a r k a k r a A i r f i e l d 

I I I I I I I I I 
100 

P a r t i c l e S i z e in M i l l i m e t e r s 

Tigure 12. Grain-size distribution curves for soil s used i n Swedish compaction 
studies (80). 

alone that influence the results obtained. These are discussed later. 

FACTORS INFLUENCING COMPACTION IN CONSTRUCTION 
It has been shown that there are several factors that influence compaction, whether 

in the laboratory or in the field. The most significant of these are (a) the type of soil, 
(b) its moisture content, and (c) the nature of the compaction effort. Inasmuch as the 
soil, and its moisture content, are common to both laboratory and construction com
paction, the essential differences between field and laboratory compaction lie in the 
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T A B L 

INDEX PROPERTIES OF SOILS USED IN EXPERIMENTAL COHPAC' 

Mechanical Analysis 

Gravel 
and 

Clay 
Smaller 

Atterberg 
U m i t s 

Sand 0.05 to Than 
Reference >0.05 0.005 0 005 

Line Number Textural Soil Type mm m m mm 

1 29 Indiana s i l ty clay 2-6 57-65 28-40 31-46 13-25 
2 29 Ohio sandy s i l ty clay 31-30 38-43 33-36 31-45 12-23 
3 37 Macadam base _b - - - -
4 44, S3 Mississippi clayey sand 82 2 16 18 2 
5 46, 76, 95, 53, 87 Mississippi lean clay 5-11 60-68 21-31 36-30 12-18 
6 47 Umlormly graded Florida fine sand 96-99 - - - NP 
7 56, 127, 110, 129 

56, 127, 110, 129 
B r i t i s h sand-gravel-clay 83 - - - NP 

8 
56, 127, 110, 129 
56, 127, 110, 129 B r i t i s h wel l-gnided sand 83 - - - NP 

9 56, 81 B r i t i s h sandy clay 45 29 26 27 8 
10 56, 81 B r i t i s h s i l ty clay 22 38 40 43 19 
11 56, 110, 129, 81, 127 

55 
B r i t i s h heavy clay 3-10 19-26 71 75 47-52 

12 
56, 110, 129, 81, 127 
55 Washington f ine sand (plasters sand) _c - - - -

13 55 Washington medium sand (building sand) _d - - - -
14 57 Australian crushed rock _e - - 25 9 
15 57 Australian fine sand _ f - - - NP 
16 61A C . A . A . crushed limestone -g - - - -n 61A C . A . A gravel _h - - - -
18 61A C . A A. sand - - - -
19 61 New Jersey sil t-sand-gravel 96> 2 2 -
20 62 B n h s h gravel-sand - i n - - - -
21 62 B r i t i s h sandy soi l _m - - - -
22 62 B r i t i s h sand _m - - - -
23 60 Cal i forma medium f ine sand 100 - - - NP 
24 66 India clayey soi l 32-38 48-41 20-21 31-35 13-16 
25 66,104 India s i l ty soi l 53 30 17 27-30 10-11 
26 66,104 India sandy soi l 62 24 14 26 6 
27 80 Swedish moraine soi l (Halmsjfi a i r f i e ld ) 52" - - - -
28 80 Swedish mo soi l (HalmsjS a i r f i e ld ) 40» - - - -
29 80 Swedish medium sand (Halmsjd a i r f i e ld ) 5-8" - - - -30 80 Swedish sand (BarlSkra a i r f i e ld ) 4 ° - - - -
31 80 Swedish gravel (Barakra a i r f i e ld ) 4 ° - - - -
32 80 Swedish crushed gravel (AirhSlcra a i r f i e ld ) 9" - - - -
33 100 1%-m max size crushed limestone 0" - - - NP 
34 100 ' A - m . max size crushed limestone 9» - - - NP 
35 110 B r i t i s h umformly graded fine sand - - - - NP 
36 110, 129, 127 B r i t i s h sandy clay 20 54 26 40 20 

"The B r i t i s h Standard 1377:1948 Test No. 9 i s geneiaUy s imi la r to AASHO Designation: T 99-57 Method C. "Crushed Umestone ageregate 3i4 i n . to 
l % i n Umestone screemngs fine aggregate Vi i n to No. 100 sieve. '=99% pass No. 10, 35% pass No. 40, 1 % pass No. 200. ° 9 7 % pass No. 4, 85% 
pass No. 10, 26% pass No. 40, 1% pass No 200 sieve ° 9 9 % p a s s % i n , 40% pass % • m . , 20%passNo. 20, 10%passNo. 52, 7%passNo. 200 sieve 
W o pass No. 25, 70% pass No. 52, 4% pass No. lOO, l%PassNo . 200. ^ 0 % pass % i n . , 4 1 % pass No 4, 30% pass No. 10, 20% pass No. 40, 15% 
pass No. 200 sieve. "90% pass 'A i n . , 70% pass No 4, 57% pass No. 10, 20% pass No. 40, 8% pass No. 2op sieve. ^92% pass No 10, 20% pass No. 
40, 3% pass No. 200 sieve 190% pass No. 4, 82% pass No 10, 50% pass No. 40, 8% pass No. 200 sieve cohesive "sile-gravel-sand" wi th 6-psi 
cohesion, angle of internal f n c b o n of 31 deg, moisture content = 7% ^Heavy pneumatic-hred ro l l e r . '"Data not given. "Percent passing the No. 200 
sieve. 

compac t ion e f f o r t ; that i s , the na ture of the compac t ing equipment and i t s use . Of 
p r i n c i p a l concern i s whether o r not a p iece of equipment i s ab le to compact the s o i l 
t o the degree des i r ed , and, i f so, under what condi t ions of th ickness of l i f t , number 
of passes, and m o i s t u r e content, the compac t ion can be accompl i shed . These c o n 
s t i tu te the compac t ion c h a r a c t e r i s t i c s of a c o m p a c t o r . A l s o of conce rn i s the p r o 
duc t ive capaci ty (output) of a compactor i n t e r m s of cubic ya rds of s o i l compacted i n 
a g iven p e r i o d . The output involves (a) the w i d t h of the compacted s t r i p ; (b) i t s depth; 
(c) the speed of t r a v e l ; (d) the number of passes r e q u i r e d to a t t a i n the d e s i r e d u n i t 
we igh t ; (e) the m a n e u v e r a b i l i t y of the compactor and i t s a b i l i t y to operate over rough 
t e r r a i n ( o r i g i n a l ground) , near o r on the s ide slopes of f i l l s , etc; and, ( f ) i t s a d a p t i b i l i t y , 
i n t e r m s of v a r i a b i l i t y of we igh t , to compact a w i d e range of s o i l types under v a r y i n g 
s o i l cond i t ions . 

Tes t Resul ts F r o m FuU-Scale F i e l d Expe r imen t s 

The o r i g i n of the compac t ion tes t (10, U , 15, 18) s e rved as a s t r o n g s t i m u l u s 
t o w a r d the s tudy of compac t ion i n c o n s t r u c t i o n . Engineers became concerned w i t h 
how c lose ly the m o i s t u r e con ten t -d ry un i t we igh t r e l a t ionsh ips p roduced i n the c o m 
pac t ion tes t w e r e be ing s i m u l a t e d under r o l l i n g . Th i s r e s u l t e d i n f u l l - s c a l e compac t ion 
exper imen t s being conducted over a p e r i o d of yea r s on the p r i n c i p a l types of compac t ion 
equipment ava i l ab le at the t i m e . Some of the e a r l i e s t of these tests w e r e conducted 
d u r i n g the late 1940's and the r e s u l t s w e r e g iven i n p a r t i n H R B B u l l e t i n 58. F u l l -
scale compac t ion exper imen t s have been conducted i n s e v e r a l coun t r i es s ince tha t 
t i m e . Repor ts a r e ava i l ab le f r o m tes ts p e r f o r m e d i n Canada, Grea t B r i t a i n , Ind ia , 
Sweden, and the Uni ted States. 

A r e v i e w of the tes t r e p o r t s f r o m the f u l l - s c a l e c lose ly c o n t r o l l e d f i e l d tes ts r e -
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nON TESTS WTTH VARIOUS TYPES OF COMPACTION EQUIPMENT 

lAbora to r r Compaction Data Types of Compactors Tested On Soil 

AASHO T99 or Its 
Near Equivalent^ 

Max. Dry 
Umt Weight O M . 

Modified AASHO or 
Its Near Equivalent 

Max Dry 
Umt Weight O . M C 

(%) 

Spe
ci f ic 

Gravity 
Gs 

3-
Wheel 
RoUer 

foot 
Roller 

matic 
T i red 
RoUer 

Vibrating 
Base-Plate-
Type V i b 

ratory 
V i 

brating 
Track-

Type 
Tractor 

Ejq>loaion-
Type 

102-107 17-22 _ _ X X X _ _ _ 

106-110 17-20 - - - X X X - - - -
- - - - - X - - X X - -

116 11.5 122 10 2.68 - X X - - X -
105-108 17-18 117-118 14-15 2.72 - X X - - X -_ _ 103-111 - - - - X - - X -129 9 138 7 2.68 X X X X X X X 

121 11 130 9 2 70 X - X X X X X 
115 14 128 11 2 70 X X X X X X X 
104 21 120 14 2 69 X X X - X X X 

97-99 24-26 113-116 16-17 2.77 X X X X X X X 
96.6 - - - - - - - X - - -

_ _ 141 7 2.76-2 80 X _ X X _ _ 

- - 107 13 - - - - - X - -
126 6.6 140 6.3 - - - - X - - -
135 8 142 6.2 - - - - X - - -
121 13.2 133 8.2 - - - - X - - -
120 7 - - - - - - X x l - -
129 6.5 - - - - - - X X - -
121 10.4 - - - - - - X X - -
115 10.5 - - - - - - X X - -_ - 98 12.7 - - - - X - - -116-124 10-13 129 9 - X X - - X - -

117-121 11-12 127 9 - X X X - X - -
116-121 10-11 131 9 - X X X - X - -

129 8 134 8 - X X X X X - -
123 12 126 10 - X X X X X - -
114 11 122 11 - - X X X X - -
- - 107 14 - X X - X - - -
- - 130 9 - X X - X - - -
- - 135 8 - X X - X - - -
- - 148 5 - - - X - - - -
- - 146 5 - - - X - - - -
- - - - 2.66 - - - - X - -

109 16 126 12 2.72 - - X X X - -

vealed a g rea t amount o f data on d i f f e r e n t types of equipment used i n compac t ing a 
v a r i e t y of s o i l t ypes . E f f o r t has been made to se lec t numerous examples of data tha t 
may be of va lue to engineers i n t e r e s t ed i n l e a r n i n g of fundamen ta l r e l a t i onsh ips be
tween the s o i l type , s o i l m o i s t u r e content and the na tu re of the f i e l d compac t ion equip
ment . The C o m m i t t e e has se lec ted i n s o f a r as i s p r a c t i c a l , data r ep resen ta t ive of 
s o i l s , condi t ions , and equipment that a r e mos t n e a r l y app l i cab le i n the Uni ted States. 

Types of Soils Compacted i n F u l l - S c a l e Compac t ion E3q)eriments 

The f i e l d compac t ion exper imen t s employed a w i d e v a r i e t y of t e x t u r a l s o i l types 
r a n g i n g f r o m heavy c lays t o cohesionless sands and g r a v e l s . The p r i n c i p a l index 
p r o p e r t i e s of the s o i l s a r e g iven i n Table 1 . Inc luded , w h e r e ava i l ab l e , a r e data on 
percentages of sand, s i l t and c l ay , l i q u i d l i m i t and p l a s t i c i t y index, as w e l l as m a x i 
m u m l a b o r a t o r y d r y u n i t we igh t and o p t i m u m m o i s t u r e content f o r one o r two compac t ion 
e f f o r t s , the AASHO T 9 9 e f f o r t o r i t s near equivalent and the M o d i f i e d AASHO e f f o r t . 
The t e r m " M o d i f i e d A A S H O " i s used throughout the t ex t because AASHO Des igna t ion : 
T 1 8 0 - 5 7 d i d not ex i s t as a s t andard d u r i n g the p e r i o d when the tes ts w e r e p e r f o r m e d . 

In o r d e r tha t the r eade r may m o r e f u l l y apprec ia te the na tu re of each s o i l t e s ted 
i n the p r i n c i p a l s e r i e s of t es t s , graphs i n d i c a t i n g g r a i n s i ze d i s t r i b u t i o n a r e p r o v i d e d 
f o r some of the s o i l s on w h i c h the grea tes t amount of t e s t i ng of compac t ion equipment 
was done. G r a i n s i ze d i s t r i b u t i o n s f o r so i l s t es ted by the Corps of Engineers a r e 
shown i n F i g u r e 10, those f o r Grea t B r i t a i n i n F i g u r e 11 and those t e s t ed i n Sweden i n 
F i g u r e 12. The so i l s tes ted by the Corps of Engineers inc lude a number of s o i l s i n the 
V i c k s b u r g a r e a . The s o i l s a r e of l o e s s i a l o r i g i n and a r e qui te i m i f o r m . T h e r e f o r e , i t 
has been found poss ib le to r ep resen t these c layey s i l t , s i l t y c lay and lean c lay so i l s by 
the th ree g r a i n s i ze d i s t r i b u t i o n curves shown i n F i g u r e 10. I n Table 1 they a r e r ep re sen t ed 
by the M i s s i s s i p p i lean c l ay on a s ing le l i n e g i v i n g the ranges of values of the va r ious index 
p r o p e r t i e s . 



FuU-Scale Field Tests on 3-Wheel Power Rollers 
T H E E F F E C T I V E N E S S of a smoo th -whee l r o l l e r of the t h r e e - w h e e l type , t es ted i n 
c o m p e t i t i o n w i t h o the r types of r o l l e r s was f i r s t obse rved on e x p e r i m e n t a l embankment 
c o n s t r u c t i o n p r o j e c t s i n Indiana and Ohio i n 1938. Since that t i m e add i t i ona l tes ts have 
been p e r f o r m e d i n Grea t B r i t a i n , Ind ia and Sweden. Weights and d imens ions of the 
r o l l e r s employed i n the tes t s a r e g iven i n Tab le 2 . Data obtained i n the tes ts a r e g iven 
under app rop r i a t e sub jec t m a t t e r i n the f o l l o w i n g . 

R O L L E R M A X I M U M D R Y U N I T W E I G H T VS MOISTURE C O N T E N T 

The Indiana-Ohio expe r imen t s (29) w e r e a i m e d at measurement of the amount of 
compac t ion needed to s a t i s f y spec iHca t ion r e q u i r e m e n t s of d r y u n i t we igh t and m o i s t u r e 
content based on the then newly s tandard ized compac t ion tes t , AASHO T 99-38 , on two 
c o n s t r u c t i o n p r o j e c t s . E f f o r t s w e r e not made to develop r o l l e r compac t ion c u r v e s . 
The Indiana t e s t s , made on a s i l t y c l ay s o i l w i t h a 10- ton r o l l e r showed that no d i f f i c u l 
t y was exper ienced i n a t t a in ing 100 pe rcen t r e l a t i v e compac t ion on 9- and 1 2 - i n . loose 
l i f t s i n about 2 to 2 . 5 coverages . However , the Indiana s o i l s ranged f r o m one to a l 
mos t f o u r percentage un i t s wet of o p t i m u m . The Ohio tes ts w e r e a l l p e r f o r m e d at 
m o i s t u r e contents f r o m one to two percentage un i t s d r y of o p t i m u m . R o l l i n g of 6- and 
9 - i n . loose l i f t s w i t h a 10- ton r o l l e r showed that average values of r e l a t i v e compac t ion 
r ang ing f r o m 101 to 105 percen t w e r e a t ta ined under 2 . 6 to 3.3 coverages on the 6 - i n . 
loose l i f t th ickness and 4 . 1 coverages on the 9 - i n . loose l i f t . 

The tes ts by the B r i t i s h Road Research L a b o r a t o r y (56, 8 1 , 129) w e r e the e a r l i e s t 
that developed r o l l e r compac t ion cu rves f o r a 3 -whee l r o l l e r . They developed d r y 
un i t we igh t v s m o i s t u r e content r e l a t ionsh ips f o r two weights of 3 -whee l r o l l e r s ( 3 . 0 8 -
and 9 .5 - ton ) on each of f i v e s o i l s r ang ing f r o m a heavy c l ay to a g r a v e l - s a n d - c l a y . 
A l l tes ts w e r e p e r f o r m e d on 9 - i n . loose l i f t s . Each was f u l l y compacted—that i s , 
compacted to r e f u s a l o r by 64 passes of the r o l l e r . S i m i l a r tes ts w e r e p e r f o r m e d i n 
I i d i a w i t h r o l l e r s of 6 .72 - and 7 .97- tons we igh t . 

T A B L E 2 

C H A R A C T E R I S T I C S O F T H R E E -- W H E E L R O L L E R S USED I N TESTS 

Gross D i a m e t e r of W i d t h of M a x . C o m p . ( l b / i n . 
Weigh t* R o l l s ( i n . ) Ro l l s ( i n . ) W i d t h of Ro l l s ) 

Tes t (Tons) F r o n t Rear F r o n t Rear F r o n t Rear 

Ohio (29) 10 - _ - 20 - 350 
I n d i a n a l 2 9 ) 10 - - - 23 - 325 
Grea t B r i t a i n (56) 3.08 34 36 24 15 80 142 
Grea t B r i t a i n (55] 9 .5 42 54 42 18 186 311 
Ind ia (66) 7.97 44 55 .5 40 20 98 294 
Ind ia (nr4) 6.72 34 51 48 18 - -
SwedeiilSO) 13 .2 47 63 36 .6 19 .7 241 448 

*A11 values i n Un i t ed States u n i t s . 

Examples of the m o i s t u r e content v s d r y un i t we igh t r e l a t i onsh ip f o r f u l l compac t ion 
by r o l l i n g each of f i v e s o i l types a r e shown by the r o l l e r cu rves i n F i g u r e 13. To the 
c o n s t r u c t i o n engineer , 64 passes of the r o l l e r may seem who l ly i m p r a c t i c a l , ye t only 
by the app l i ca t ion of many passes can the l i m i t a t i o n s of a r o l l e r be f u l l y d e t e r m i n e d . 
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Soil 
Brovel-sond-clay 

2 - Well-graded sand 
3- Sandy cloy 
4 - Si l ty cloy 
5 - Heavy cloy 

Grovel 
sand-cloy 

Well-graded 

Indicates max density a 
optimum moisture content 
modified AASHO metliod 
Indicates mox density a 
optimum moisture content 
For Br i t i s t i Standard 
Method 1377 1948 Test 
No 9 (s imilor to AASHO 
r 9 9 Method C) 

Sandy clay / 3 

Silty clay 

Heavy clay 

g s - t o n smooth-wheel roller 

Moisture Content, percent dry weight of soil 

Figure 13. Comparison of r o l l e r compac
tion curves and r o l l e r lines of optimums 
for f u l l y compacted s o i l s (61i passes) with 
points of maximum unit weight and optimum 
moisture content from laboratory compac
tion tests on five different types of 
s o i l s . Roller was of 3-wheel type weigh
ing 19,012 lb, and having a compression 
under drive-rolls of 311 lb per i n . of 

t i r e width (56). 

E x a m i n i n a t i o n of the r o l l e r compac t ion 
c u r v e s shows t h e m to be a p p r o x i m a t e l y 
pa rabo l i c i n shape, not u n l i k e those f r o m 
the l a b o r a t o r y compac t ion t e s t . However , 
the r o l l e r m a x i m u m d r y un i t weights bear 
no cons is tent r e l a t i o n s h i p to the c o r r e s 
ponding l a b o r a t o r y va lues obta ined I n e i 
t h e r the s t andard t es t o r the M o d i f i e d 
AASHO t e s t . T h i s i s to be expected be 
cause of d i f f e r e n c e s i n compac t ion areas 
and f o r c e s , and i s consis tent w i t h d i f f e r 
ences found i n l a b o r a t o r y tes ts i n v o l v i n g 
v a r i o u s compac t ion f o r c e s as has been 
ment ioned p r e v i o u s l y . T h i s i s d i scussed 
f u r t h e r under " C o m p a r i s o n of Resul ts of 
R o l l e r Compac t ion and L a b o r a t o r y C o m 
p a c t i o n " f o r v a r i o u s types of r o l l e r s . 
The peak va lues f r o m the r o l l e r c u r v e s 
m a r k e d l y exceed the peak values f r o m the 
s t andard tes t i n a l m o s t eve ry instance but 
a r e less than peak values f r o m the M o d i 
f i e d AASHO t e s t f o r a l l but the sand and 
the g r a v e l - s a n d - c l a y s o i l s . A s u m m a r y 
of the r e s u l t s of the B r i t i s h t es t s (56, 81) 
on two weights of r o l l e r s , each t e s t ed on 
9 - i n . - t h i c k loose l i f t s , i s g iven i n Tab le 
3. The r e s u l t s of the tes t s made i n Ind ia 
(66, 104) on a l l u v i a l s o i l s d i f f e r e d some
what i n that the l i g h t e r - w e i g h t r o l l e r s d i d 
not p roduce d r y un i t weights so g r e a t l y i n 
excess ove r l a b o r a t o r y m a x i m u m values 
as d i d the heavy r o l l e r ( 9 . 5 - t o n ) employed 
i n the B r i t i s h t e s t s . 

I N F L U E N C E OF N U M B E R OF 
PASSES O N D R Y U N I T W E I G H T 

T w o sets of observa t ions on the i n f l u 
ence of number of passes on the d r y un i t 
we igh t of the s o i l w e r e made i n the B r i t i s h 

t es t s (56, 81). I n one g roup the s o i l m o i s t u r e content i n the 9 - i n . loose l i f t s was a d 
j u s t e d to the o p t i m u m m o i s t u r e content f o r the i n d i v i d u a l r o l l e r . D r y u n i t we igh t was 
then d e t e r m i n e d a f t e r i n c r e a s i n g numbers of passes of the r o l l e r . I n the o the r g roup 
tes t s w e r e made to d e t e r m i n e the e f f e c t of number of r o l l e r passes on d r y un i t we igh t 
at s e v e r a l d i f f e r e n t m o i s t u r e contents . 

The r e s u l t s , o f the f i r s t g roup of t es t s made at the o p t i m u m m o i s t u r e content f o r 
the r o l l e r a r e shown i n F i g u r e 14 f o r the same f i v e types o f s o i l s f o r w h i c h r o l l e r 
compac t i on c u r v e s w e r e developed. Excep t f o r the heavy c l a y the f i n e - g r a i n s o i l s 
a t ta ined near m a x i m u m d r y un i t we igh t f o r the 9 . 5 - t o n r o l l e r a f t e r about 8 passes . 
T h e r e was a p r o g r e s s i v e ga in i n u n i t we igh t f o r the heavy c l ay and the g r a v e l - s a n d -
c lay up to about 15 passes of the r o l l e r , i n d i c a t i n g the g r e a t e r d i f f i c u l t y of compac t ing 
heavy c lays and g r a v e l s . Other tes ts (104, 80) y i e l d e d gene ra l ly s i m i l a r r e s u l t s , ex
cept l i g h t e r - w e i g h t r o l l e r s r e q u i r e d a g r e a t e r number of passes to a t t a in s i m i l a r de
grees of compac t ion f o r the same l i f t t h i cknes s . 

F i g u r e 14 also ind ica tes the number of passes r e q u i r e d by the 9 . 5 - t o n 3 -whee l 
r o l l e r to a t t a in 95 and 100 pe rcen t of AASHO T 99 m a x i m u m un i t we igh t f o r each of 
the f i v e s o i l s . N i n e t y - f i v e pe rcen t was a t ta ined by an average of about two passes 
f o r f o u r of the f i v e s o i l s . On only the heavy c l ay was a g r e a t e r number of passes (6) 
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T A B L E 3 

COMPARISON OF MAXIMUM DRY UNIT WEIGHTS AND OPTIMUM MOISTURE CONTENTS FOR F I V E 
SOILS COMPACTED BY TWO SIZES OF R O L L E R S IN 9-IN. LOOSE L I F T S 

Gravel-Sand-
Heavy Clay, CH^ Silty Clay, C L ^ Sandy Clay, C L ^ Sand, Swa Clay, GW* 

Test 

Max Dry 
Unit Wt 

(pcf) 
OMC 
(%) 

Max Dry 
Unit Wt 

(pcf) 
OMC 
(%) 

Max Dry 
Unit Wt 

(pcf) 
OMC 
(%) 

Max Dry 
Unit Wt 

(pcf) 
OMC 
(%) 

Max Dry 
Unit Wt 

(pcf) 
OMC 
(%) 

British std. 
comp. test'' 97 26 104 21 115 14 121 11 129 9 

Modified AASHO 
teste 113 17 120 14 128 11 130 9 138 7 

9.5-ton 3-wheel 
roller 104 20 111 16 116 14 132 9 138 7 

3.08-ton 3-wheel 
roller 96 21 110 17 114 16 131 9 137 7 

^Cavagrande classification. 
^Similar to AASHO T 99 Method C . 
'^Differs only slightly from AASHO T 180 Method C . 

r e q u i r e d to a t t a in 95 pe rcen t r e l a t i v e compac t ion . However , the a t t a inment of 100 per 
cent compac t ion r e q u i r e d a w i d e r r a i ^ e i n number of passes, r ang ing f r o m a m i n i m u m 
of th ree f o r the sand to e ight f o r the heavy c l a y . 

The second se r i e s , to d e t e r m i n e the e f f e c t of number of passes at v a r i o u s m o i s t u r e 
contents on r o l l e d un i t we igh t , was p e r f o r m e d only on the s i l t y c l ay s o i l . The r e s u l t s 
a r e shown i n F i g u r e 15. D r y un i t weights cont inued to inc rease w i t h inc rease i n n u m 
b e r of passes f o r m o i s t u r e contents less than to s l i g h t l y g r e a t e r than o p t i m u m f o r the 
r o l l e r . A t a m o i s t u r e content 1.4 percentage un i t s g r e a t e r than l a b o r a t o r y o p t i m u m 

the s o i l became so eas i ly w o r k a b l e tha t 
the m a x i m u m u n i t we igh t f o r the r o l l e r (at 
tha t m o i s t u r e content) was a t ta ined i n 
t h r ee passes. 

Soil Type 
r - Grav«l-Sand-Clay 
2 - Well-Graded Sand 
4 - Sandy Clay 
5- Stity Cloy 
6 - Heavy Clay 

NP NP NP 
NP NP NP 

75 23 52 

— I 1 r 
Sp a (Gel 

2 68 
2 70 
2 70 
2 69 
2 77 

-Maximum density in laboratory compaction test 
BS 1377 1948 rest Na9 similar to AASHO 
T99-67 Melhed C 

95 percent ot maximum density 
lal>oratory compaction test 

9 10 12 14 16 18 20 22 24 26 
Ni.n.h.r nf Pnc... «rf q <i-Ton 3-Wheel Roller 

Figure lU. Effect of number of passes 
of a 9.5-ton 3-wheel r o l l e r on unit 
weights of five s o i l s at optimum moisture 
contents for the r o l l e r i n 9-in. loose 
l i f t s . Values of 100 and 95 percent of 
laboratory maximum unit weights are shown 
to indicate relation to number of passes 
required for f i e l d compaction (56, 81, 

129). 

E F F E C T O F SPEED O F T R A V E L 
O F T H R E E - W H E E L R O L L E R 

Tes t s p e r f o r m e d on the Indiana p r o 
j e c t at 180 f p m and 360 f p m (2 .05 and 
4 .09 mph) showed that " . . . t he compac
t i o n was u n d i m i n i s h e d at the h ighe r speed 
. . . " No o the r data on e f f e c t of speed of 
3 -whee l r o l l e r s have been f o u n d . 

D E P T H VS PRESSURE R E L A 
TIONSHIPS FOR 3 - W H E E L R O L L E R S 

F o r a l l r o l l e r s , the degree of compac
t i o n that i s a t ta ined bea rs a r e l a t i onsh ip 
to the p r e s s u r e tha t i s app l ied o v e r the 
contact a rea and the d i s t r i b u t i o n of that 
p r e s s u r e w i t h depth. Much thought has 
been g iven to the computa t ion of load 
p r e s s u r e s at v a r i o u s depths and at d i s 
tances away f r o m a poin t of load a p p l i c a 
t i o n . Because t h i s i s so i n t i m a t e l y r e l a 
ted to depth of compac t ion (p roper l i f t 
t h i ckness ) , i t i s of d i r e c t i n t e r e s t he re 
i n assoc ia t ion w i t h o ther data on c o m 
pac t ion c h a r a c t e r i s t i c s of t h r e e - w h e e l 
r o l l e r s . 
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110 

1 0 0 

9 0 

8 0 h 

1 1 1 

S o i l : S i l l y C l a y , L L = 4 3 , P I = 1 9 

M a x i m u m U n i t W e i g h t ( l o b ) 1 0 4 p c f 

M a x i m u m U n i t W e l g h t ( r o l l e r ) M I p c f 

M o i s t u r e C o n t e n t 

( p e r c e n t ) 

7 0 

O . M . C d a b . ) 

O . M . C . ( r o l l e r ) 1 6 . 0 

I I 

8 1 6 2 4 

N u m b e r o f P a s s e s 

3 ? 

Figiire 15. Relationship between dry unit 
weight and number of passes of 9.5-ton 3-
wheel r o l l e r when contacted i n 9-in. 
loose layers at different moisture con
tents. O.M.C. ( r o l l e r ) i s optimum mois
ture content for 9.5-ton r o l l e r on s i l t y 

clay s o i l i n 9-in. loose l i f t s (56). 

f o r depths of 0-4 i n . and 0-6 i n . The d r y 
un i t we igh t of the b o t t o m 2 i n . was then 
computed f r o m the two sets of i n - p l a c e 
t e s t s . The r e s u l t s showed that the d r y 
un i t we igh t of the l o w e r o n e - t h i r d of the 
compacted l i f t was 5.7 pcf less than the 
u n i t we igh t of the upper t w o - t h i r d s of the 
t o t a l depth . The l o w e r o n e - t h i r d was 8 .6 
pcf l e s s f o r the s i l t y c l a y ; 7 .6 p c f l e s s 
f o r the sandy c l ay but on ly 2 .3 and 4 .3 
pcf l ess f o r the sand and the g r a v e l - s a n d -
c l a y , r e spec t i ve ly , i nd i ca t i ng that the • 
g r a n u l a r s o i l s a r e not on ly eas ie r to c o m 
pact to h ighe r percent r e l a t i v e compac
t i o n ( i n some ins tances w i t h l e ss e f f o r t ) 
but a lso tha t a s a t i s f a c t o r y un i t we igh t 
can be a t ta ined to a g r e a t e r depth. A c t u 
a l values of d r y un i t we igh t expressed to 
the neares t whole number f o r the upper 
and l o w e r p o r t i o n s a r e g iven i n Tab le 4 . 

These e a r l y f i n d i n g s {56) of m a r k e d 
d i f f e r e n c e s i n d r y un i t we igh t between the 
upper and l o w e r p o r t i o n s of a compacted 

T r a n s i e n t p r e s s u r e s w e r e m e a s u r e d 
under r o l l e r s as a p a r t of the B r i t i s h study 
of compac t ion (74, 81) . The measu re 
ments w e r e m a H i on a sandy c l ay and a 
s i l t y c l a y . (Table 1 and F i g . 11) . The 
depth of loose s o i l was 25 i n . M e a s u r e 
ments of p r e s su re -dep th r e l a t i o n s h i p s , 
w e r e made a f t e r repeated (12 to 14 double 
passes) movements back and f o r t h by the 
f r o n t r o l l w h i c h developed a g round p r e s 
su re of 186 l b p e r inch of w i d t h . M e a s u r e 
ments w e r e made at s e v e r a l s o i l m o i s t u r e 
contents . 

F i g u r e 16 shows the l i m i t i n g va lues of 
peak p r e s s u r e s at v a r i o u s depths f o r a 
g iven m o i s t u r e content f o r each of two 
s o i l s . L a b o r a t o r y values of m a x i m u m 
u n i t we igh t and o p t i m u m m o i s t u r e content 
w e r e not g iven but m o i s t u r e contents may 
be c o m p a r e d w i t h the p l a s t i c l i m i t s . A 
s i g n i f i c a n t f e a t u r e of the depth vs p r e s s u r e 
r e l a t i o n s h i p i s that f o r a g iven m o i s t u r e 
content the p r e s s u r e vs depth r e l a t i o n s h i p 
bea r s a r e l a t i o n to the un i t we igh t of the 
compacted s o i l . T h i s i s i nd i ca t ed i n F i g 
u r e 17 w h i c h shows the r e l a t i o n between 
un i t we igh t , depth, and p r e s s u r e f o r the 
two s o i l s at the same m o i s t u r e contents 
shown i n F i g u r e 16. 

D E P T H VS U N I T - W E I G H T R E L A 
TIONSHIPS F O R 3 - W H E E L R O L L E R S 

In the e a r l y B r i t i s h expe r imen t s (56) i n -
p lace tes t s f o r measu r ing un i t we igh t w e r e 

Pressure Recorded by Gage, psi 

10 2 0 3 0 

Moisture Content 
SO'I (%) 

0 — 0 Sondy Cloy 13 S 
» — A S i l t y Cloy 1 7 5 

Figure 16. Relationship between pressure 
and depth i n s o i l under 3-wheel 9.5-ton 
r o l l e r . Soils nearly identical to s o i l s 
Nos. li and 5 i n Figure 11. Index proper

ti e s are as follows (7li): 

Soi l 
Por t ic le Size D i s t r i b u t i o n , % 
Grovel Sond S i l t Cloy 

S i l t y Cloy 0 17 49 3 4 4 0 
Sondy Cloy 0 4 0 36 24 3 4 

PI 

20 
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A 9 0 

l i f t l e d to a m o r e comprehens ive study of 
the u n i t we igh t v s depth g rad i en t . Soi ls 
w e r e compacted i n 2 4 - i n . loose l i f t s at 
each of t h r ee m o i s t u r e contents r ang ing no 
f r o m s e v e r a l percentage un i t s d r y of op 
t i m u m to a p p r o x i m a t e l y o p t i m u m . T y p i 
c a l r e s u l t s a r e shown i n F i g u r e s 18 and •s 
19. The r e l a t i o n s h i p between depth and 
d r y u n i t we igh t at v a r i o u s m o i s t u r e c o n - f 
tents i l l u s t r a t e s the s ign i f i cance of c o m - * 
pac t ing at m o i s t u r e contents that c lo se ly 5 
app rox ima te o p t i m u m i f the grea tes t de
gree of u n i f o r m i t y w i t h depth i s to be ob
t a ined . The e f f e c t of compac t ing at a 
m o i s t u r e content consis tent w i t h h igh u -
n i t we igh t a t m a x i m u m depth on the econ
o m y of compac t ion should not be o v e r 
looked . The tes t s i n Ind ia (66) and those 
i n Sweden (80) p r o v i d e d data that suppor t 
those shown i n F i g u r e s 18 and 19. 

Depth vs d r y u n i t - w e i g h t r e l a t ionsh ips 
of the na ture i l l u s t r a t e d i n F i g u r e s 18 
and 19 r ep resen t the n o r m a l r e l a t ionsh ips 
encountered w h e r e s o i l m o i s t u r e contents 
a r e a p p r o x i m a t e l y at o p t i m u m o r d r y o f 
o p t i m u m . I f s o i l m o i s t u r e contents a r e 
excess ive ly h igh ( w e l l above o p t i m u m ) , 
i t i s e n t i r e l y poss ib le even on l i f t s of 12-
i n . t h ickness , to produce d r y un i t weights i n the l o w e r half of the l i f t that exceed those 
i n the upper ha l f of the l i f t . T h i s may be associa ted w i t h a c r a c k e d o r "checked" 
loosened cond i t ion that o f t e n occur s i n compac t ing v e r y wet so i l s that exh ib i t " s p r i n g -

1 1 1 

Moisture Content 
S o i l (%) 

, 0 — 0 Sr i ty Cloy 17 5 
37 3 A — A S a n d y Clay 13 S 

\ \ 
\ \ 
\ b 3 0 7 
\ \ 
\ \ 
\ \ 
\ \ 

^ \ ) I 8 4 

^ 0 1 3 8 

N 

5 8"~«» 

F i g u r e s a d j a c e n t ta points on c u r v e s ore 
p r e s s u r e s in psi recorded by g a g e for 
the depth i n d i c a t e d 

1 1 1 

5 10 15 

Oepth Below Compacted S u r f a c e , inches 

Figure 17. Relation 
depth below compacted 
sure under a 3-wheel 9. 

between density, 
surface, and pres-
5-ton r o l l e r (,7k). 

T A B L E 4 

COMPARISON OF D R Y U N I T WEIGHTS I N U P P E R A N D L O W E R PORTIONS 
OF F U L L Y C O M P A C T E D L I F T S OF 9 - I N . LOOSE D E P T H (56) 

D r y U n i t Weight (pcf) 

So i l Type and Weight of R o l l e r 
Upper L o w e r Upper L o w e r 
Hal f Half T w o - T h i r d s O n e - T h i r d 

Indiana s i l t y c l ay , 10- ton 3-wheel r o l l e r 
B r i t i s h heavy c l a y , 9 . 5 - t o n 3-wheel r o l l e r 
B r i t i s h s i l t y c l ay , 9 . 5 - t o n 3-wheel r o l l e r 
B r i t i s h sandy c l a y , 9 . 5 - t o n 3-whee l r o l l e r 
B r i t i s h w e l l - g r a d e d sand, 9 . 5 - t o n 3-wheel r o l l e r 
B r i t i s h g r a v e l - s a n d - c l a y , 9 . 5 - t o n 3-whee l r o l l e r 

103 107 
106 
114 
119 
133 
140 

100 
105 
110 
130 
134 

i n g " and produce a wave of u p l i f t e d s o i l i m m e d i a t e l y ahead of and behind the r o l l s . 
The checked, loosened upper p o r t i o n may be of l o w e r d r y un i t we igh t than the l o w e r 
p a r t of the l i f t (29). 

COMPARISON O F RESULTS OF R O L L E R C O M P A C T I O N 
A N D L A B O R A T O R Y C O M P A C T I O N 

The Indiana-Ohio tes ts (29) showed that no d i f f i c u l t y was encountered i n compac t ing 
to 100 percen t o r m o r e of AASHO T 99 m a x i m u m d r y un i t we igh t i n up to 1 2 - i n . loose 
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F i g u r e s beside c u r v e s a r e moisture contents a t 
which s o i l s were c o m p a c t e d with 3 - w h e e l 9 5 - t o n 
smooth-whee l r o l l e r 

• 12 K 

S a n d y Cloy 

Dry Unit Weight for 
Zero A i r Voids 

169 15 1 13 5 
% % % 

L J 

I i 
W e l l - G r a d e d Sand 

^ / Dry Unit Weight for 

/ Z e r o Air Voids 

Q * ' ' 1 0 4 % 8 0 % 6 6 % 

1 4 0 ISO 

I 2 H 

1 1 
l - G r o v e l - S o n d - C l a y 

11 

- / " i 

1 1 

Dry Unit Weight for -
Zero Air V o i d s 

9 0 7 0 5 8 
% % % 

1 1 1 1 
100 120 130 

Dry Unit Weight , p c f 

150 

Figure 18, Relation between dry unit 
weight and depth for sandy clay, clay, 
and gravel-sand-clay s o i l s when compacted 
i n loose layers, 2li i n . thick, by 32 
passes of a 9.5-ton smooth-wheeled r o l 
l e r . Optimum moisture contents and maxi
mum unit weights for r o l l e r and labora

tory cQBipactlon are (56, 81, 129): 

F i g u r e s b e s i d e c u r v e s are m o i s t u r e conten ts at 
w h i c h s o i l s were ro l l ed with 3 - w h e e l 9 5 - t o n 
smooth wheel rol ler 

Heavy Clay 

Dry Unit Weight f o r 
Zero Air Vo ids 

2 5 3 2 1 8 19 8 
% % % 

J U L _ 

5 - S i l t y C loy 

Dry Unit Weight for 
Z e r o A i r Voids 

1 7 5 1 5 4 

120 

100 no 
Dry Unit Weight, pc f 

130 

Figure 19. Relation between dry density 
and depth for heavy clay and s i l t y clay 
s o i l s when compacted i n loose layers, 2lt 
i n . thick, by 32 passes of a 9.5-ton 3-
wheel r o l l e r . Optimum moisture contents 
and maximum densities for r o l l e r compac
tion and laboratory compaction are (56, 

81): — 

Heavy Cray 
Si l ty Clay 

Roller Compaction 
0 M C , % Ma> Uii.Wt,pcf 

20 104 
16 I I I 

Laborolofy Compaction 
O M C . I i Mo«UnWt..pcf 

24 99 
21 104 

(SEI (811 

Sandy Clay 
wel l -Graded Sand 
Grovel-Sond-Cfay 

Roller Compaction 
OM C , % Max Un Wt.pcf 

132 
138 

Laborotory Compaction 
0 M C , % Ma< UnWt,pcf 

16 109 
I I 121 
9 129 

l i f t s a t m o i s t u r e contents above o p t i m u m 
w i t h two to t h r ee passes i n Indiana, and 
i n up to 9 - i n . loose l i f t s at m o i s t u r e c o n 
tents up to 2 percentage un i t s less than 
l a b o r a t o r y o p t i m u m w i t h 3 o r 4 passes i n 
Oh io . S i m i l a r r e s u l t s w e r e obta ined at 
r o l l e r o p t i m u m (which was up to 4 p e r 
centage un i t s be low the l a b o r a t o r y o p t i 
m u m ) w i t h 4 to 5 passes i n Grea t B r i t a i n 
(56) ( F i g . 14) . 

The r o l l e r t es t s b r i n g out a s i g n i f i c a n t r e l a t i onsh ip between r o l l e r m a x i m u m d r y 
un i t we igh t and o p t i m u m m o i s t u r e content and the co r r e spond ing values obtained i n 
the s tandard l a b o r a t o r y t e s t . E x a m i n a t i o n of the values f o r f u l l compac t ion g iven i n 
Tab le 3 and f o r one r o l l e r (9 .5 ton) i n F i g u r e 13 show that the grea tes t d i f f e r e n c e s 
between m a x i m u m r o l l e r and m a x i m u m l a b o r a t o r y d r y un i t weights a re f o r the sand 
and g r a v e l - s a n d - c l a y . I t i s evident f r o m F i g u r e 14 that the number of passes r e 
q u i r e d f o r a g iven percen t r e l a t i v e compac t ion i s l e ss f o r the l i g h t e r t e x t u r e d s o i l s . 
C o n t r a r y , the grea tes t d i f f e r e n c e s between r o l l e r o p t i m u m and l a b o r a t o r y o p t i m u m 
m o i s t u r e content a r e f o r the c layey s o i l s , the r o l l e r o p t i m u m being 6 - t o 7-percentage 
un i t s less than co r r e spond ing values f o r the s tandard l a b o r a t o r y t e s t . T h i s may o r may not 
be de s i r ab l e , depending on so i l - u se r e q u i r e m e n t s ; the l o w e r r o l l e r o p t i m u m m o i s t u r e 
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contents no doubt p r o v i d i n g g r e a t e r s t r e n g t h ( f o r a g iven d r y u n i t we igh t ) bu t a l so p r o 
v i d i n g g r e a t e r p o s s i b i l i t i e s f o r s o i l s w e l l f o r expansive c layey subgrade s o i l s . 

Hav ing c o m p a r e d r e s u l t s between r o l l e r - p r o d u c e d and l a b o r a t o r y - p r o d u c e d m o i s 
t u r e content u n i t - w e i g h t r e l a t ionsh ips by us ing the average un i t we igh t f o r the e n t i r e 
depth of the compacted l i f t , i t i s of I n t e r e s t to l e a r n how near ly the o p t i m u m m o i s t u r e 
content f o r each produces an acceptable u n i t - w e i g h t g rad ien t i n the compacted l i f t . 
E x a m i n a t i o n of F i g u r e s 18 and 19 shows m a r k e d decreases i n d r y u n i t weight w i t h 
depth be low the su r f ace of the compacted l i f t . F u r t h e r examina t ion shows that the na
t u r e of the r e d u c t i o n i s r e l a t e d t o m o i s t u r e content—the g r e a t e r the m o i s t u r e content , 
the l e s s e r the d i f f e r e n c e between un i t weights i n the upper and l o w e r p o r t i o n s of a 
g iven l i f t t h i ckness . 

I Roller max density a 0 MC 
X Laboratory max density a 0 M C 

• eMoisture a Unit Welglit at 3-in deptli 
• — • M o i s t u r e a Unit Weight at 6-in depth 

Sandy Clay 

Grave l -Sand-Clay 

^ --Heavy Cloy 

Heavy Clay 

percent 

Roller mat. Unit Weight a 0 M C 
Loborolory nnox. Unit Weight a OM C 

• Moisture a Unit Weight at 3-in. depth 
I—eMoisture a Unit Weight at 6-ln. depth ' 

Well-graded sand 

® 0 

S i l t y c lay 

10 15 

Moisture Content, 

15 2 0 

Moisture Content, percent 

Figure 20. Comparison of unit weights at 
depths of 3 and 6 i n . below compacted 
surface with values of maximum unit 
weight and optimum moisture content for 
9.5-ton 3-wheel r o l l e r and for laboratory-
compaction test ( B r i t i s h Standard 1377: 
191*8 Test No. 9) similar to AASHO T99-57 

Method C ( 5 6 ) . 

Figure 21. Comparison of unit weights at 
depths of 3 and 6 i n . below compacted 
surface with values of maximum unit 
weight and optimum moisture content for 
9.5-ton 3-wheel r o l l e r and for laboratory-

compaction test (56) . 

F i g u r e s 20 and 21 make i t poss ib le to 
compare qu i ck ly the r o l l e r - p r o d u c e d 

m o i s t u r e con ten t -un i t -we igh t r e l a t i onsh ips at depths of 3 and 6 i n . be low the c o m 
pacted su r f ace f o r f i v e so i l s {56) w i t h the m a x i m u m r o l l e r va lues . The un i t weights 
a t the 6 - i n . depth may be 10 pcf o r m o r e less than at the 3 - i n . depth at m o i s t u r e con
tents w e l l be low r o l l e r o p t i m u m . A t r o l l e r o p t i m u m d i f f e r e n c e s i n r o l l e r compacted 
un i t weights at the 3- and 6 - i n . depths range f r o m 3 to 15 pcf whereas at l a b o r a t o r y 
o p t i m u m the d i f f e r e n c e s range f r o m 0 to 9 p c f . These d i f f e r e n c e s i n un i t we igh t w i t h 
depth show that w h i l e the grea tes t average d r y un i t weight f o r the compacted l i f t oc
c u r s at r o l l e r o p t i m u m , the m o r e u n i f o r m compac t ion v e r t i c a l l y i n the l i f t o ccu r s at 
l a b o r a t o r y o p t i m u m . T h i s i s evident on inspec t ion of F i g u r e s 18 and 19. 

The m a x i m u m r o l l e r d r y un i t weights f o r " f u l l compac t i on" f a r exceeded those ob
ta ined by the s tandard l a b o r a t o r y t es t . T h i s l a c k of c o r r e l a t i o n i s by no means unex-
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pected. The in tent of the o r i g i n a l P r o c 
t o r t e s t , on w h i c h AASHO T 99-38 was based 
(AASHO T 99 subs t i tu ted a 1 2 - i n . d rop of 
the r a m m e r f o r a 1 2 - i n . f i r m b l o w ) , was 
to p roduce a d r y u n i t we igh t that p r o v i d 
ed a g iven s t r eng th and p e r m e a b i l i t y and 
w h i c h cou ld be p roduced by r o l l i n g a 
n o m i n a l number of passes of the r o l l e r . 
Inspect ion of r e s u l t s i n Table 3 shows 
that a l though r o l l e r u n i t weights exceed
ed m a x i m u m s p roduced i n the s tandard 
tes t , only f o r the sand and g r a v e l - s a n d -
c l ay d i d r o l l e r un i t we igh t s equal o r ex
ceed those m a x i m u m s produced by the 
M o d i f i e d AASHO t e s t . 

The i n d i v i d u a l l a b o r a t o r y o p t i m u m 
m o i s t u r e contents f o r each s o i l showed 
no cons is tent r e l a t i o n s h i p w i t h those o b 
ta ined under " f u l l c o m p a c t i o n " by r o l l i n g . 
T h i s i s evident on examina t ion of the 
peaks of the r o l l e r cu rves and the po in ts 
r ep re sen t ing l a b o r a t o r y values i n F i g u r e 
13. These d i f f e r e n c e s may be a t t r i b u t a 
b le to d i f f e r e n c e s i n the response of the 
so i l s to the energy app l i ed . However , i nasmuch as l i nes d r a w n th rough poin ts of maX' 
i m u m un i t we igh t and o p t i m u m m o i s t u r e contents f o r v a r i o u s f i e l d and l a b o r a t o r y com
pac t ion e f f o r t s l i e v e r y c lose toge ther , i t i s ind ica ted i n F i g u r e 13 tha t the so i l s r eac t 
s i m i l a r l y i n f i e l d and l a b o r a t o r y p r o v i d e d compac t ion e f f o r t s a r e c o m p a r a b l e . The 

1 1 1 1 1 1 1 

-
^ 0 

3 

1— Indiona-
Z - Greot Br 
3 - Ohio-4 1 

1 1 

2 passes or Lob 0 M C «• 2 ( 
tain~< 5 passes at 0 M C far 
passes at Lob 0 M C - 2 (10 

1 1 1 

0-ton roller) 
roller (9 5-ton roller} 
ton roller) 

i 1 
6 7 8 9 10 II 12 

Thickness of Uncompoctsd Soil L i f t , inches 

Figure 22. Comparison of output of 3-
wheel r o l l e r s for three different thick
nesses of uncompacted s i l t y clay s o i l s 

(29, 56, 81). 

T A B L E 5 

O U T P U T I N CUBIC YARDS P E R HOUR FOR A 9. 5 - T O N 3 - W H E E L R O L L E R 
C O M P A C T I N G 9 - I N . LOOSE L I F T S (56, 81) 

So i l Type 
Percen t Rela t ive Compaction^-

So i l Type do 95 100 

Heavy c lay 570 340 240 
S i l t y c lay 1710 570 340 
Sandy c l ay 860 340 53 
W e l l - g r a d e d sand 1710 860 570 
G r a v e l - sand- c lay 1710 860 340 

^Percen t of B r i t i s h Standard 1377:1948 Tes t No . 9 m a x i m u m d r y un i t we igh t . 
B r i t i s h t e s t i s genera l ly s i m i l a r to AASHO T 99 Method C . 

The 

l i n e of o p t i m u m m o i s t u r e contents th rough the peaks of the r o l l e r c u r v e s l i e s a p p r o x i 
ma te ly on a s i m i l a r l i n e d r a w n th rough the peaks of the s tandard t es t but l i e s on the 
d r y s ide of a l i n e d r a w n th rough poin ts of o p t i m u m m o i s t u r e content f o r the M o d i f i e d 
AASHO t e s t . 

P R O D U C T I V E C A P A C I T Y ( O U T P U T ) OF 3 - W H E E L R O L L E R S 

The output of a r o l l e r i s expressed i n t e r m s of cubic y a r d s of s o i l compacted p e r 
hour . The output depends on the d imens ions and ground p r e s su re s of the r o l l s , speed 
of t r a v e l , the nature of the s o i l and i t s m o i s t u r e content , and the th ickness of the l i f t 
(which de t e rmines the number of passes r e q u i r e d ) to produce the degree of compac t ion 
s p e c i f i e d . So i l type in f luences output i n tha t the l i g h t e r t e x t u r e d , sandy so i l s r e q u i r e 
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l ess number of passes than do the heavy 
c l a y s . The l o w e r the m o i s t u r e content 
the g r e a t e r the number o f passes r e q u i r e d 
( F i g . 15) . Inasmuch as data a r e not a-
v a i l a b l e tha t ind ica te any e f f e c t that speed 
of t r a v e l may have on r o l l e d un i t we igh t , 
output i s d i r e c t l y r e l a t e d to speed of 
t r a v e l . 

The d i r e c t e f f e c t of l i f t th ickness i s 
shown i n F i g u r e 22 f o r two s i l t y c l ays 
and a sandy s i l t y c l a y . He re , the r o l l e r 
compacted s o i l i n Indiana (29) was c o m 
pacted to about 100 pe rcen t r e l a t i v e c o m 
pac t ion at an average m o i s t u r e content a-
bout 3 percentage un i t s wet of o p t i m u m , 
and the Ohio s o i l (29) to an average of 
103 percen t r e l a t i v e compac t ion at two 
percentage un i t s d r y of o p t i m u m . P r o 
duc t ion i n the B r i t i s h tes ts was based on 
the r e q u i r e m e n t of 5 passes to produce 
100 pe rcen t r e l a t i v e compac t ion (340 cu 
y d p e r hour ) f o r the s i l t y c l ay ( F i g . 14) . 

Data w e r e c o m p i l e d to show the d i r e c t 
e f f ec t of number of passes on output f o r 
compac t ion to a r e q u i r e d pe rcen t r e l a 
t i v e compac t i on . F i g u r e 14 shows that 
the number of passes r e q u i r e d to compac t 
9 - i n . loose l i f t s t o 100 pe rcen t r e l a t i v e 
compac t ion , ranged f r o m 3 f o r the sand 
to 8 f o r the heavy c l a y . Va lues of output 
f o r 90, 95, and 100 pe rcen t r e l a t i v e c o m 
pac t ion f o r f i v e so i l s when compacted i n 
9 - i n . loose l i f t s by a 9 . 5 - t o n r o l l e r a r e 
g iven i n Tab le 5. 

The m a x i m u m poss ib le output f o r a 3 -whee l r o l l e r may be ca lcu la ted as f o l l o w s : 

M a x i m u m Output = W i d t h of compacted s t r i p ( f t ) x Depth ( f t ) x R o l l e r Speed ( f t p e r hour) 
27 

F o r example , a 10- ton , 3 -whee l r o l l e r equipped w i t h 2 0 - i n . d r i v e r o l l s spaced 36 i n . 
apa r t , r o l l i n g w i t h a 1 - i n . o v e r l a p on each s ide of r e a r r o l l , p r o v i d e s a w i d t h of c o m 
pacted s t r i p of 18 i n . f o r each d r i v e r o l l and f o r both r o l l s , a compacted s t r i p of 3 f t . 
F o r a 6 - i n . ( 0 . 5 - f t ) compacted l i f t th ickness one pass , and a speed of 1 mph , the 

For 6- in compacted 
l i f t ttiicitness 

Roller Speed, mpli 

Figure 23. Maxmum productive capacity 
of a 10-ton 3-wheel r o l l e r for coverage 
by drive r o l l s only. (Based on 20-in. 
wide drive r o l l s , spaced 36 i n . apart and 
complete coverage by drive r o l l s . Con
tinuous operation. Six-inch compacted 

l i f t . ) 

M a x i m u m Output 3 X 0 .5 X 5280 
27 = 293 cu y d p e r hou r . 

F i g u r e 23 p e r m i t s r a p i d es t imates to be made of m a x i m u m poss ib le output . The 
c h a r t i s based on cont inuous o p e r a t i o n . Deduct ions can be made f o r t i m e l o s t . I t i s 
poss ib le that the guide r o l l may f o r a g iven number of passes p r o v i d e s a t i s f a c t o r y 
compac t ion . F o r the r o l l e r i n the example , the f u l l w i d t h i s 76 i n . E f f e c t i v e r o l l i n g 
w i d t h then becomes 76 i n . less o v e r l a p of about 4 i n . o r 72 i n . T h i s i s t w i c e the e f 
f e c t i v e w i d t h of d r i v e r o l l s on ly , and the m a x i m u m poss ib le output p e r pass shown i n 
F i g u r e 23 i s doubled. 



Full-Scale Field Tests on Sheepsfoot-Type Rollers 
T Y P E S O F SHEEPSFOOT R O L L E R S 

T H E R E B a tendency to c lass a l l r o l l e r s w i t h p r o t r u d i n g f ee t as "sheepsfoot" r o l l e r s a l 
though some p r e f e r to desc r ibe t h e m as " t a m p i n g " r o l l e r s . However , the l i t e r a t u r e does 
make an e f f o r t to d i s t i n g u i s h d i f f e r e n c e s i n d i f f e r e n t sheepsfoot- type r o l l e r s on the bas i s 
of the shapes of the f e e t . Some of the m o r e c o m m o n l y d e s c r i b e d types a r e (a) the t ape r 
f o o t , (b) the c lub foo t , (c) the pegfoot , and (d) the sheepsfoot . The shapes of these 
d i f f e r e n t c lasses of f e e t a r e shown i n F i g u r e 24 . 

M a n u f a c t u r e r s ' spec i f i ca t ions and add i t iona l data on contact un i t p r e s su re s f o r sheeps
foo t r o l l e r s employed i n f u l l - s c a l e r o l l i n g exper imen t s a r e , i n s o f a r as data p e r m i t t e d , 
g iven i n Table 6. 

F U L L - S C A L E TESTS O N S H E E P S F O O T - T Y P E R O L L E R S 

T h e r e have been two extensive f u l l - s c a l e e x p e r i m e n t a l tes ts of sheepsfoot r o l l e r s to de
t e r m i n e the in f luence of the d i f f e r e n t v a r i a b l e s o f design on t h e i r c h a r a c t e r i s t i c s as c o m 
p a c t o r s . The Corps of Engineers p e r f o r m e d a s e r i e s of t es t s on l a r g e ( 6 0 - i n . d i a m e t e r 
d r u m s ) r o l l e r s to d e t e r m i n e the e f f e c t of contact a rea , contact un i t p r e s s u r e and number 
of passes on the d r y un i t weight l a r g e l y on a s ing le type of s o i l (46, 53, 76, 87) . The 
B r i t i s h Road Research L a b o r a t o r y conducted tes ts on 4 8 - i n . - d i a m e t e r d r u m r o l l e r s to de
t e r m i n e t h e i r e f fec t iveness as compac to r s on s e v e r a l d i f f e r e n t types of s o i l (56) . Tes t s of 
a s i m i l a r nature but on a s m a l l e r sca le w e r e p e r f o r m e d i n India on a U u v i a l s o i l s and 
i n Sweden (80) . 

Foot 
C r o s s s e c t i o n 
of tapered foot 

R O L L E R M A X I M U M D R Y U N I T W E I G H T VS MOISTURE C O N T E N T 

Because m o i s t u r e content ( in add i t ion to s o i l type and compac t ive e f f o r t ) has so grea t 
an in f luence on the d r y un i t weight of compacted s o i l s , engineers , f o l l o w i n g the develop
ment of the l a b o r a t o r y compac t ion t es t , w e r e anxious to l e a r n i f sheepsfoot r o l l e r s w o u l d 
as d i d smooth -whee l r o l l e r s , a lso produce compac t ion cu rves that w o u l d be s i m i l a r to 
those p roduced i n the l a b o r a t o r y t es t , p r o v i d e d tha t a l l v a r i a b l e s except m o i s t u r e content 

w e r e he ld constant . The f i r s t f u l l - s c a l e 
c lo se ly c o n t r o l l e d tes ts (44, 46, 47, 49, 56) 
showed that r o l l e r - p r o d u c e d m o i s t u r e c o n 
t e n t - d r y u n i t - w e i g h t r e l a t ionsh ips d i d s i m 
ula te those produced by the l a b o r a t o r y tes t 
i n that they w e r e s i m i l a r i n shape al though 
t h e i r m a x i m u m d r y un i t weights and o p t i 
m u m m o i s t u r e contents d i d d i f f e r i n m a g n i 
tude . Examples of r o l l e r - p r o d u c e d m o i s 
t u r e content v s d r y u n i t - w e i g h t r e l a t i o n s h i p 
cu rves f o r s o i l s f u l l y compacted (compacted 
to r e f u s a l o r by 64 passes) a r e shown i n F i g 
u r e 25. I n add i t ion to i l l u s t r a t i n g the e f f e c t 
of m o i s t u r e content on d r y un i t we igh t s . F i g 
u r e 25 also shows the v e r y s t r o n g e f f e c t of 
s o i l type i n d e t e r m i n i n g what the m o i s t u r e 
content vs d r y u n i t - w e i g h t r e l a t ionsh ips s h a l l 
be f o r each s o i l , whe ther i t be compacted i n 
a m o l d o r r o l l e d by a sheepsfoot r o l l e r . 

E x a m i n a t i o n of F i g u r e 25 and c o m p a r i n g 
l a b o r a t o r y - p r o d u c e d cu rves w i t h r o l l e r - p r o 
duced cu rves on i d e n t i c a l s o i l s shows that 

Drum 

T a p e r e d Foot 

( c ) 
Drum 

(b) 
Drum 
- 4 

( d ) 
Drum 

C l u b - F o o t 

T 
P e g - f o o t 

Figure 2h. Sketches of 
of r o l l e r feet (not drawn 

S h e e p s - Foot 

different types 
to scale (59A)). 
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TABLE S 

CHAHACTERIBTICB OF 8HBEP8FOOT-TTPE ROLLEH8 EMPLOYED IN FULL-SCALE BOLLPIC EXPERIMEHTS 

fi- HitaonRoUerFeet & 5 « W ! It Vmmn balf 

Source of Dab 
A m Bqln oIFoot FWrt Contact A r « n i Lefvtb No c 

ofFoot A w a p a r a q f l o f (%J of Total Area of of on Empty 
( w i n ) DtumAre . Crtioter Genented Feet(m ) Ground 

Corp. o f -
Coipsot 

9, too o,:oo 
6,2S0 S,800 

10.840 
10.640 

Cups ol Engineers (70) 

S r ' S ^ ta rna t ion (TT, 1 
Corps of 

4>eci.ll> 
Clubfoot 
Taperfoot 
T^terfbot 

10 4 
I T B 
10 1 

7,0BS 
8, lis 
7,940 

10,010 
10,080 
10,100 

40, T M ^ 

4508 

1,087* 

' L O « ^ to 184-pBi coclut pre iwre ^Length ot « e h drum '>Dluieter of drum onlr '^Perdrum ' 'Baud on one row of feet in contkctvltfa gKMad 
for major porbpn of testrM^^Ur loaded with water In most c£ teats 8Laaded with Barold to obtain preasurea a 
of an I - b » m 'Weight adjusted to provide constant contact pressure of 250 p n lor different foot-contact areas 
aectaon must be equal or less than 10 sq in at a distance of 8 in from surtoce of drum but not greater than 10 lb «i • »iH...j<7 u. » u. —= — 
!SSt SSr 100 Bd i r of drum » r b c . Weight fuUy IOUIMI witta sand and water not less than 4.000 lb per foot length of drum ^Tolal roller welgbl cor 
ti^Mbj l o s ^ With Barcnd to weights ahd unit pressures shown »Fereent of total area of a crUnder generated by the limits of the faces ot the 
tamper tsM 

m o i s t u r e con t en t -d ry u n i t - w e i g h t r e l a t i onsh ips p roduced by the sheepsfoot r o l l e r a r e 
gene ra l l y s i m i l a r i n shape to those p roduced by the s tandard l a b o r a t o r y t e s t . H o w 
ever , the m a x i m u m d r y u n i t we igh t s , as w e r e those p roduced by the t h r e e - w h e e l r o l l 
e r , b o r e no cons is tent r e l a t i onsh ip to the m a x i m u m values p roduced i n the l a b o r a t o r y 
t e s t , even though the conpact ion e f f o r t was constant a l though not i d e n t i c a l i n the l a b o r 
a t o r y compac t ion t es t , and i n the f i e l d r o l l i n g e x p e r i m e n t . Peak va lues f r o m the r o l l 

e r - p r o d u c e d cu rves i n F i g u r e 25 m a r k e d l y 
exceed peak values f r o m the s tandard l a b 
o r a t o r y compac t ion t es t f o r a l l s o i l s ex 
cept the g r a v e l - s a n d - c l a y s o i l . 

The in f luence of changes i n r o l l e r c o m 
pac t ion e f f o r t a r e c l e a r l y shown i n m o i s 
t u r e content v s d r y u n i t w e ^ h t r e l a t i o n 
ships i n F i g u r e 26 . Any change i n the 
r o l l e r tha t c h a i s e s the app l i ed compac t ion 
e f f o r t changes the m o i s t u r e con ten t -un i t -
weigh t r e l a t i o n s h i p s . Changes i n e f f e c t i v e 
contact un i t p r e s s u r e should produce a 
change i n the compac t i on c u r v e p r o v i d e d 
p r e s s u r e s a r e w i t h i n a range where such 
changes ac tua l ly do produce a change i n 
compac t ion e f f o r t . I n mos t cases the c o n 
tac t u n i t p r e s s u r e s s u f f i c i e n t l y exceeded 
the b e a r i n g capac i t i es of the s o i l s tha t 
changes i n un i t p r e s su re s had l i t t l e o r no 
e f f e c t . T h i s i s d iscussed l a t e r under 
"Contac t A r e a and Contact U n i t P r e s s u r e . " 

Any change i n the magni tude of the c o n 
t ac t a r e a and the number of passes p r o 
duces m a r k e d changes i n the r o l l e r c o m 
pac t ion c u r v e s . These s ta tements a re 
v e r i f i e d by data shown i n F i g u r e 26 i n 
w h i c h r o l l e r compac t ion c u r v e s a r e shown 
f o r t h r e e sheepsfoot r o l l e r s (76) equipped 
w i t h t a m p i n g f ee t of t h r ee d i f f e r e n t c o n 
t a c t a r eas . Each r o l l e r i s app l i ed i n the 

compac t ion of a s i l t y c l ay s o i l us ing t h r ee d i f f e r e n t numbers of passes (6, 12, and 24 
passes) . The contact u n i t p r e s s u r e was constant f o r a l l r o l l e r s a t 250 p s i . Thus , i t 
may be seen tha t the g r e a t e r the contact a r e a and the g r ea t e r the number o f passes 
the g r ea t e r the compac t ion e f f o r t app l i ed . E x a m i n a t i o n of F i g u r e 26 shows tha t i n 
c r e a s i n g the number of passes f o r a g iven a rea of t a m p e r f o o t increases the r o l l e r -
p roduced m a x i m u m d r y Unit we igh t and reduces the o p t i m u m m o i s t u r e content . I n 
c r e a s i n g the a r ea of the t a m p e r f o o t w h i l e ho ld ing the contact un i t p r e s s u r e constant 

hMpsfool 
Compocl 

Line or 10% 

Moislurfl Cofitonl. perc.nf 

Figure 25. Comparison of r o l l e r curves 
for clubfoot-type sheepsfoot r o l l e r and 
laboratory compaction. Roller curves are 
for f u l l compaction (6U passes) by r o l l e r 
having 12-sq i n . contact area and maximum 

contact pressure of l l5 p s l (56). 
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also increases the compac t ion e f f o r t . 
CompajTison of the t h r ee sets of p l o t s i n 
F i g u r a 26 shows the e f f e c t of i n c r e a s i n g 
the c o n t a c t a r e a of the t a m p e r f o o t . 

T l / u s , the r o U e r m a x i m u m d r y u n i t 
w e l i ^ t v s m o i s t u r e content c u r v e v a r i e s 

o r d l n g to s o i l type ( F i g u r e 25) and r e -
y feponds to compac t ion e f f o r t ( F i g u r e 26) 

/ i n a manner gene ra l ly s i m i l a r to tha t of 
the l a b o r a t o r y compac t ion t e s t . D i f f e r 
ences tha t o c c u r between f i e l d ( r o l l e r ) 
c u r v e s and l a b o r a t o r y c u r v e s a r e d i s 
cussed i n m o r e d e t a i l l a t e r . 

O B T A I N I N G R O L L E R CURVES F R O M 
T E S T SECTIONS 

I t i s p r a c t i c a b l e to p r e p a r e r o l l e r 
compac t ion cu rves f r o m j o b tes t sect ions 
wi thou t i m p o s i n g the r i g i d c o n t r o l s ne
cessa ry i n a f u l l - s c a l e t e s t of the type r e 
f e r r e d to h e r e . The development of r o l l 
e r compac t ion c u r v e s i nvo lves p e r f o r m i n g 
a s u f f i c i e n t number of t es t s f o r i n - p l a c e 
m o i s t u r e content and d r y u n i t we igh t a f 
t e r v a r i o u s numbers of passes on soUs 
d i f f e r i n g i n m o i s t u r e contents so the r e 
s u l t i n g data can be ana lyzed s t a t i s t i c a l l y . 
T h i s i nvo lves the use of a u n i f o r m - t y p e 
s o i l o r adequate i d e n t i f i c a t i o n of s o i l 
samples by type as t e s t i n g p r o g r e s s e s . 
Examples of the app l i ca t ion of s t a t i s t i c a l 
methods a re ava i lab le (92) . T h i s p e r 
t a in s espec ia l ly to the development of 
r o l l e r cu rves f r o m tes t s ec t ions . R o l l 
e r cu rves can be developed to show g r a p h 
i c a l l y the v a r i a t i o n of r o l l e d d r y u n i t 
we igh t f r o m m a x i m u m l a b o r a t o r y d r y 
u n i t we igh t , as w e l l as the v a r i a n c e of 
f i l l m o i s t u r e content f r o m the l a b o r a t o r y 
d e t e r m i n e d o p t i m u m m o i s t u r e content . 

no 
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Figure 26. Roller compaction ourvea for 
a lean ( s i l t y ) clay s o i l for aheepsfoot 
r o l l e r s having 7-, l i t - , and 21-sq i n . 
foot contact area, a constant maximum 
contact pressure of 250 p s i for 6, 12, 

and 2li passes (76). 

E F F E C T O F N U M B E R O F PASSES O N D R Y U N I T W E I G H T 

The number of passes r e q u i r e d to a t t a i n a g iven un i t we igh t depends i n p a r t on those 
c h a r a c t e r i s t i c s of the r o l l e r tha t d e t e r m i n e percen t coverage p e r pass and the compac
t i o n e f f o r t p e r pass . These c h a r a c t e r i s t i c s a r e the contac t a r e a of each t a m p e r f o o t 
and i t s r e l a t i o n to the t o t a l a r ea at the p e r i p h e r y of the f e e t , the contact un i t p r e s s u r e , 
and the e f f e c t i v e o r p i t c h d i a m e t e r of the d r u m plus t a m p e r f e e t . The number of passes 
r e q u i r e d a r e a lso r e l a t e d to the l i f t th ickness employed . F i n a l l y , the number of passes 
r e q u i r e d a r e r e l a t e d to s o i l t ype , s o i l m o i s t u r e content and the degree of compac t ion 
r e q u i r e d . Because data on d i r e c t r e l a t i onsh ips of some of these f a c t o r s t o number of 
passes a r e not ava i l ab le , on ly the e f f e c t of s o i l t ype , s o i l m o i s t u r e content , degree of 
compac t ion r e q u i r e d , and the d imens ions of the t a m p e r f e e t on the number of passes 
necessary to a t t a i n compac t i on a r e d i scussed h e r e . The o the r f a c t o r s on w h i c h f e w 
data a r e ava i l ab le a r e d iscussed under " P r o d u c t i v e Capaci ty (Output) of Sheepsfoot-
Type R o l l e r s . " 

F o r a g iven sheepsfoot r o l l e r , compac t ing at o p t i m u m m o i s t u r e content , the s o i l 
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type l a r g e l y de t e rmines the number of passes r e q u i r e d . T h i s i s w e l l i l l u s t r a t e 
F i g u r e 27 w h i c h indica tes the number of passes r e q u i r e d by a c l u b f o o t - t y p e shee] 
r o l l e r having 64 t a m p e r f e e t p e r d r u m , each f o o t hav ing a contact a r ea of 12 sq ' 
( 9 . 1 pe rcen t of t o t a l p e r i p h e r a l area) and a m a x i m u m contac t p r e s s u r e o f 115 p s i 
Tab le 6 f o r data on r o l l e r ) . 

The e f f e c t of s o i l type i s evident d i r e c t l y i n F i g u r e 27 i n t e r m s of response i n i i t 
c rease i n d r y un i t we igh t w i t h inc rease m> 
number of r o l l e r passes . The e f f e c t of 
s o i l type becomes even m o r e evident i n 
some instances i n the r e l a t i v e numbers 
of passes r e q u i r e d to compac t some so i l s 
to a g iven percen t r e l a t i v e compac t ion 
when c o m p a r e d to o the r s o i l t ypes . A n 
example of t h i s i s shown i n F i g u r e 27 i n 
c o m p a r i n g the numbers of passes r e q u i r e d 
to compac t the sandy c l ay and the s i l t y 
c lay to 95 percen t r e l a t i v e c o m p a c t i o n . 
The sandy c l ay was compac ted t o 95 p e r 
cent r e l a t i v e compac t ion (109.3 p c f ) i n 13 
passes. I t r e q u i r e d only 7 passes to c o m 
pact the s i l t y c l ay to 95 percen t r e l a t i v e 
compac t ion (98.8 p c f ) . 

F i g u r e 28 i l l u s t r a t e s tha t the e f f e c t o f 
s o i l m o i s t u r e content has a s t r o n g in f luence 
on the number of passes r e q u i r e d by a 
t ape r foo t sheepsfoot r o l l e r hav ing s m a l l 

\ 

Number of Posses 

Figure 27. Number of passes of a club
foot-type sheepsfoot r o l l e r required to 
compact four different types of so i l s to 
90, 95 and 100 percent relative compac

tion (56). 

t a m p e r f o o t contact a r ea to compact two 
types of s o i l s , one a s i l t y c l a y , the o the r 
a heavy c l a y . I nc r ea s ing the s o i l m o i s 
t u r e content sha rp ly reduced the d r y un i t 
we igh t s a t ta ined i n the heavy c l a y . How
ever , near m a x i m u m d r y un i t we igh t s , 
f o r the m o i s t u r e contents g iven i n F i g u r e 
28, w e r e a t ta ined a f t e r p r o g r e s s i v e l y 
l e s s e r numbers of passes as the s o i l 
m o i s t u r e content was inc reased . In o the r 
w o r d s , f o r the heavy c lay r o l l e d at 26 
pe rcen t m o i s t u r e content no add i t i ona l 
ga in i n weigh t was a t ta ined a f t e r 8 passes . 
C o n t r a r y , a p p r o x i m a t e l y 95 percent r e l -

Si l ty Cloy 

Heavy Cloy 

Br i t ish S t ' d Mod AA 5 HO 

S o i l 
Moi Max 

S o i l Un Wt, 0 M C Un Wt 0 M C 

(pcf) (%1 (pcf) (%) 

Heavy C l a y 97 26 113 17 
St i ty Cloy 104 21 120 14 

Number of Passes 

Figure 28. Relationship between dry unit 
weight and number of passes of a taper-
foot sheepsfoot r o l l e r for two s o i l s when 
compacted in 9-in. loose l i f t s at differ
ent moisture contents. Roller has 88 
feet per drum, $ l / l 6-sq i n . contact area 
per foot and contact pressure of 2U9 psi 
when f u l l y ballasted with water (56). 

a t ive compac t ion was r e a l i z e d a f t e r 12 passes at 22 percen t m o i s t u r e content (100 p e r 
cent a f t e r 64 passes) . As the m o i s t u r e content was decreased to 18 pe rcen t , 95 p e r 
cent r e l a t i v e compac t ion was a t ta ined a f t e r about 13 passes, but the m a x i m u m poss ib le 
d r y un i t weight at f u l l compac t ion inc reased to about 106 p c f . (Note tha t r o l l e r m a x i 
m u m d r y un i t weight and o p t i m u m m o i s t u r e content w e r e 107 pcf and 15 pe rcen t , r e -

\ 
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s p e c t i v e l y ) . The s i l t y c l a y s o i l f o l l o w e d a somewhat s i m i l a r behavior p a t t e r n of n u m 
ber of passes vs d r y u n i t we igh t w i t h v a r i a t i o n i n m o i s t u r e content (56) . 

The d imens ions o f the t a m p e r f e e t (contact a rea) and the p r o p o r t i o n of tha t t o t a l 
a r ea i n pe rcen t of t o t a l p e r i p h e r a l a r e a genera ted by the faces of the t a m p e r f e e t a lso 
in f luence the number of passes f o r they d e t e r m i n e the pe rcen t of the g round s u r f a c e 
cove red by each pass of the r o l l e r and a lso in f luence the compac t ion e f f o r t . The r e 
la t ionsh ips between m a x i m u m d r y un i t we igh t p roduced by the r o l l e r and number of 
passes a r e i l l u s t r a t e d i n F i g u r e 29 f o r t h r ee s i zes of t a m p e r f e e t . E x a m i n a t i o n of 
F i g u r e 29 shows tha t the l a r g e r the contact a r e a the g r e a t e r the d r y un i t we igh t and 
the l e s s e r the o p t i m u m m o i s t u r e content f o r a g iven number of passes . A l s o , f o r a 
g iven d r y un i t we igh t r e q u i r e m e n t , the s m a l l e r the f o o t contact a r ea the g r ea t e r the 
number of passes to s a t i s f y a g iven d r y u n i t we igh t r e q u i r e m e n t . 

F o r example , i n the l e f t - h a n d p l o t i n F i g u r e 29, i f i t i s de s i r ab l e to compac t the lean 
c lay s o i l (76) to 108-pcf d r y un i t we igh t , that r e q u i r e m e n t may be s a t i s f i e d by 9 passes 
of a 21 - sq i n . f o o t contact a rea r o l l e r , by 15 passes of a 14-sq i n . f o o t contact a r ea 
r o l l e r , o r by 22 passes of a 7 - sq i n . f o o t contac t a r e a r o l l e r . The t o t a l p e r i p h e r a l 
a reas , genera ted by the t a m p e r f o o t f o r the 2 1 - , 1 4 - , and 7 -sq i n . t a m p e r f ee t a r e 
1 6 . 4 , 10 .9 and 5.5 pe rcen t , r e s p e c t i v e l y . Contact a r ea i n pe rcen t of t o t a l a r ea at 
the p e r i p h e r y of the r o l l e r f ee t i s d e t e r m i n e d as f o l l o w s : 

Number of f ee t p e r d r u m x contact a r e a of one f o o t i n sq i n . 
(D iame te r of d r u m i n inches + 2 x length of f e e t i n i n . ) x (3 .1416 x length of d r u m i n i n . ) . 

I t may be seen that i f the contact un i t p r e s s u r e i s he ld constant , i n c r e a s i n g the contact 
a rea of the t a m p e r f o o t increases compac t ion e f f o r t p r o p o r t i o n a t e l y — m o r e o r l e s s , de 
pending on s o i l type and m o i s t u r e content . 

E F F E C T S OF WEIGHTS A N D DIMENSIONS O F R O L L E R S 

The p r i n c i p a l sheepsfoot r o l l e r c h a r a c t e r i s t i c s r e l a t e d to d imens ions and weights 
tha t i n f luence compac t ion a r e the contact un i t p r e s s u r e , the contact a r ea of the i n d i 
v i d u a l f e e t , and the contac t a r ea i n pe rcen t of the t o t a l p e r i p h e r a l a r ea of the c y l i n d e r 
genera ted by the f a ce s o f the t a m p e r f e e t . 
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Figure 29. Effect of contact area of 
foot and number of passes of sheepsfoot 
r o l l e r on unit weight and optimum mois
ture content for -the r o l l e r . S o i l i s a 
lean ( s i l t y ) clay (LL = 38, PI = 18). 
Unit contact pressure 250 p s l , AASHO and 
Modified AASHO maximum unit weights are 

107.9 and 117.8 pcf (76). 

C O N T A C T U N I T PRESSURE 

T h e contact u n i t p r e s s u r e f o r a sheeps
f o o t r o l l e r i s d e t e r m i n e d by d i v i d i n g the 
t o t a l we igh t of the r o l l e r (empty o r loaded 
depending on how i t i s used) by the p r o 
duct of the number of f ee t i n one r o w and 
the contac t a r e a p e r t a m p e r f o o t . Thus 
contact un i t p r e s s u r e i s an a r b i t r a r y m a x 
i m u m un i t p r e s s u r e and may bea r no r e 
l a t i onsh ip to the u n i t p r e s s u r e s ac tua l l y 
i m p r e s s e d on the s o i l . 

R o l l e r s b u i l t i n the 1950*8 p r o v i d e d 
f o r i n c r e a s i n g l y g r e a t e r u n i t p r e s s u r e s . 
U s e r s hoped o r expected tha t the use of 
g r e a t e r p r e s s u r e s w o u l d hasten compac
t i o n and produce g r e a t e r un i t we igh t s . A 
number of c l o se ly c o n t r o l l e d f u l l - s c a l e ex
p e r i m e n t s w e r e conducted t o measure the 
e f f e c t of t o t a l p r e s s u r e and u n i t p r e s s u r e 
app l i ed by t a m p e r f ee t (44, 46, 53, 16, 87) . 
One s e r i e s p e r f o r m e d o n a c layey sand 
( L L = 1 8 , P I = 2) (44) employed un i t p r e s 
su res of 250 and 455*psi on a t a m p e r f o o t 
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having a contact area of 7 sq in., and also employed the same lift thickness and num
ber of passes. There resulted, for practical purposes, no difference in dry unit 
weight. In a second series (46), unit pressures of 250, 500, and 750 psi were pro
duced by the same roller (by loading with Baroid) and applied in compacting a silty 
clay (LL = 37, PI = 14). The roller had 120 ft per drum, each foot having a contact 
area of 7 sq in. The results of these tests are shown in Figure 30. Examination of 
Figure 30 shows that only minor differences occurred in maximum dry unit weight 
and optimum moisture content for the three different unit pressures, although the 
same lift thickness and number of passes were employed in each test. 

A third series of tests (87) was performed on a similar soil (a lean clay having a 
L L = 36, PI = 15) from the same general area. This test was performed with a roller 
also equipped with 120 ft but each foot having a contact area of 14 sq in. Twelve passes 
were applied. Two unit pressures (125- and 375-psi) were employed. Again, there 
was no difference in maximum dry unit weight. 

In addition to the foregoing tests similar tests were performed in Great Britain (56) 
employing lighter-weight rollers having 
unit pressures of 115 and 249 psi. (Tam
per foot areas were 12 and 5.06 sq in. 
and total contact areas in percent of the 
periphery generated by the face of the 
tamper feet were 9.1 and 5.1 percent, 
respectively.) Here again, the maximum 
dry unit weights produced by the two roll
ers were in every instance equal or dif
fered by less than one percentage unit 
(of laboratory maximum dry unit weight) 
for a given soil type. Because of the in
terest in the effect of contact unit pres
sure as an influencing factor in soil com
paction it is believed worthy of reproduc
ing in tabular form the results of the de
scribed tests. 

Table 7 shows that for a given soil and 
for the rai^e of foot contact area and 
number of passes observed in the tests, 
doubling or tripling the contact unit pres
sure had small, if any, influence on roll
er compacted dry unit weights. This 
statement apparently holds for a wide 
range of soil types as is indicated by the 
range for which data were provided in 
Table 7. Thus, unit pressure when ade
quate, has small influence on soil com
pacted near optimum moisture content. 
Unit pressure appears from Figure 30 and also from graphical representation of data 
from other tests (44, 87) to have little or no effect at moisture contents several per
centage units wet or of optimum. 

Data are insufficient to define the lowest unit pressure that will satisfactorily com
pact a soil in lifts of nominal thickness to the required unit weight because contact 
area is also a factor that cannot be entirely separated from unit pressure (Fig. 26). 
However, for the soils given in Table 7 it is apparent that a unit pressure of the order 
of 115 to 150 psi should be adequate to provide compaction for rollers with small tam
per foot area. Pressures of a greater range may be desirable for larger foot areas 
especially when compacting soils dry of optimum or soils that otherwise depend on in
ternal friction for bearing capacity. 

500 psi ro 

Moisture Conteni, percent 

Figure 30. Roller compaction curves on a 
s i l t y clay s o i l . Unit weights measured 
for 12- to 21-in. depth i n a l i - f t f i l l . 
Sheepsfoot r o l l e r had 120 feet per drum, 
7-sq i n . contact area and was loaded to 
produce maximum contact pressures of 250, 

500 and 750 psi (1^6). 
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TABLE 7 
THE E F F E C T OF CONTACT UNIT PRESSURE ON MAXIMUM DRY UNIT 

WEIGHT (FROM ROLLER COMPACTION CURVES) 

Contact 
Area of Contact Compacted 

% of AASHO Each Unit Lift Number % of Mod % of AASHO 
Source Foot Pressure Thickness of AASHO Max T 99 Max 

Reference Soil Type (sq in.) (psi) (in.) Passes Density Density 
44 Clayey sand 7 250 6 9 94 99 
44 Clayey sand 7 450 6 9 93-95 99 
46 Silty clay 7 250 6 6 92 102 
46 Silty clay 7 500 6 6 91-92 101 
46 Silty clay 7 750 6 6 91-92 101 
87 Lean clay 14 125 6 12 93 101 
87 Lean clay 14 375 6 12 93 101 
56 Heavy clay 12 115 6a 64 92 108 
56 Heavy clay 5.06 249 6a 64 92 108 
56 Silty clay 12 115 6a 64 97 112 
56 SUty clay 5.06 249 6a 64 96 111 
56 Sandy clay 12 115 6a 64 93 104 
56 Sandy clay 5.06 249 ea 64 94 104 
56 Gravel- sand- clay 12 115 6a 64 94 100 
56 Gravel- sand-clay 5.06 249 6a 64 93 99 

ag-in. loose lifts which produced compacted lifts approximately 6 in. thick. 

CONTACT AREA 
The influence of contact area on the compaction characteristics of a roller has been 

discussed under "Effect of Number of Passes on Dry Unit Weight." The families of 
roller curves produced at a constant unit pressure of 250 psi by varying the contact 
area (and number of passes) is illustrated in Figure 26 and in the plots showing the re
lationship between number of passes and maximum dry unit weight shown in Figure 
29. If the contact unit pressure is not kept constant as in the tests described (76), then 
adjusting the contact area is a means for adjusting contact unit pressure. It is also a 
means for changing percent coverage; that is, the percent of the total ground area 
traversed by the roller that comes into contact with the tamper feet with each pass of 
the roller. For soils developing most or all of their strength through friction the unit 
bearing capacity decreases with decrease in size of loaded area. Thus, a small vari
ation in size of loaded area (even if unit pressure is constant) may represent a sub
stantial variation in bearing capacity. 

Figure 29 shows that increasing the foot size can increase the compacted dry unit 
weight for a given number of passes or decrease the number of passes and increase 
the productivity of rollers in a lean clay soil over that obtained with smaller size tam
per feet. The area of the tamper foot should be as large" as practicable and yet be 
compatible with adequate unit pressure and proper spacing for cleaning purposes. 

SPACING OF F E E T 
For a given size foot, decreasing the spacing between feet increases the percent 

coverage per pass and reduces the number of passes to obtain coverage. Percent 
coverage may be determined as follows: 

Percent Coverage = 
Number of feet per drum x contact area of one foot expressed in sq in. 

(Diameter of drum in in. +2xlengthof (feet) in in.) x 3.1416 x length of drum in in. 
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Increasing the spacing also increases the unit pressure. There is a limit to the close
ness of spacing of tamper feet that is dictated in part by contact unit pressure and in 
part by the ability of the roller to keep itself clean. Without doubt, self-cleaning feet 
can be designed that can be spaced more closely and that can be shaped to better con
form with contact area requirements and yet enter and withdraw from the soil easily 
and thus permit higher travel speeds. 

E F F E C T OF SPEED OF TRAVEL ON COMPACTED DRY UNIT WEIGHT 
Only two experimental projects included observations on the effect of speed of travel 

of sheepsfoot rollers on compacted dry unit weights. Data from one of these (29) indi
cated some reduction in dry unit weight in increasing the roller speed from 20Tr!pm to 
350 fpm. However, the results were inconclusive. In a second study (36) sheepsfoot 
rollers were operated at 2 and 5 mph (176 and 440 fpm) in compacting a sandy clay 
soil. The roller was a taperfoot type having 88 feet per drum, each tamper foot hav
ing a contact area of 5.06 sq in. Tests were made at numbers of passes up to 32. At 
no number of passes did the difference in compacted dry unit weight for the two speeds 
differ by more than one pcf. 

DEPTH OF COMPACTION BY SHEEPSFOOT-TYPE ROLLERS 
The depth of compaction by sheepsfoot-type rollers in commercially manufactured 

weights and sizes has been measured under several different conditions. These include 
measurement of unit weights (a) at different intervals in a compacted lift of nominal 

TABLE 8 
COMPARISON OF DRY UNIT WEIGHTS IN UPPER TWO-THIRDS AND IN 
LOWER ONE-THIRD OF SHEEPSFOOT ROLLER COMPACTED LIFTS (56) 

Sheepsfoot Roller^ 
Depth^ Clubfoot Taperfoot 

Soil Type (in.) Dry Unit Wt (pcf) Dry Unit Wt (pcf) 
Heavy clay 0-4 107 107 

4-6 94 94 
Silty clay 0-4 116 115 

4-6 95 103 
Sandy clay 0-4 119 120 

4-6 95 108 
Gravel- sand-clay 0-4 129 128 

4-6 129 110 

^Depth in inches below surface of compacted lift. 
''See Table 6 for data on sheepsfoot rollers. 

thickness (for example a 6-in. thick compacted lift); (b) at various depths in thick 
lifts (up to 5 ft thick) initially placed in a loose state; and (c) measurement of dry 
unit weights that result from adding and compacting overlying lifts as in constructing 
embankments. Li addition, sheepsfoot rollers specially designed with long feet and 
great foot contact unit pressures have been constructed for the purpose of increasing 
the dry unit weight of natural subgrade soils or the upper portions of previously con
structed fills. 

An early test on a sandy clay (36) showed that the dry unit weight of a sheepsfoot 
roller compacted soil exhibited a relative compaction of approximately 100 percent 
near the surface but a relative compaction of only 90 percent at a depth of 4 in. This 
no doubt prompted a second series of tests on four soils compacted by two different 
types of sheepsfoot rollers (clubfoot and taperfoot) (56). This test also exhibited 
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rather large differences in dry unit weights between the upper two-thirds and lower 
one-third portions of a 6-in. compacted lift (Table 8). These data exhibit decrease 
in unit weight for the clubfoot-type roller for the bottom 2 in. of the compacted lift 
for all but the gravel-sand-clay soil but somewhat lesser differences for the taperfoot-
type roller. These values are for lifts that were 9 in. thick before being compacted. 

Tests have also been performed by compacting thick loose lifts (80) to determine 
the effective depth of compaction under these conditions. Tests were performed on a 
morainic soil and on a mo (fine sand and silt) soil by a taperfoot-type roller having 120 
tamper feet per drum, each foot having a contact area of 5 sq in. and a total contact 
area of 5.5 percent of the total area generated by the periphery of the face of the feet. 
Two of the soils were compacted at unit pressures of 200 psi, and a third at 105 psi. 
The results of the tests are shown in Figure 31. Examination of the results shows 
very small decrease in unit weight for these dominantly sandy soils for about the top 

10 in. of compacted depth for the 200-psi 
roller but marked decrease in unit weight 
for the 105-psi roller below a depth of a-
bout 4 in. Percent compaction in Figure 
31 is in percent of Modified AASHO maxi
mum dry unit weight. 

Engineers have long been concerned a-
bout the effect of sheepsfoot roller com
paction on the unit weights of the under
lying lifts. In compacting a 5-ft test em
bankment of a clayey sand (44) in 6-in. 
compacted lifts, it was foun3"that there 
resulted a slight increase in dry unit 
weight of the underlying lifts. The roller 
had a foot area of 7 sq in. and a maximum 
unit pressure of 250 psi. Maximum dry 
unit weights were 114.5 pcf at an 18-in. 
depth, 113.2 pcf at 12 in., and 112.4 at 
a depth of 6 in. The roller compaction 
curves of the lifts nearer the surface were 
more rounded in the vicinity of optimum 
than those for underlying lifts. A similar 
trend was found for construction lifts for 
the 450-psi roller. The increase in unit 
weight and nature of the curves at differ
ent depths for the 250-psi roller are 
shown in Figure 32. The depth effect did 
not extend below 18 in. 

Deep compaction of subgrades in cut 
sections, in shallow fill sections or at 

grade points, or deep compaction of old fills that are inadequately compacted to sat
isfy current design requirements are problems confronting engineers. In only one in
stance has a sheepsfoot roller been expressly designed to accomplish these purposes 
(53). Tamping feet 18 in. long with a 9.4-sq in. foot contact area were attached to 
a~3rum 78 in. long and 72 in. in diameter. Loaded, the roller produced a maximum 
unit pressure of 1,087 psi. 

The roller was tested in (a) a natural (Vicksburg, Miss.) clayey silt (LL = 37, 
PI = 12) subgrade; (b) in a clayey sand (LL = 18, PI = 2) previously constructed sub-
grade (44) that had been rolled by a 250-psi sheepsfoot roller; and (c) a loose silty 
clay fill constructed for the tests. 

The natural subgrade had a natural dry unit weight of 84 percent of Modified AASHO 
at the surface decreasing to 74 percent at 5 ft. An increase in unit weight of 2% to 5 
pcf was attained for depths of 12 to 20 in., the top 12 in. being left in a loose state. 
The previously constructed clayey sand fill (44) was subjected to 18 passes of the 1,087-
psi roller, increasing the dry unit weight over that previously obtained with the 250-psi 

' l-Moroine sorl , 2 0 0 psi 
/ roller 

' 2 - M o s o i l , 2 0 0 psi roller 
I 3-Morame soi l , 105 psi 

roller 

Percent Compaction 

Figure 31. Relationship between depth of 
compaction and percent of Modified AASHO 
maximum unit weight when f u l l y compacted 
by a taperfoot-type sheepsfoot r o l l e r 
with feet having contact area of $ sq i n . 
and maximum contact pressure of 105 p s i 
empty and 200 p s i loaded. Mo and moraine 
s o i l s have liO and 52 percent passing the 

No. 200 sieve, respectively (80). 
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roller for a depth of 18 to 54 in. The max
imum dry unit weight attained by the 1,087-
psi roller was 99 percent of Modified AASHO 
at a depth of 51 in. compared to 94 percent 
obtained with the 250-psi roller. In in
creasing the dry unit weight a family of 
compaction curves for various numbers of 
passes was developed. The 4-ft-high loose 
silty clay fill constructed for the tests, was 
subjected to 0, 6, 12, and 18 passes of the 
1,087-psi roller. A substantial increase 
in dry unit weight occurred from a depth of 

Water Content, percent dry weight 

Figure 32. Typical moistiire content-unit 
weight data showing increase i n unit 
weight and "sharpening" of peaks of 
curves for l i f t s 3 and k following con
struction of l i f t s 5 and 6. Each l i f t 
was compacted by 9 passes of sheepsfoot 
r o l l e r having contact area of 7 sq i n . 
and contact pressure of 250 p s i . S o i l i s 

a clayey sand (LL = l8 , PI = 2) (Ui). 

nolural f i l l j 
1100 pai shMpstool r o l l . 

00 PSI sheepsfoot rolle 
OOpsi sheepsfoot rol ler 

coverages, 40 ,000- ib wheel load 

con ten t - 18 percent 

95 100 
Dry Unit Weight, pcf 

Figure 33. Effect of number of passes on 
dry unit weight at variovis depths i n a l i 
f t loose s i l t y clay f i l l by a 1,100-psi 
sheepsfoot r o l l e r and by a liO,000-lb 

12 in. downward throughout the fill, the wheel load (53). 
maximum increase being 11 pcf. The 
final dry unit weight ranged from 78 to 84 
percent of Modified AASHO maximum. These values are much lower than those for 
the previously compacted fill suggesting that precompaction to a certain minimum may 
be necessary to absorb the energy provided by the heavy roller as is advocated by pro
ponents of stage compaction. Typical dry unit weight gradients with depth and relation
ships with numbers of passes and dry unit weight are shown in Figure 33. 

In summarizing "Depth of Compaction by Sheepsfoot Rollers," it may be said that 
some engineers are not in agreement that a marked disparity in dry unit weight should 
occur between the upper and lower portions of a compacted lift. The claim has often 
been repeated that a sheepsfoot-type roller compacts from the bottom upwards, as it 
"walks up" or "walks out" in the rolling process. However, for any load on the earth's 
surface, the unit pressure diminishes with depth. All other types of compactors ex
hibit decrease in dry unit weight with depth. 

BOND BETWEEN LIFTS 
The occurrence of "compaction planes," laminations, or other smooth surfaces 

within or between construction lifts resulting directly from a tamper foot, or a tire, 
or a smooth-wheel roller has been of some concern to engineers. This is especially 
true in compacting certain types of stabilized bases. Efforts have been made to insure 
against their occurrence near the surface (by sacrtfying) where they might otherwise 
result in raveling or spalling. Some experimenters have commented on this occurrence 
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in or between earthwork construction lifts in fine-grain soils. In rolling tests (87) on 
a lean clay soil (LL = 36, PI = 15), the soil was compacted by a sheepsfoot roller e-
quipped with tamper feet of 14-sq in. contact area per tamper foot. Maximum unit 
pressures were 125 and 375 psi. A good bond was obtained between the drier lifts in 
all test sections compacted by sheepsfoot rollers. In sections where the soil was wet 
of optimum, slight laminations were noticed. 

It is held (98) that laminations in a compacted soil are produced primarily by ex
cessive "springing" of the lift under compacting equipment regardless of type, and 
that excessive occurrence of laminations occurred in a sheepsfoot compacted loess 
fill in which the soil was deliberately compacted at two percentage units on the wet 
side of optimum. However, tests showed that shear strength and permeability along 
the laminations were not significantly different from those at right angles or diagonal 
to the laminations. In other observations (92) it was found that a tendency existed for 
the tamping feet to mask the boundary between successive layers. Compaction by 
sheepsfoot rollers on the dry side of optimum results in the absence of smooth sur
faces between layers. A number of local 
shear surfaces were encountered in the 
backfilled cutoff trench of a certain dam 
foundation. (Soil, a clayey loess, L L = 
28, PI = 10, 95 percent pass No. 200 
sieve, Gg =2.67, maximum dry unit 
weight 106.5, OMC = 18, Proctor pene
tration = 700 psi.) However, these sur
faces were found only in samples com
pacted wet of optimum. 

The aforementioned accounts of ob
servations indicate the occurrence of 
laminations or smooth surfaces that could 
have some detrimental effect, has been 
limited to soils compacted at moisture 
contents considerably in excess of opti
mum. 

COMPARISON OF RESULTS OF 
SHEEPSFOOT ROLLER AND LABOR

ATORY IMPACT COMPACTION 
In most instances roller compacted 

dry unit weights are compared with dry 
unit weights from the laboratory com
paction tests. This is also true of opti
mum moisture contents. One reason for 
this is lack of adequate data on which to 
base other comparisons. First of all, it 
must be recognized that comparison is 
being made between impact compaction 
and a "kneading" compaction. Much study 
has been given to the relative effects of 
the two types on the properties of soils 
but for reasons of selection of scope of 
subject matter those findings are not given here. Second, laboratory compaction is 
done in a cylinder in which the soil is in much greater restraint or interference than 
in rolling. In fact, the restraint is no doubt so great that the measured dry unit weight 
may include not only a permanent residual compression but for some clays, some e-
lastic compression as well. Sidewall interference no doubt prevents some lateral 
movements to provide the maximum dry unit weight for some gravelly soils, while 
the effect of an impact blow on cohesionless soils in so shallow a layer must certainly 
prevent effective compaction. Layers in the compaction test are shallow permitting 

Laboratory Compaction 
Modified AASHO compacttan effort 

Z-lntermedials compoOion effort 
Standard AASHO compacfon effort 

Sheepsfoot Roller Compact 
6 passei 

B- 12 poise 
24 passes 

foot contact 
t pressure Z50 pS 

Loboratofy line of 
optimums 

Field line of 

Leon Cloy 
LL = 3S, PI = 18 

eomoacted 

e Content, percent dry weight 

Figure 3k' Comparison of lines of opti
mum moisture content from laboratory com
paction (in 6-in. diam. molds) with those 
obtained from fu l l - s c a l e tests on a 
sheepsfoot r o l l e r having 7-sq in. foot 
contact area and contact pressiire of 250 

psi (76). 
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Figure 35. Comparison of lines of opti
mum moisture content from laboratory com
paction (in 6-in. diam. molds) with those 
obtained from f u l l - s c a l e tests on sheeps
foot r o l l e r s . Field compaction efforts 
resulted from applying 6, 12, and 2k 
passes of r o l l e r s having 7-, lU- , and 21-
sq i n . contact area and constant maximum 

contact pressure of 250 p s i (76), 

rapid expulsion of air. Roller compaction 
is in thicker lifts tending to make air re
lease slower. Be all these items as they 
may, in any instance there exists a dis
parity between laboratory and field re
sults that differs with soil type. 

Comparison between laboratory and 
field results can be made on the basis of 
simple comparison of field values in terms 
of laboratory values (percent relative com
paction). This comparison becomes most 
useful when it includes both dry unit weights 
and optimum moisture contents. Other 
comparisons can be made in terms of 
comparable compaction efforts required 
to obtain in field rolling a dry unit weight 
equivalent to 100 percent (or some other 
percentage) of laboratory maximum dry 
unit weight. 

There are few comparisons between 
laboratory and sheepsfoot roller compac
tion more revealing than a simple compar
ison of their moisture content-dry unit-
weight relationships. Consider the roller 
compaction curves and laboratory compac
tion curves for the lean clay shown in Fig
ure 34 (26). The dashed lines represent 
laboratory compaction curves for (a) the 
Modified AASHO compaction effort; (b) 
an intermediate effort; and (c) the AASHO 
T 99 effort. The line drawn through their 
optimum moisture contents represents the 
optimum that might be expected for a range 
of compaction efforts. 

The three solid line compaction curves 
represent 6, 12, and 24 passes of a 250-psi roller having a contact area of 7 sq in. on 
each tamper foot. Note that the roller optimum for a given dry unit weight is less than 
for the laboratory test and also that about 22 passes (Fig. 29) were required to attain 
a dry unit we^ht equal to the maximum dry unit weight from the AASHO T 99 test. A 
graphical summary of maximum dry unit weights from 6, 12, and 24 passes of rollers 
having 7-, 14-, 21-sq in. foot contact areas compared directly with maximum dry unit 
weights and optimum moisture contents for three laboratory compactive efforts is 
shown in Figure 35. All of the foregoing tests were performed with dual-drum sheeps
foot rollers in which each drum was 66 in. wide, 60 in. in diameter, each was equipped 
with 120 tamper feet per drum, and loaded to a constant contact unit pressure of 250 
psi (Table 6). 

From these data it is evident that the limiting rolled dry unit weight for 24 passes 
is only slightly greater (100.3 percent) than AASHO T 99 maximum unit weight. How
ever, examination of Figure 29 and Figure 35 shows that equipping the roller with 
larger foot contact area permits compaction to maximum dry unit weights up to 104.3 
percent of AASHO T 99 maximum although at a roller optimum somewhat less than 
laboratory optimum. The above comparisons have been made for a single type soil, 
a lean (silty) clay that lies about midway in the range of compactibUity between a 
heavy clay and a sand. 

Similar observations of test results have also been made on four types of soils (56). 
Separate lines through points of maximum dry unit weight and optimum moisture con
tent are shown in Figure 36 for four different soil types for both the standard and the 
modified laboratory tests. Roller compaction was "full" compaction by means of a 
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clubfoot-type roller having a tamper foot area of 12 sq in. and a maximum contact 
unit pressure of 115 psi. Figure 36 shows that the roller optimums lie on the curve 
for the standard test whereas roller optimums for the clay and the gravel-sand-clay 
were dry of laboratory optimum, indicating lower roller optimums for those soils. 
(Results from the taperfoot roller (SVie-sqin.foot area and 249-psi maximum contact 
pressure) were almost identical to results from clubfoot-type roller.) Figure 36 shows 
that field values for full compaction are greater than laboratory values indicating the 
greater compactive effort by the roller. 

When data on drawbar pull are available, they furnish a means for comparing the 
relative effort required to compact a soil in the field with that required in the labora
tory test. Proctor (41, ^ ) held that drawbar pull ranged from 25 to 40 percent of the 
weight of the roller. The smaller value applying to the lighter textured sandy (and pre
sumably silty) soils. For example, for the silty clay (7[6) the drawbar pull based on a 
value of 25 percent would be 250 psi x 7 sq in. x 4 feet in a row x 2 drums = 14,000 lb, 
14,000 lb X 0.25 = 3, 500 lb drawbar pull. If 22 passes were required to attain 100 per
cent of AASHO T 99 maximum dry unit weight, the field compactive effort would be 

3, 500 X 22 X 2 (6-in. layers to make 1 ft of depth) , 
11 (roller width) = 14,000 ft Ib/cu ft 

AASHO 

hc tp t foof 

OptiniLtm Moisture Content, peFcenI dry weigtit 

Figure 36. Comparisons of maximum dry 
unit weights and lines of optimum mois
ture contents from r o l l e r and laboratory 
compaction curves. Roller of clubfoot 
type, 12-sq i n . foot contact area and 
l l 5-psi maximum contact pressure. R o l l 

ing to f u l l compaction (56). 

which does not differ significantly from 
the value of 12,375 ft Ib/cu ft compactive 
effort in the AASHO T 99 laboratory com
paction test. 

Measurements of drawbar pull were 
made in another series of tests (56) by 
measuring power input into an electric 
moter (of known efficiency) employed in 
towing the sheepsfoot rollers. Drawbar 
pulls were measured (a) during the first 
pass with the soil at approximately the 
highest moisture content employed in the 
tests; and (b) after 12 passes with the 
soil at about roller optimum moisture 
content. Values of drawbar pull were of 
the order of about 10 percent of the roller 
weight for (a) and about six percent for 
(b). It seems entirely reasonable to use 
values midway between (a) and (b) to rep
resent the average drawbar pull during 
compaction of a soil. On that basis the 
roller compactive efforts needed to attain 
100 percent of maximum dry unit weights 
as determined by the standard test are as 
given in Table 9. 

It is possible that the values of draw
bar pull given in Table 9 may, because 
of test conditions, be somewhat lesser 
than would be encountered in normal field 
construction. In any instance the draw
bar pulls given in Table 9 show marked 
differences in the field compaction efforts 
required to compact the soils to a required 
percent relative compaction. Similar da
ta prepared for the taperfoot roller showed 
that the silty clay required the least ef

fort, then the heavy clay, the sandy clay and the gravel-sand-clay in that order. 
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TABLE 9 
COMPARATIVE DRAWBAR PULLS REQUIRED FOR A SHEEPSFOOT ROLLER^^ 

TO ATTAIN 100 PERCENT RELATIVE COMPACTION (56) 

No. of Passes to Roller Compactive 
Drawbar Pull Attain 100% Relative Effort 

Soil Type (lb) Compaction (ft Ib/cu ft) 
Heavy clay 795 10 1,987 
SUty clay 775 13 2,519 
Sandy clay 680 38 6,460 
Gravel-sand-clay 930 64 14,880 

^Clubfoot type—12-sq in. foot area, 115-psi contact pressure. 

No other comparison between field rolling results and results of laboratory tests 
is as useful as comparison of actual rolled unit weights and moisture contents with 
those determined by the laboratory test. This is especially true if the records are 
extensive, and are carefully kept for a variety of soil types and conditions. Engineers 
of the Bureau of Reclamation—Esmiol (TT) and Holtz (^)—have reported on the use of 
their sheepsfoot roller (see Table 6) in the construction of 39 earth dams, representing 
about 50 million cu yd of impervious material compacted by a roller designed to satis
fy Bureau requirements. Some 28,000 in-place unit-weight tests were analyzed. A 
summarization of the data reported by the Bureau of Reclamation is made here accord
ing to soil type to show the relation between average soil moisture content and average 
variation from laboratory optimum, and variation in dry unit weight from dry unit 
weight at fill moisture contents, as well as variation from laboratory maximum dry 
unit weight. The results are summarized in Table 10. 

Table 10 shows that all fine-grained soils were rolled to average dry unit weights 
within the range of +0.2 and -0.5 pcf of laboratory maximum dry unit weight. All 
soils of the fine-grained groups (CL, SM, ML, and SC groups of the Unified Classifi
cation) were compacted at average moisture contents ranging from 0.8 to 1.7 per
centage units dry of optimum. Nevertheless the fine-grain soils produced average 
dry unit weights ranging from 1.3 to 2.7 pcf greater than laboratory dry unit weight 
at fill moisture content. The coarser-grained soils of the GC, GC-SC, GM, and GM-
SM groups produced dry unit weights about 2. 5 pcf less than laboratory maximum al
though they were compacted at moisture contents more closely approaching laboratory 
optimum. The compaction effort of the Bureau of Reclamation laboratory test method 
is equivalent to that of AASHO T 99 (12,375 ft Ib/cu ft). (The report (92) provides 
data indicating 90 percent confidence limits, and also includes data on standard devi
ation for the three principal items in Table 10 for the soil in each dam.) 

FACTORS INFLUENCING THE PRODUCTIVE CAPACITY (OUTPUT) 
OF SHEEPSFOOT ROLLERS 

The output of a sheepsfoot roller depends on its compaction characteristics as well 
as on its operating characteristics. The compaction characteristics are those attributes 
inherent to the roller that determine the dry unit soil weights it can produce under 
certain limiting conditions. They include diameter and width of drum, size of and 
spacing of tamping feet, foot contact pressure and how effective these items are in 
compacting different soil types. 

The operation of a roller, the lift thickness, whether or not precompaction is em
ployed, the degree of compaction required, the speed of travel, the manner in which 
the operators dump, spread and roll before soil drying interferes with compaction, 
the manner and degree of moisture control (prewetting in cut or borrowpit or sprink
ling in the fill) individually and collectively determine output in terms of cubic yards 
of soil compacted per hour. It is obvious that all of these factors cannot be evaluated 
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TABLE 10 
RESULTS OF SHEEPSFOOT ROLLER COMPACTION ON 38 DAMS CONSTRUCTED 

BY THE BUREAU OF RECLAMATION (92) (COMPACTION RESULTS 
ARE BASED ON THE MINUS NO. 4 FRACTION) 

Soil Type 

No. of 
Dams 
Having 
Soils in 
Group 

Avg 
Moisture 

Content, w. 
Variation 

from 
Laboratory 
(>)timum 
(%of dry 

Weight) 

Dry Unit Weight (pcf) 

Avg Variation 
From Laboratory 
Dry Unit Weight Avg Variation 

At Fill From Lab. 
Moisture Maximum Dry 
Content Unit Weight 

CL (inorganic clays of 
low to medium plasticity, 
gravelly, sandy, silty and 
lean clays) 

SM (silty sands and poorly 
graded sand-silt mixtures 

ML (inorganic silts and very 
fine sands, rock flour, and 
silty and clayey fine sands 
with slight plasticity) 

SC (clayey sands, and poorly 
graded sand-clay mixtures) 

GC and GC-SC (clayey 
gravels and poorly graded 
sand-clay mixtures) 

GM and GM-SM (silty gravels, 
and poorly graded gravel-
sand-silt mixtures) 

12 

7 

5 

9 

-1.7 

-1.8 

-1.4 

-0.8 

-0.5 

-0.2 

+2.7 

+2.3 

+1.3 

+1.6 

+1.1 

-0.7 

-0.5 

+0.3 

-0.4 

+0.2 

-2.5 

-2.4 

in terms of direct influence on productive capacity of the roller. Therefore only those 
items on which some data have been produced are discussed in detail here. 

Compaction Characteristics 
Contact Unit Pressure and Contact Area. — The minimum foot contact unit pressure 

that can be used has not been established for various contact areas for various soil 
types. Results indicate that excessive pressures in several hundreds of pounds per 
square inch are not only not necessary but may be detrimental to high output especially 
if small tamper feet are employed. In any instance, the contact pressure should be 
as great as the bearing capacity of the soU will permit. K the contact pressure is too 
great, the roller simply sinks deeper, placing more feet in contact with the soil (and 
even the drum if necessary) to reduce the unit pressure to that which can be accommo
dated by the soil. Thus there is an upper or maximum contact pressure for effective 
rolling. This can be judged if the roller "walks out;" that is, sinks less deeply with 
increase in number of passes. Perhaps "walks up" is a more fitting description. Roll
ers that "walkup" so the feet penetrate 20 to 50 percent of their length do not have ex
cessive contact pressure. 

The roller having the largest tamping foot area and a spacing yielding the largest 
percentage of coverage of the periphery generated by the feet, also yields the greatest 
percent coverage and thus should require the smallest number of passes. Thus it 
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should produce the greatest output, provided the roller has adequate contact pressure 
and can be kept clean when rolling wet soils containing roots, etc. However, for soils 
developing most or all of their strength through friction, the unit bearing capacity de
creases with decrease in the size of the loaded area. Thus, for sandy soils, a small 
variation in contact area (if the unit pressure is constant) may represent a substantial 
variation in the load the soil wUl support. It has been shown (76) that increasing the 
size of the foot can increase the soil dry unit weight for a given number of passes, or 
decrease the number of passes and increase the productivity of rollers in silty clay 
soils over that obtained with a smaller tamper foot. The size of the tamper foot should 
be as large as is practicable and yet compatible with adequate contact pressure and 
proper foot spacing for cleaning purposes. 

It is obvious that the percent coverage per pass influences the number of passes re
quired. Coverage is determined by the area of the tamper foot and the relationship of 
that area to the total area of an imaginary cylinder generated by the periphery at the 
face of the feet. Insofar as is known, only one study has been made (56) to determine 
both by actual measurement and by computation using statistical methods, the percent 
coverage by two sheepsfoot rollers having different numbers of feet per unit of drum 
area, and different sizes of tamper feet. For the actual measurements, a fine tilth of 
moist soil about 1 in. thick was placed on an area having a compact surface. The roll
er was then operated over the surface and observations of percent cover^e made after 
various numbers of passes. This was done for a taperfoot roller (42-in. diameter 
drums, 48 in. long, 88 feet per drum, SVis-sq in. tamper foot area) and for a clubfoot 
roller (same size drums but with 64 feet per drum and a foot contact area of 12 sq in.). 
After observing the actual percent coverage in rolling, computations of the coverage 
that might be expected from true random rolling were made. The results are given in 
Table lOA. 

TABLE lOA 
COVERAGE OBTAINED IN ROLLING FOR DIFFERENT NUMBERS OF 

PASSES OF TWO SHEEPSFOOT ROLLERS (56) 

Clubfoot Taperfoot 
Coverage (%) Coverage (%) 

Number of Observed in Computed for Observed in Computed for 
Passes Rolling Random Rolling Rolling Random Rolling 

4 35 32 20 19 
8 63 53 36 34 

16 83 78 57 56 
32 94 95 80 81 
64 98 100 91 96 

It may be seen from Table lOA that the tests on the clubfoot roller with the 12-sq in. 
foot contact area (the 64 feet occupied 9.1 percent of the peripheral area generated by 
the face of the feet) effected a coverage of 63 percent in 8 passes compared to 36 per
cent for the taperfoot roller. Were it possible to prevent duplication of coverage, the 
clubfoot roller would have covered 8 x 9.1 =72.8 percent of the area in 8 passes and 
100 percent in 12 passes and the taperfoot 8 x 5.0625 = 40. 5 percent of the area in 8 
passes and 100 percent in 19.75 passes. 

Soil Type.—In only one series of tests (56) were sheepsfoot rollers tested on several 
types of soil '.o determine values that would be indicative of output. Here the two types 
of rollers previously described were employed on each of four types of soils. The club
foot-type roller had a unit pressure of 115 psi. The taperfoot roller had a unit pressure 
of 249 psi. The numbers of passes of the two types of rollers necessary to compact a 
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9-in. loose lift to 95 and 100 percent of standard compaction are indicative of the rela
tive difficulty of compacting these different soil types with the two types of rollers em
ployed. The relative numbers of passes required are given in Table 11. The relative 
compaction efforts computed from drawbar puU required to compact to 100 percent rel
ative compaction are given in Table 9. 

TABLE 11 
NUMBER OF PASSES REQUHIED TO ROLL FOUR TYPES OF SOIL TO 95 AND 

100 PERCENT RELATIVE COMPACTION IN 9-IN. LOOSE LIFTS AT 
ROLLER OPTIMUM MOISTURE CONTENT (56) 

No. of Passes 
Required to 

Soil Type 
Obtain Relative 
Compaction (%) 

Clubfoot 
Roller 

Taperfoot 
RoUer 

Heavy clay 95 6 13 
100 10 24 

Silty clay 95 7 7 
100 13 15 

Sandy clay 95 14 19 
100 38 44 

Gravel- sand- clay 95 32 28 
100 64 64 

It is not surprising that the silty clay compacted "easier" than did the heavy clay for 
the taperfoot roller, but it is somewhat unexpected that the heavy clay required lesser 
numbers of passes of the clubfoot roller than did the lighter textured silty clay. Sandy 
clays are apparently difficult to compact, a high number of passes being required to at
tain 100 percent relative compaction. Comparison of results of nine passes of a 250-
psi roller on a clayey sand (44) showed a maximum dry unit weight of 98.5 percent 
whereas six passes of the same roller on a silty clay (46) yielded a maximum dry unit 
weight equivalent to 101.9 percent of AASHO T 99 maximum dry unit weight. 

Dimensions of the Roller.—The greater the width of the roller the greater is the 
volume of compacted soil. However, it is believed that the diameter of the drum has 
influence on the rolling radius or pitch diameter. Shape of feet may also have some 
influence. Usually the greater the diameter of the drum the greater is the ease of 
manipulation. The longer the tamper feet, the greater is the permissible lift thickness 
although length of tamper feet and lift thickness are limited by other factors. 

Effective or Pitch Diameter, Rolling Radius. — The effective diameter of a roller is 
determined by the number of revolutions of the roller to traverse a given distance. Ob
servations (46) have shown that effective diameter is greater than the over-all diameter 
(diameter Mdrum + 2 x length of foot). This indicates that the roller slides forward 
slightly while being towed. Some determinations of effective diameter made during 
rolling tests on a lean clay (76) are given in Table 12. The drum of the roller was 60 
in. in diameter. Metal plates welded to the feet to increase contact area account for 
the difference in foot length. Measured over-all diameters for the different foot sizes 
and values of effective roller diameters are given in Table 12. 

The data in Table 12 indicate that at the 6th pass the effective diameter was slightly 
greater than the over-all diameter of the roller when equipped with the 7-sq in. feet 
and considerably greater than when equipped with the 14- and 21-sq in. feet. 

The maximum effective diameter occurred when the roller was equipped with 14-sq 
in. feet. The effective diameter decreased with an increase in number of passes. For 
the range of foot contact areas and number of passes tested, the maximum increase a-
bove the over-all diameter was about 8 percent, an amount that may significantly influ
ence output. 
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TABLE 12 
EFFECTIVE ROLLER DIAMETER FOR THREE FOOT SIZES AFTER 

6, 12, 18, AND 24 PASSES (76) 

Contact Foot Measured Over
Unit Contact Foot all Roller Effective Roller Diameter 

Pressure Area Length Diameter 6th 12th 18th 24th 
(psi) (sq in.) (in.) (in.) Pass Pass Pass Pass 
250 7 7.0 74 75.0 74.1 73.8 73.5 
250 14 7.375 74.75 80.6 79.5 77.7 76.9 
250 21 7.625 75.25 78.3 77.7 76.5 76.2 

Roller Walkout. — Differences of opinion exist among engineers and also among con
tractors concerning the desirability for a sheepsfoot roller to "walkout," particularly 
as it concerns output. Insofar as is known, only the Bureau of Reclamation has re
corded data based on a qualitative description of the amount of roller walkout and its 
influence on compaction. For example, if the roller feet penetrated the lift at least 
4 in. less on the 12th pass than during the first pass it was considered to have "walked 

TABLE 13 
COMPARISON OF AVERAGE RESULTS OF COMPACTION FOR THREE 

DIFFERENT DEGREES OF ROLLER WALKOUT (92) (COMPACTION 
RESULTS BASED ON MINUS NO. 4 FRACTION) 

Moisture Content, w. 
Variation from Laboratory 
Optimum (% of Dry Weight) 

Average^ 

X 

Dry Unit Weight (pcf) 
Variation from Lab. 

Dry Unit Weight at Fil l 
Moisture Content 

Standard 
Deviation 

Average^ Standard 
Deviation 

<7 

Variation from Lab. 
Maximum Dry Unit 

Weight 
Average^ Standard 

_ Deviation 
X <r 

Roller 
Walkout 

•1.7 + 0.15 
-0.9 + 0.14 
-1.48 + 0.10 

1.60 
1.44 
1.82 

+2.0 + 0.39 
+1.0 i 0.39 
+1.8 + 0.16 

4.00 
3.79 
2.83 

-1.2 t 0.39 4.11 Yes 
-0.5 + 0.39 3.83 Some 
0.0 ±0.18 3.10 No 

^The t entry indicates 90 percent confidence limits. 

out" and designated by the word "yes" in Table 13. If the walkout was less than 2 in. 
the notation "no" was made. Walkout of between 2 and 4 in. was designated by the word 
"some." 

An effort was made to determine if any strong trend in degree of compaction was as
sociated with roller walkout. Average values of variation of moisture content from op
timum; variation of dry unit weight from laboratory unit weight at fill moisture con
tent; and variation of dry unit weight from laboratory maximum dry unit weight, were 
determined for each of the three degrees of roller walkout. Those averages and vari
ance from those averages within 90 percent confidence limits are given in Table 13. 
Although the moisture content and variation in dry unit weight at fill moisture content 
are not significantly different for the three degrees of walkout, the variation in dry 
unit weight from laboratory maximum dry unit weight is different. It shows the small
est averse variation from laboratory maximum and smallest standard deviation when 
"no" roller walkout is recorded. 
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"No" roller walkout was recorded for 
four dams, each constructed of the ML 
group (inorganic silts and very fine sands 
and silty or clayey sands with slight plas
ticity) . Eighteen dams were reported as 
showing "some" roller walkout. The 
soils were 3-CL, 4-SM, 2-SM-SC, 1-SC-
SM, 1 SC, 2 ML, 1 ML-CL, 1-GM, 1-
GC-SC, 1-GM-SM. Twelve dams were 
reported showing the maximum walkout 
(the "yes" group). The soils in these 
dams were 6-CL, 3-SC, 2-SM and 1-GC-
SC. Averse values of plasticity index 
for-the "yes," "some," and "no" groups 
were 12.0, 4.4, and 2.1, respectively. 

The differences in variation from lab
oratory dry unit weights associated with 
degree of sheepsfoot roller walkout are 
very small. Walkout alone cannot be a 
satisfactory measure of compaction effic
iency. A very light roller having con
tact unit pressure markedly less than the 

• Note t h o l one t r i p o f 
ro l l e r over any g iven 
po in t IS e q u i v a l e n t 
ta two posses 

M i l e s per Hour 

Figure 38- Maximum possible output for 
self-propelled sheepsfoot r o l l e r having 
two pairs of 6 - f t drums i n tandem. Out
put i s based on 1 2-ft wide compacted 
st r i p of 9-in. compacted depth, contin
uous operation with no allowance for 

overlap. 

Figure 37 . Maximum output of a sheeps
foot r o l l e r . (Based on a 1 0-ft compac
ted width, 6-in. compacted l i f t and con

tinuous operation with no overlap.) 

bearing capacity of the soil would walk 
out quickly and leave a soil of low com
paction. However, the values of contact 
unit pressures at which this would occur 
are not known. Walkout has one advantage 
in that it is said to require less drawbar 
pull than a roller with no walkout. 

The preceding discussion has pertained to 
the compaction characteristics of sheepsfoot 
rollers to indicate how those character
istics might influence output. The output 
of a roller depends heavily on how it is 
operated. If for example, the tamping 
feet are spaced so they "track" (fall into 
the same depressions from previous trips) 
during successive passes, the operator 
has but little choice in routing his travel 
so this cannot occur. Few rollers are 
operated at the optimum lift thickness for 
the roller and the soil type; that is, the 
lift thickness at which compaction is ade
quate and maximum output occurs. That 
is a problem of trial and error that can 
be solved only by a cooperative team of 
inspector and operator. 

Insofar as is now known increasing the 
speed of travel does not result in com
mensurate reduction in compacted unit 
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tO;000 

9.000 

a.000 

6.000 

o 5.000 

4.O0O 

Figure 39 . Maximum possible output of a 
tamping-type r o l l e r which i s claimed to 
be designed for high-speed operation. 
Output i s based on a s t r i p 10 f t 2 i n . 
wide of 8-ln. compacted depth, continu
ous operation with no allowance for 

overlap. 

weight, therefore an increase in speed 
of travel means a gain in output. Some 
sheepsfoot rollers are specifically de
signed for increased speed. This of 
course involves smoothness of spread as 
well. If soils are difficult to compact 
due to roller sinkage, some light precom-
paction may aid. 

The one single greatest influence on 
output is moisture content. Its use and 
economy of use may markedly alter the 
final cost. Finally, due to rapid devel
opments in equipment, attention needs to 
be given to the type of equipment that is 
best suited to the job. Jt should be kept 
in mind that there is no one universal ma
chine that provides the highest unit weights 
and does so at the least cost for all types 
of soils and conditions. 

For a roller having given characteris
tics the maximum possible output may be 
calculated as follows: 

Output (cu yd/hr) 

Width of roller in feet 
X speed in ft per hr x 
thickness of lift in feet 
Number of passes x 27 

For example, for a roller compacting 
a strip 10 ft wide, traveling 3 mph, and 
rolling a lift of 6 in., compacted thickness 
to satisfactory density in 8 passes. 

Output (cu yd per hr) = 10 x 3 x 5280 x 0.5 ^ 

A chart showing maximum output for a towed-type roller compacting a strip 10 ft 
wide, 6 in. deep and operating continuously, is shown in Figure 37. A similar chart 
has been drawn for a self-propelled roUer equipped with two pairs of dual six-foot 
drums compacting a 12-ft strip 9 in. deep, and based on continuous operation with no 
overlap (Fig. 38). A third chart has been prepared for another type of self-propelled 
tractor-roller unit whose manufacturers claim it is designed for high-speed (up to 15 
mph) operation (Fig. 39). 



FuU-Scale Field Tests on 
Pneumatic-Tired Rollers 

TYPES OF ROLLERS TESTED 
FIRST AMONG the types tested were the 9-, 11-, and 13-wheel two-axle lightweight 
rollers (29, 36, 44, 56, 57, 66, 80, 127, 129). These rollers were usually equipped 
with 7.50 X 10, 7.50 x 15, 10.50 x 20 or 11.00 x 12 tires with a rated tire inflation 
pressure ranging between 25 and 35 psi. These included the "standard" and also the 
"wobble-wheel" lightweight rollers and were used in compacting earthwork and granular 
base courses. A very few were equipped with tires permitting pressures of 50 psi or 
more. 

During the early 1940's heavier rollers permitting heavy wheel loads at moderately 
high tire pressures were not available for study with regard to the needs for greater 
wheel loads and tire inflation pressures anticipated for airfields planned and under con
struction. This necessitated that the Corps of Engineers (44, 46, 47, 53) adapt tractors 
and earth hauling equipment (mainly loaded TournapuU-scraper combinations) as "roll
ers" having wheel loads and tire-inflation pressures greater than employed heretofore. 
These tests employing haul equipment were followed by a series of tests by the Corps 
of Engineers (87, 100, 95) and by the British Road Research Laboratory (127, 129) em-
ployii^ medium weight and heavy weight pneumatic-tired rollers in which tire inflation 
pressures ranged from 80 to 150 psi. Information on the individual rollers Insofar as 
data are available, are given in Table 14. 

ROLLED MAXIMUM DRY UNIT WEIGHT VS MOISTURE CONTENT 
The first pneumatic-tired rollers consisting of the lightweight two-tandem axle mul

tiple-wheel type were tested widely on a number of different soils. With the exception 
of some very limited testing by the Corps of Engineers (44) and the Swedish Road In
stitute (80) performed at a nominal number of passes, the remainder of the testing was 
at "full compaction" for the roller; that is, the soil was rolled to refusal or by 32 or 
64 passes of the roller. Also, a large proportion of the tests were performed at a 
loose lift thickness of 9 in. which the results show was obviously too great a lift thickness 
for producing the greatest dry unit weight and likewise not the most desirable lift for 
economical operation for the lightweight units. 

The roller-dry unit weight vs moisture content curves were not unlike those produced 
by other rollers or by laboratory tests except that they produced maximum dry unit 
weights at slightly different optimum moisture contents. The principal data from the 
tests are reproduced here in tabular form to indicate the practical limitations of this 
group of rollers. Standard laboratory maximum dry unit weight, and optimum moisture 
content, and test data for these lightweight rollers in terms of wheel load, tire inflation 
pressure, lift thickness, numbers of passes and roller maximum dry unit weight (in 
percent of AASHO T 99 maximum dry unit weight) are given in Table 15. 

It is significant from the data presented in Table 15 that the Clinton clayey sand (44) 
was compacted by a nominal number of passes (6) in a 3-in. compacted lift and yet at
tained a relative compaction of about 100 percent of AASHO T 99 maximum dry unit 
weight. This verifies a fact known to many that lightweight equipment can attain satis
factory results if proper lift thickness and moisture content are employed. Except 
for the Swedish tests (80), the remaining Indian (66) and British (56, 127) tests were 
performed on the 9-in. loose lift thickness almost universally used to provide a 6-in. 
compacted depth. The low tire inflation pressure of 25 psi was evidenUy inadequate in 
the Indian tests to attain a dry unit weight of 100 percent of British standard maximum 
except for the non-plastic sand. The Swedish tests were admittedly performed on lifts 

h9 
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TABLE 14 
CHARACTERISTICS OF PNEUMATIC-TIRED ROLLERS USED W FULL-SCALE ROLLING EXPERIMENTS 

Data on Roller DimensionB Data on Roller Weighte and Pressure Intensities 

Source 
of 
Data 

Referenre 
Number Type of Roller 

Rolling 
Width 
(in ) 

Tire Size and 
Ply RaUng 
(in ) (no ) 

Center to 
Center Wheel Per Inch 

Spacing of Tire* 
fej WidMi Ob) 

Gross Weights Tire Pressure and Contact Area 
Hollcrl' 
Weight 

(lb) 

Wheel 
Load* 
ttb) 

Inflation 
Pressure 

(pax) 

Contact 
Pressure 

(psl) 

Contact 
Area 

J s g j n l 

Indiana-Ohio tests 29 
Corps of Engineers 44 
Corps of Engineers 44 
Corps of Ei^neers 44 
Corps of Engineers 46 
Corps of Engineers 47 
Corps of Engineers 47 
Corps of Engineers 47 
Corps of Engineers 47 
British Road Res. I^oratory 56 
Australia Country Roads Board 57 
India Central Road Res Inst 66 
Swedish Road Institute 80 
Swedish Road Institute 80 
Corps of Engineers 87 
Corps of Engineers 87 
Corps of Engineers 87 
Corps of Ei^neers 100 
Corps of Engineers 95 
Corps of Engineers 95 
British Road Res Laboratory 127 
British Road Res. Laboratory 127 
British Road Res Laboratory 127 

British Road Res. Laboratory 127 

British Road Res Laboratory 127 

British Road Res Laboratory 127 
British Road Res. Laboratory 129 

9-wheel, two-axle 
13-wheel, 2-axle wobble wheel 
4- wheel super C toumapull 
32-cu yd tournapuU 
DW-10 tractor" 
8- cu yd tournapuU 
e-cu yd tournapuU 
"large" toumapull 
"laxge" tournapuU 
9- wheel, bvo-axle 
11-wheel, two-axle 
13-wheel, two-axle 
13-wheel, two-axle 
5- wheel, two-axle 
4-wheel 
4'wheel 
4-wheel 
4-wheel 
4-wheel 
4-wheel 
9-wheel, 2-axle 
9-wheel, 2-axle 

4-wheel 

4-wheel 

4-wbeel 

4-wheel 
4-wheel 

225 

102 

TO e 

84 
93 

93 

93 

(21.00x24 (front) 
\ 16.00x21 (rear) 

30 00 X 40 
30 00 X 40 
11 00 X 12 

10.50x20 
7.50X 15 
17 00 X 16 - 10 
18.00 X 24 
18.00x24 
16.00x21 

18 00x24< 
16 00 X 21' 
11.00 X 12 
9 00 X 20 ' 

-5 
14 

16 00 X 21 - 36 

16 00 X 21 - 36 

16 00x21 - 36 

16 00x21 - 36 

28.6 

If^ 
26 

e 
I 
f 

18 
18 
30E 
18 
3aK 
18 
30E 

I'* 
18 

^Per inch of tire width In contact with the ground, heights used in tests. Total weights 
tire width = 13,500 lb. °Load furnished by rear wheels of a DW-10 tractor 'Although the 
to those for the 90-psl roller previously described. 'Assumed to be the same as for the 90 
to outer pair and 18 in, applies to inner pair 

not given but assumed to be 60 In. wide x 225 lb per inch of 
report does not slate values, they are assumed to be similar 
• and ISO-psi roUers previously described K30-in. applies 

13,500= 
19,440 
80,000 

160,000 

28,000 
60,000 

140,000 
240,000 
26,880 
18,350 
18,565 
30,953 
55,115 
63,500 

100,000 
125,000 
100,000 
100,000 
125,000 

44,800 

44,800 

89,600 

89,600 
100.800 

1,495 
20,000 
40,000 
10,000 
7,000 

15,000 
35,000 
60,000 
2,987 
1,668 
1,428 
2,381 

11,023 
15,875 
25,000 
31,250 
25,000 
25,000 
31,250 
2,985 
4,978 

11,200 

11,200 

22,400 

22,400 
25,200 

35 
40 
55 
57 
60 
45 

38-45 
45 
45 
36 
50 
25 
35 
43 
50 
90 

150 
90 
90 

150 
36 

140 
140 

65 
69 
64 

580 
155 

52 
82 

120 

305 
305 
260 
e 

305 
260 
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TABLE 15 
TEST RESULTS ON LIGHTWEIGHT PNEUMATIC-TIRED ROLLERS 

AASHO T 99 
or Its Near 
Equivalent 

Tire 
No. 

of 

Maximum 
Percent 
Relative 

Soil Types Ref Max. Infla Cov Compaction 
erence Dry Wheel tion Lif t erages from Rol

No. Umt OMC Load Pressure Thick
erages 

ler Compac RoUer 
Wt 

(%) 
ness* tion Curve OMC 

(pcf) (%) ab) (psi) an.) (%) (%) 
CUnton 
Clayey sand 44 116.2 11.5 1,495 40 3-C 6 99.7 12.3 
India 
Clayey soil 66 124 10 1,428 25 9-L 64 89.1 12.0 
India 
Silty soil 66 121 11.4 1,428 25 9-L 64 96.3 8.3 
India 

1,428 

Sandy soil 66 120.5 11.0 1,428 25 9-L 64 93.4 11.0 
India sand 66 101 15.5 1,428 25 9-L 64 99.5 11.0 
Swedish moraine 80 128.5 8.2 2,381 35 29.6-L 6 81.9 _ 
Swedish mo 80 122.6 11.8 2,381 35 29.6-L 6 83.8 -
British 
Heavy clay 127 99.8 22.8 2,985 36 9-L 32 100.9 23.2 
British 
Sllty clay 56 104.0 21.0 2,985 36 9-L 64 100.0 20.0 
British 
Sandy clay 127 109.4 16.5 2,985 36 9-L 32 101.2 ' 17.8 
British 
WeU-Graded 
Sand 127 124.4 10.2 2,985 36 9-L 32 101.9 9.7 
British 
Gravel-sand-

clay 127 129.5 9.2 2,985 36 9-L 32 102.1 8.2 
C = compacted, L = loose. 

of excess thickness. The Br i t i sh test data (scaled direct ly f r o m ro l l e r compaction 
curves) show that 100 percent of the B r i t i s h standard maximum dry unit weight (s imilar 
to AASHO T 99 Method C) can be attained by 32 passes or less of the Ughtweight ro l le r 
on a 9- in . loose l i f t . From this i t appears that 100 percent of standard dry unit weight 
may not have been attained at a nominal number of passes normally employed in earth
work construction. I t would have been of interest to have observed the number of pass
es vs maximum dry unit weight f o r thicknesses less than 9 i n . fo r these lightweight 
ro l l e r s . 

During the early testing i t was believed that the wheel load had substantial influence 
on compaction. Accordingly, inasmuch as heavy ro l le r s were not available, three 
" ro l l e r s " of different wheel loads (44) were selected f o r test on a clayey sand soi l . 
They were (a) a 13-wheel "wobble wheel," 1,495-lb wheel load two-axle-type ro l l e r wi th 
40-psi t i r e inflat ion pressure; (b) a 20,000-lb wheel load on a 4-wheel Super C Touma-
pul l wi th t i r e inflat ion pressure of 55 psi; and (c) a 40, 000-lb wheel load on a 32 cu yd 
Toumapull wi th a t i r e inflat ion pressure of 57 ps i . The 1,495-lb ro l l e r was tested wi th 
6 coverages on 3- in . compacted l i f t s (Table 15) and the others were tested wi th 4 cover
ages on 6- in . compacted l i f t s . The two heaviest of the ro l l e r s should have applied 
about the same unit pressure to the surface and differences in stresses at a 6- in. depth 
should have been small . Only at greater depths should the Increased stresses due to 
weight have resulted i n increased pressures and correspondingly increased unit weights. 
The results of these experiments are shown in Figure 40 where i t may be seen that the 
magnitude of the wheel loadhas small influenceon either the maximum dryuni tweightor 
the optimum moisture content f o r the thickness of the l i f t employed. 

A comparison of dry unit weights at various depths In the embankment revealed that 
slightly greater dry unit weights (for the 1,495-lb ro l l e r ) were encountered i n the l i f t s 
immediately below the surface Indicating an effect f r o m the compacting of the super
imposed layers. A s imi la r gradient was incountered i n the embankments compacted by 
the sheepsfoot ro l l e r s . However, the increases were l imi ted to the upper 18 i n . of the 
compacted embankment. 

The ejcperience i n ro l l ing the clayey sand (44) led to another and s imi lar series of 
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J I L J I I i I I I L . 

Moisture Content, percent dry wergtlt 

(T)— Loborotory compoction curve for AASHO T99 compoctive 
effort 

(D— 1,500-lb wobble wheel, 6 coverages, 3-in l i f t s , test at 6-in 
depth 

® — 20,000-lb wheel load, 4 coverages, 6-in l i f t s , test at 12-in 
depth 

® — 40,000-lb wtteel load, 4 coverages, 6-in l i f t s , test ot i2- in 
depth 

Figure i;0. Comparison of r o l l e r compac
tion curves for different weights of pneu
matic-tired r o l l e r s for a Clinton, Miss, 
clayey sand (LL=l8, PI=2), Tire inflation 
pressures for 1,500-, 20,000-, and 1*0,000-
Ib wheel loads are 1|0, 55, and 57 p s i , re

spectively (kh)-

tes tsonaloessia ls i l tyclaysoi l (46) ( L L = 
37, P I = 14). Here wheel loads oTlO, 000, 
20,000, and 30,000 lb having t i re inflat ion 
pressures of 60, 55, and 57 psi , respec
tively, were applied in six coverages i n 
constructing a test f i l l of 6- in . compacted 
l i f t s . The soil moisture contents closely 
bracketed AASHO T 99 optimum. The r e 
sults are given in Table 16. Here again, 
the experiments resulted in almost iden
t ica l maximum dry unit weights resulting 
f r o m the rol l ing with the 10, 000-, 20, -
000-, and 30,000-lb t i r e loads having a l 
most identical t i r e inflat ion and measured 
contact pressures. 

Following these prel iminary tests a 
th i rd series (87) of experiments was per
formed in which wheel loads, number of 
coverages and inflat ion pressure were the 
principal variables. The soil was a lean 
clay s imilar to that used in previous tests 
(46). A four-wheel ro l le r was f i t ted with 
18.00 x 24-in. t i res f o r the 15,875-lb 
wheel load and 50-psi inflat ion pressure 
and the 25,000-lb wheel load and 90-psi 
inflat ion pressure. Ti res 16.00 x 21 i n . 
were employed f o r the 31,250-lb wheel 
load and 150-psi t i r e inflat ion pressure 
tests. 

The famil ies of ro l le r compaction 
curves fo r the three wheel loads, and three 
t i r e inflat ion pressures and f o r three different numbers of coverages are shown in 
Figure 41 . Here i t may be seen that increasing the ro l l e r compaction e f for t by i n 
creasing the contact unit pressure and number of coverages results i n increasing the 
maximum dry unit weight and decreasing the optimum moisture content i n a manner 
quite s imilar to that which takes place on increasing the compaction ef for t i n the labora
tory compaction test. The influence of the magnitude of the wheel load i s discussed 
under "Depth of Compaction." 

During ro l l ing operations (87) noticeable rutting or springing did not occur under a 
wheel load of 15,875 lb and 50-psi inflat ion pressure except i n the unit rolled wet of 
optimum. Slight movement occurred during the fourth coverage (8th pass). (The t e rm 
" s p r i n g i i ^ " as used here indicates an elastic behavior where the soil compresses under 
load and rebounds as the load moves fo rward . ) Spri i^ ing increased with increase in 
coverages imt i l the material was "spong]^' af ter 16 coverages. Action under the 90-psi 
loading was generally s imi lar to that f o r the 50-psi loading. In the 150-psi unit some 
springing occurred at or slightly wet of optimum. In the test units 4 to 5 percentage 
units wet of optimum, material was moving f r o m 4 to 6 f t in f ront and 1 to 2 f t at the 
side of the ro l l e r . 

The relationships between wheel load, t i r e inflat ion pressure, l i f t thickness, number 
of coverages, and moisture content hold f o r a l l types of s o i l - o r f o r that matter fo r 
crushed rock. Therefore i t i s of interest to include data on pneumatic-tire ro l l ing of 
crushed rock of high stability (100). An example of the influence of these variables on 
dry unit weight i s summarized i n part i n Figure 42. This f igure shows (a) the results 
of the Modified AASHO laboratory compaction test; (b) the dry unit weight-moisture 
content relations observed in rol l ing by a 25,000-lb wheel load with a t i r e inflat ion 
pressure of 90 psi i n l i f t s of 4- in . compacted thickness (in other words the ro l l e r com
paction curve); and (c) the results of t ra f f ic compaction by 500 coverages of a 50,000-
lb wheel load ro l l e r having a t i r e inflat ion pressure of 200 ps i . Note: i n Figure 42 the 



53 

TABLE 16 
WHEKL LOADS, TIRE PRESSURES, AND ROLLER COMPACTION IN CONSTRUCTING FILLS OF SILTY 

CLAY IN 6-IN. COMPACTED LIFTS (46) 

Wheel 
Load 
to) 

Tire 
Inflation 
Pressure 

Measured 
Contact 
Pressure 

AASHO T 9! 
Test Data 

Roller Compaction 
Data 

Contact 
Area 

Number 
of 

Coverages 

Maximum Dry 
Unit Weight 

(pcf) 
OMC 

_ e w _ 

Max Dry 
UnltWt 
l n % o f 

AASHO T 99 
Max 

OMC 
_(24L 

10,000 
20,000 
30,000 

60 
55 
57 

64 
65 

155 
308 
580 

105.3 
105.3 
105.3 

17.9 
17.9 
17.9 

102.3 
102.9 
103.5 

19.5 
19.6 
19.3 

very marked increase i n dry unit weight f o r any moisture content f o r the ro l le r wi th 
the higher inflation pressure. 

The maximum dry unit weight i n the rol l ing tests (100) occurred at the maximum 
moisture content, which represents a "flushed" condition. If the percentage of fines 
i s adequate this develops a "slush" of fines on the surface as i n ro l l ing waterbound 
macadams having adequate fine aggregate content (screenings). This excess moisture 
content i s permissible where the subgrade soil i s of a type i n which the water ( f rom the 
"flushed" condition) w i l l not have a deleterious effect, or where the subgrade i s ade
quately protected. 

Recent tests have been completed in Great Br i t a in (127, 129) on medium weight 
(22.4-ton) and heavy weight (50.4-ton) pneumatic-tired ro l le r s (Table 14). Four soils 
were employed in recent tests and retests were made on a Ifehtweight ro l l e r (Fig. 11). 
The ro l le r s were tested to f u l l compaction at 32 passes. The maximum dry unit weight 
vs optimum moisture content relationship f o r the 36-psi, 2,985-lb wheel load; the 
80-psi, 4,978-lb wheel load; the 90-psi, 11,200-lbwheelload; and, the 140-psi, 22,400-
Ib wheel load are shown in Rgure 43. 
These data i l lustrate the effect of not only 
t i r e inflat ion pressure, but in the case of 

Group I - 150-psi pnaumotic-tirtd roller 
Group 2 - 9 0 - p s i pneumotic-tired roller 
Group 3 - 50-psi pneumotic-tired roller 

• St'd AASHO man. unit »l 
ond OM C 
• Mod AASHO mos 

unil mt and O.M.C 

4 coveroges 
8 eoveroQes 
16 coverages 

Figures by symbols indincote 
content at time of sompli 

/9-in maximum size crushed limestone 

Moisture Content, percent dry weight 

Figure U l . Roller compaction curves for 
8 and 16 coverages of pneumatic-tired r o l l 
ers having wheel loads of 15,78$, 25,000 
and 31,250 and t i r e inflation pressures of 
50, 90, and 150 psi, respectively, on 6-in. 
compacted l i f t s of a lean clay s o i l (LL=J6, 
PI=l5). (Note: Two passes required for 

one coverage.) (8?) 

0 1 8 3 4 5 6 7 B 9 I 0 
Water Content Prior to Compaction, percent dry weight 

A-Modi f i ed AASHO Laboratory Compaction . 6-in diameter mold 
B-RoNer compaction, 32 coverages, 25,000-lb wheelload, 90-psi 

pneumotic-tired roller 
C- Traf f ic compaction, 500 coverages, 50 ,000- lb wheel load, 200-psi 

tire inflation pressure 

Figure h2. Comparison of f i e l d and labora
tory compaction data for a i j - i n . maximum 
size crushed limestone base course. The 
base course was covered with a double as-
phaltic surface treatment prior to com
mencement of t r a f f i c . (Note: Data on spe
c i f i c gravity not available. Value of 2.72 
selected a r b i t r a r i l y to indicate approxi
mately the line of saturation for water 
content prior to compaction. Roller wheel 

load 25,000 lb.) (100) 
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120 

115 

110 

105 

100 

95 

Heavy Clay 

Field 

Laboratory 

15 20 25 
Optimum Moisture Content 

F ie ld 

Loboro 

10 15 20 
Optimum Moisture Content 

25 

the 90-psi t i r e inflat ion pressure, the ef
fect of increasing the wheel load f r o m 
11,200 to 22,400 lb . As the t i r e inflat ion 
pressure i s increased, the maximum dry 
unit weight i s also increased wi th a reduc
tion i n optimum moisture content. 

The effect of increasing the wheel load 
and tire inflat ion pressure i s greatest on 
the clayey soils and least on the w e l l -
graded sand. A t moisture contents wet 
of optimum the difference i n state of com
paction produced by ro l l e r s of different 
weight and tire pressure tends to decrease 
wi th increase i n moisture content. Thus, 
there i s no gain in employing heavy ro l l e r s 
f o r fine-grained soils wet of optimum. I t 
i s usually not possible to operate heavy 
pneumatic-tired ro l le r s wi th high inflat ion 
pressures on uniformly (one-size) graded 
non-cohesive sands and other poorly graded 
non-cohesive soils. Pressures as low as 
25 psi wi th wheel loads as low as 1,500 lb 
are sometimes necessary on these soils 
i f rutting and tracking are to be prevented. 
Stage compaction using l ight ro l le r s f o l 
lowed by heavier equipment may be em
ployed to advantage. Vibrat ion may be 
an effective method f o r compacting these 
l ight textured soils. 

EFFECT OF NUMBER OF PASSES 
OR COVERAGES ON DRY UNIT 

WEIGHT 

The number of passes required f o r 
pneumatic-tired ro l le r s depends on (a) 
the tire widths and the spacing of the 
wheels, (b) whether or not axles are i n 
tandem, (c) the contact unit pressure, 
(d) the wheel load, (e) the U f t thickness, 
(f) the soil type, and (g) the moisture con
tent. The close spacing of wheels and the 
use of tandem axles as on the 7-, 9-, 1 1 - , 
and 13-wheel lightweight ro l l e r s insure one 
coverage per pass. Some of the medium 
and heavyweight ro l le r s wi th larger 
spacing between tires and between sets of 
tires (on different oscillating axles) may 
produce one coverage per pass insofar as 
deep compaction i s concerned but cer
tainly not f o r compaction of the upper few inches of soi l . I t should be noticed that un
der "Roller Maximum Dry Unit Weight vs Moisture Content" some ro l le r s are shown 
as r e q u i r i i ^ two passes per coverage. 

The number of passes also depends on wheel loads and tire inflat ion pressure. I t 
i s d i f f i cu l t to discuss interrelationships between dry unit weight and moisture content 
without i l lustrat ing the effect of tire inflat ion pressure and number of passes. However, 
those relationships with coverage as shown in Figures 41 and 42 are indirect as com
pared to those shown later . In a series of tests on Florida f ine sand (47) 25 coverages 

135 

130 

125 

9. We l l -Graded -| 
Sand F ie ld 

Optimum 

Laboratory 

10 
Moisture Content 

Note Figures beside f ie ld curves ore tire 
inflation p r e s s u r e s for various r o l l e r s . 

figure k3- Conparison of laboratory and 
r o l l e r optimum moisture contents and maxi
mum unit weights for three s o i l s after 
each has been compacted by 32 passes of 
pneumatic-tired r o l l e r s i n 9-ln. loose 
l i f t s (36-psi r o l l e r ) or 12-ln. loose 
l i f t s (heavier r o l l e r s ) . A l l unit weights 
are for top 6 i n . of con^iacted s o i l (127). 
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of a 15,000-lb wheel load with a t i r e inflat ion pressure of 45 psi produced a dry unit 
weight of 98.8 percent of Modified AASHO maximum dry unit weight while 25 coverages 
of a 60,000-lb wheel load with a s imi lar inflat ion pressure produced a dry unit weight 
equivalent to 103.8 percent. In a more recent series (127) wi th ro l le rs of four weights 
on four types of soil the interrelationships of wheel loadTTire inflat ion pressure and 
type of soil on number of passes to attain very small fur ther increases in unit weight 
are shown in Figure 44. Curves f o r only three of the four ro l le r s are shown, the values 
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Figure l^. Relation between dry unit weight of upper 6 i n . of conipacted s o i l and num
ber of passes of pneumatic-tired r o l l e r s (127). 
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f o r the 4,978-lb wheel load and 80-psi t i r e inflat ion pressure being omitted because In 
most instances the curves f a l l so close to curve No. 2 as to make i t d i f f i cu l t to d i s 
tinguish their relative positions. These tests were performed at moisture contents ap
proximately equal to the ro l l e r optimum f o r each soi l . The curves in Figure 44 ex
hibit the same general shape. The minor variations in f o r m are probably due more to 
differences in design of t i res and in wheel arrangement than to total load and t i r e i n 
flation pressure. Very small increases in dry unit weight occurred af ter 16 passes. 

The curves of d ry unit weight vs number of passes f o r r o U i i ^ at a given moisture 
content produces relationships that show rather strongly the effect of number of passes 
f o r most soils. However, the relationship i s more obscure when the maximum dry unit 
weights f o r a given ro l l e r are plotted vs the number of coverages f o r a lean clay soi l . 
Figure 41 i l lustrates this relationship f o r the three weights of ro l le rs f o r which ro l l e r 
compaction curves are shown. Here rather marked changes i n numbers of coverages 
of ro l le r s , d i f f e r i i ^ greatly in contact unit pressure and considerably in wheel load, 
result i n small changes in maximum dry unit weights f o r this lean clay soi l , a not 
entirely une:q)ected phenomenon fo r this soi l . Somewhat larger changes in maximum 
dry unit weight occurred due to number of coverages in rol l ing a clayey sand (44), i n 
which maximum dry unit weight up to about 5 pcf were attained by increasing the num
ber of coverages f r o m four to eight. 

However, i n a separate experimental study (47) of the compaction of sand, a 7,000-
lb wheel load (45-psi Ure inflat ion pressure) produced a maximum increase i n dry unit 
weight of about only 2.5 percent of AASHO T 99 maximum. In other tests 25 coverages 
of a 15,000-lb wheel load, 6 coverages of a 35,000-lb wheel load, and 25 coverages of 
a 60,000-lb wheel load showed the greatest average dry unit weight f o r 6 passes of the 
35,000-lb wheel load. A l l t i res were inflated to 45 ps i . This singular group of tests 
on a uniformly graded (one size) sand indicated that the number of coverages above six 
of lesser significance than the wheel load. Some significant data on the influence of 
coverages were obtained i n another group of tests (53) but these are concerned wi th 
depth of compaction and are discussed later. 

I t has been shown in F ^ r e 44 that the greatest rate of increase i n d ry imit weight 
usually occurs at coverages of four or less. This accounts f o r the rather small i n 
creases due to numbers of passes shown in Figure 41 f o r the lean clay compared to the 
effect of load and t i r e inflat ion pressure. Thus the reader must not be misled by the 
chart (Figure 41) because i t does not show the effect of the f i r s t four coverages (8 pass
es) because the in i t i a l (uncompacted) unit weight i s not given. The work of India (66), 
Townsend'scooperativework wi th Queens University and the Department of Highways of 
Ontario (120), as we l l as tests by the Swedish Road Institute (80), a l l conf i rm in greater 
or lesser degree the results that have been given in detail previously. Townsend's r e 
port (120) showed that the dry unit weight vs number of coverage relationships varies 
wi th the weight of the ro l l e r and the l i f t thickness-the heavier ro l l e r and the thinner 
l i f t s b e i i ^ productive of the highest state of compaction and also reachi i^ that state 
wi th the least number of passes. 

EFFECT OF NUMBER OF PASSES OF TRAFFIC COMPACTION 

The increases in the unit weight of the subgrade (basement) soils and in the granular 
subbase of the WASHO Road Test (84) that occurred after the beginning of application of 
t r a f f i c on the completed pavement gives evidence of the potential compacting effect of 
t r a f f i c . A l tho i^h the increase in unit weights has not been correlated wi th number of 
load applications, the data derived f r o m the tests i s of value. A summary of in-place 
unit weights i s given f o r the single-axle sections f o r the subgrade soil i n Table 17 to i l 
lustrate the increase attributable to t r a f f i c f r o m the "as bui l t" condition in 1952 to 
November 1953. A s imi lar compilation i n Table 18 indicates the compaction of the 
gravel subbase during the same period. Gains i n dry unit weight of the basement soil 
f r o m the t ime of construction i n 1952 to the f a l l season of 1953 were of the order of 

to 5 pcf. Gains in dry unit weight of granular subbase material ranged f r o m 1.5 
to 2.2 pcf. 

Compaction can also result f r o m "accelerated t r a f f i c tests" of the type that might 
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TABLE 17 

DRY UNIT WEIGHTS OF SUBGRADE (BASEMENT) SOILS 
OF WASHO ROAD TEST SECTIONS 

(Single-Axle Sections)^ 

Section Nominal 
and Nominal Depth 
Total and of 
Surface Testing 
Thickness ( in . ) ( in . ) 

Percent of AASHO Maximum Dry Unit Weight" 

November 1953 As Bui l t i n 1952 

18,000-lb 
Sections 

22,400-lb 
Sections 

18,000-lb 
Sections 

22,400-lb 
Sections 

22 - 2 and 4 0 - 6 91.8 95.8 97.3 98.3 
18 - 2 and 4 0 - 6 95.6 92.5 99.5 99.1 
14 - 2 and 4 0 - 6 92.4 91.0 95.8 96.7 
10 - 2 and 4 0 - 6 93.8 95.0 98.0 99.7 
Average (unweighted) 93.4 93.6 97.8 98.5 
Gain +4.4 +4.9 

From Tables 4 - f -7 , 4 - f -8 , and 4 - f -9 , HRB Special Report 22 (1955). 
"AASHO T 99 maximum dry unit weight 93.8 pcf. 

TABLE 18 

DRY UNIT WEIGHTS OF GRANULAR BASE AND SUBBASE 
OF WASHO ROAD TEST SECTIONS 

(Single-Axle Sections)^ 

Section Nominal Percent of AASHO T 99 Maximum Dry Unit Weight^ 
and Nominal Depth As Bui l t i n 1952 November 1953 
Total and of Average f o r 
Surface Testing 18,000-lb and 18,000-lb 22,400-lb 
Thickness (in. ) Un.) 22,400-lb Sections Sections Sections 
2 2 - 2 and 4 22 100.5 104.6 104.6 
18 - 2 and 4 18 100.8 102.9 101.3 
14 - 2 and 4 14 102.4 103.3 103.1 
1 0 - 2 and 4 10 102.8 104.2 103.2 
Average (unweighted) 101.6 103.8 103.1 
Gain +2.2 +1.5 

f From Tables 4 - f - l l , 4-f -12, and 4-f-13, HRB Special Report 22, 
(1955). > ^ 
''AASHO T 99 maximum dry unit weight 129.6 pcf, which i s the average of three 
(130.4, 129.3, and 129.0 pcf) . 

be used i n "proof r o l l i n g . " An example i s the application of 500 coverages of a heavy 
roUer on a crushed limestone base (100). This test which has been described p re 
viously consisted of r o U i i ^ , i n 4- in . compacted l i f t s , a crushed limestone by 32 cover
ages of a 25,000-lb wheel load wi th 90-psi tire inflat ion pressure. This was followed 
by " t r a f f i c " compaction (a i r f ie ld type) by 500 coverages of a 50,000-lb wheel load wi th 
a tire inflat ion pressure of 200 ps i . The results (Fig. 42) also show the marked amount 
of drainage that occurred in this well-graded crushed rock base whose grain-size d is 
tribution i s shown i n Figure 10. 

EFFECT OF MOISTURE CONTENT ON NUMBER OF PASSES REQUIRED 

Moisture content has a s imi la r type of effect on number of passes required regard-
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Figure kS- Influence of moisture content on number of passes needed to obtain maximum 
unit weight for a 13.hh-ton, 9-wheel pneumatic-tired r o l l e r (11.00 x 12-in. t i r e s , i n 

fla t i o n pressure 36 p s i , contact unit pressure 39 psi) on 9-in. loose l i f t s ($6). 

less of type of ro l l e r . An example of the influence of moisture content on the rate of 
increase in dry unit weight f o r a given number of passes i s shown i n Figure 45 f o r a 
relatively lightweight (13.44-ton, 9-wheel-2,987-lb wheel load, 36-psi inf lat ion pres
sure) pneumatic-tired ro l l e r , on two types of soils, a sandy clay and a well-graded 
sand. Here i t i s shown that at water contents dry of optimum, a greater number of 
passes i s required to attain f u l l compaction f o r a given water content. The more nearly 
the moisture content approaches optimum the less the number of passes required to 
attain f u l l compaction and the greater the dry unit weight. 

EFFECT OF GROSS WEIGHT (WHEEL LOAD) AND CONTACT UNIT PRESSURE 

Gross weight alone often expressed as wheel load, has i t s most significant influence 
on the depth of compaction. A number of tests have been performed to determine the 
relative effect of wheel load and contact pressure on the degree of compaction. 
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Similar ly, computations have been made to determine the relative effects of wheel 
load and contact pressure on the total pressures existing at various depths below the 
surface. In the main, these are discussed later under "Depth of Compaction" and "Depth 
vs Pressure Relationships Under a Wheel Load." Here we are concerned more wi th 
the relative effects of wheel load and tire pressure at depths within normal l i f t thick
nesses. 

Tests were performed (46) on a Vlcksburg si l ty clay (LL=37, P I = 14) employing 
wheel loads of 10,000, 20,000, and 40,000 lb and the nearly equal tire Inflation pres
sures of 60, 55, and 57 ps i , respectively. Another series (47) of experiments were 
performed to determine the influence of wheel load on the depth of compaction of a un i 
f o r m l y graded fine Florida non-plastic sand. The B r i t i s h Road Research Laboratory 
(127) performed a series of tests wi th different weights of ro l l e r s including wheel loads 
of 11,200 and 22,400 lb each wi th a tire inflat ion pressure of 90 ps i . The results of 
these tests are summarized in Table 19. I t should be kept i n mind that the f i r s t of 
this series (46) involved compacted depths of only 6 i n . The effect of doubling the wheel 
load f r o m 10,000 to 20,000 lb was to increase the dry unit weight only about 0.6 pcf and 
the effect of inc reas i i^ the wheel load f r o m 10,000 to 40,000 lb was only about 1.3 pcf. 
The tests on the uniformly graded fine Florida sand (47) increased the dry unit weight 
about 4.7 pcf or 5 percentage units on increasing the wheel load f r o m 15,000 to 60,0001b 
at a constant tire inflat ion pressure of 45 ps i . The results on the fine sand involved 
compacted depths of 24 i n . and a greater number of coverages (25) than normal. The 
B r i t i s h tests (127) involving loads of 11,200 and 22,400 lb each at 90-psi tire pressure 
were performed on a 12-in. loose depth by 32 passes of the ro l l e r . Unit weight i n 
creases due to doubling the wheel load f r o m 11,200 to 22,400 lb were 1.2 pcf f o r the 
heavy clay, 2 .1 pcf f o r the sandy clay, 1. 7 pcf f o r the sand and 1.5 pcf f o r the gravel-
sand-clay. These data do show that increasing the wheel load does increase the d ry 
unit weight. However, the increases are relatively small when considered in terms of 
the magnitude of the wheel loads and the very small depths involved. 

On evidence that wheel load alone could not control the compaction of soi l , experi
ments were conducted to determine the proportion of the compression factor that could 
be attributed to the contact unit pressure. When data on actual measured contact area 
and contact unit pressure were not available the value of tire inflat ion pressure was 
employed. La i^e amounts of data were collected by the Corps of Engineers (87) on 
compaction of a si l ty clay soi l , data on dry unit weights being observed at tire Inflation 
pressures of 50, 90, and 150 psi employing wheel loads of 15, 875, 25,000, and 31, -
250 lb which wheel loads were wel l within the ra i^e previously tested under approxi
mately constant tire inflat ion pressure. Similar ly, data were obtained by the B r i t i s h 
Road Research Laboratory (127) on the effects of 36-, 80-, 90-, and 140-psi inflat ion 
pressures f o r wheel loads of 2,985, 4,978, 11,200, and 22,400 lb . Tests were con
ducted on four types of soils. 

The significance of the effect of tire Inflation pressure (87) as a factor Influencing 
soil compaction can be appreciated by an inspection of Figure 46, i n which three d i f 
ferent tire inflat ion pressures and three different wheel loads were employed-each tire 
pressure being applied to the soil i n 4, 8, and 16 coverages (8, 16, and 32 passes) of 
the ro l l e r . I t should be noted that a l l data shown are f o r a compaction moisture content 
of 16.3 percent. I f tire inflat ion pressures were plotted against ro l le r maximum dry 
unit weight expressed as percentages of AASHO T 99 maximum dry unit weight at r o l l e r 
optimum moisture content the positions fo r the curves f o r the three different coverages 
tend to converge at the 90-psi tire pressure and to diverge at the 50-psi and 150-psi 
values. 

The results of B r i t i s h tests (127) are shown i n Figure 47. Here i t i s shown that the 
more compressible soils of the clayey types exhibit the greatest gain i n d ry unit weight 
when rol led with tires inflated to the higher tire pressures. The clays, rol led by the 
high pressure tires (140 psi) had unit weights 9 to 10 pcf greater than those rol led wi th 
the lowest pressure (36 psi) tires. The granular soils ro l led by the 140-psi ro l l e r had 
unit weights 5 to 6 pcf greater than those rol led by the 36-psi ro l l e r . I f plots were made 
of inflat ion pressure vs percent of standard maximum dry unit weight the curves f o r the 
clayey soils tend to f a l l closely together. This i s also true f o r the granular soils. 
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TABLE 19 
EFFECT OF WHEEL LOAD ON SOIL UNIT WEIGHT FOR EQUAL OR NEARLY 

EQUAL TIRE INFLATION PRESSURES 

Data on Roller and Its Operation Average Roller Compacted 
Iilaxinium Dry Unit Weight 

Tire 
Ihfla- Lif t Thick
Uon No. ness Percent of Percent of 

Refer Wheel Pres of AASHO Max Modified AASHO 
Soil Type ence Load sure Cover Loose Comp. Dry Unit Max Dry Unit 

No. Ob) (psi) ages (in.) an.) WeiRht? WeiKh^ 
Vlcksburg silty clay 48 10,000 60 6 6 102.3'> 92.2 
Vicksburg silty clay 46 20,000 59 6 6 102.9° 92.7 
Vlcksburg silty clay 46 40,000 57 6 6 103.5'> 98.3 
Florida fine sand 47 15,000 45 25 24 _ 98.8 
Florida fine sand 47 60,000 45 25 24 103.8 
British heavy clay 127 11,200 90 32 12 107.3= 90.5 
British heavy clay 127 22,400 90 32 12 108.5<= 91.5 
British sandy clay 127 11,200 90 32 12 107. OC 94.0 
British sandy clay 127 22,400 90 32 12 109.0= 95.6 
British veil-graded 

95.6 

sand 127 11,200 90 32 12 104.3= 98.9 
British well-graded 

11,200 98.9 

sand 127 22,400 90 32 12 104.9= 99.4 
British gravel-

99.4 

sand-clay 127 11,200 90 32 12 103.5= 97.8 
British gravel-

11,200 97.8 

sand-clay 127 22,400 90 32 12 104.6= 98.9 
^ most instances values in pcf were scaled from roller compaction curves. Values for British 
1948 Test No. 9 which is generally similar to AASHO T 99 Method C. >>Percent of actual AASHO 
British Standard 1377:1948. 

soils are percent of B. S. 1377: 
T 99 values. =Percent of 

The soil moisture content has a s t r o i ^ influence on the relationship between t i re 
inflat ion pressure and number of coverages to attain a given dry unit weight just as 
moisture content has been shown to have a strong influence on the number of passes 
required of a given ro l le r f o r a given soil type and condition. The lesser the moisture 
content dry of optimum the greater the effect of number of coverages on dry unit weighl 
at a l l tire inflat ion pressures. A t high moisture contents the effect of number of 
coverages tends to lessen part icular ly at the higher inflat ion pressures. This i s i l 
lustrated in the three individual plots f o r the three moisture contents i n Figure 48. 

In summarizing, the effect of wheel load and tire inflat ion pressure, the foUowi i^ 
has been shown: 

1. The contact area and contact pressure under the tires, both of which affect the 
state of compaction produced, are functions of the wheel load and the tire inflat ion 
pressure. 

2. An increase in the wheel load or in the tire inflat ion pressure produces an i n 
crease i n the ro l l e r maximum dry unit weight with a corresponding decrease in op
timum moisture content. 

3. The greater the wheel load and the tire inflat ion pressure, the greater the unit 
weight at any depth. However, increasing the tire inflation pressure without p ro 
portionately increasing wheel load, tends to produce greater compaction near the sur
face. 

4. The marked effect of tire inflat ion pressure indicates the need f o r pneumatic-
tired ro l le rs equipped with tires permitt ing the range of inflat ion pressures desired 
(Tables 71 and 72) and provision f o r increasing or decreasing tire inflat ion pressures 
during operation. .Rollers so equipped are currentiy available. 

DEPTH OF COMPACTION 

A substantial depth of increase in unit weight has always been sought i n compaction 
p r i m a r i l y because of i ts direct effect i n increasing production, and secondarily, be
cause less spreading and compacting equipment are needed on the grade to interfere 
with hau l i i^ and dumping operations. However, there are other and equally real needs 
f o r seeking depth in compaction. One i s to obtain deep compaction in natural sub-
grades at grade points and in cut sections as wel l as f o r foundations f o r shallow f i l l s , 
or to compact refuse f i l l s (59), or fo r purposes of proof ro l l ing . These are some of 
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Note A l l data shown ore for o compaction 
water content of 16 3 percent 

Tire In f l a t ion Pressure, psi 

Figure U6. Relation between t i r e i n f l a 
tion pressure and unit weight of a Vicks-
burg lean clay (LL=36, PI=l5) for l i , 8, 
and 16 coverages (8, 16 & 32 passes) of 
pneumatic-tired r o l l e r s on l i f t s of 6-in. 
compacted thickness when rolled at a mois
ture content of 16.3 percent (equivalent 
to laboratory optimum for a compaction ef
fort resulting i n a maximum unit weight of 
95 percent of Modified AASHO maximum unit 
weight). (Laboratory compaction values 
are: Mod. AASHO max. unit wt.=117.3, 
O.M.C.=llt.O, st'd AASHO max. unit wt.= 

107.5, O.M.C.=17.7) (67). 

Grovel-sond-cloy 

Well-groded send 

Sondy cloy 
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Tire Inflation Pressure, psi 

Figure hi- Relationship between t i r e i n 
fl a t i o n pressure and r o l l e r maximum ijnit 
weight for four s o i l s after 32 passes of 
pneumatic-tired r o l l e r s i n 9-in. loose 
l i f t s (36-psi r o l l e r ) or 12-in. loose 
l i f t s (for heavier r o l l e r s ) . A l l unit 
weights are for top 6 i n . of compacted 

s o i l (127). 

the several conditions where deep compaction can serve a useful purpose. However, 
the principal reason f o r seekii^ equipment and methods f o r deep compaction i s to lessen 
the cost of compaction and increase the output of compactors and to reduce the number 
of pieces of equipment on the grade. I f knowledge is to be complete, i t should bring 
out the effective depth of compaction of lightweight, medium weight as we l l as heavy
weight equipment. 

A single source (80) of information was found on the f u l l depth of effectiveness of 
lightweight pneumatic-tired ro l le rs . A 15.5-ton, 13-wheel ro l le r wi th 2,381-lb wheel 
loads and 7.50 x 15-in. t i res inflated to a pressure of 35 psi was employed in rol l ing 
three types of soils, each at about i t s optimum moisture content (Modified AASHO 
method). The three soils were placed in loose l i f t s of about 30 i n . and rolled by 6 
t r ips of the ro l le r . Dry unit weight vs depth relationships f o r the three soils in which 
the dry unit weight i s expressed i n terms of percent of Modified AASHO maximum d ry 
unit weight are shown in Figure 49. Here i t may be seen that the ro l le r produced about 
the same percent relative compaction (percent of Modified AASHO) at the surface f o r 
each of the three soils but that soi l type had strong influence i n determining the ef
fective depth of compaction. The morainic soi l , the heavier textured of the three, ex
hibited the least depth effect, the mo slightty more and the sand the greatest depth ef
fect . In other words the sand showed the greatest depth (about 12 i n . ) i n which there 
was small decrease in unit weight. 
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Special tests were conducted (95) on a 
lean (sUty) clay ( L L = 37, P I = I T f t o de
termine the effective depth of compaction 
when compacted by two d i f ferent ro l l e r s , 
one a 25,000-lb wheel load wi th a tire i n f l a 
tion pressure of 90 ps i , theothera31,250-lb 
wheel load wi th a tire pressure of 150 ps i . 
Because of the behavior of the two ro l le r s 
i n this soi l of rather low strength i t i s 
worthwhile reporting not only unit weight vs 
depth relations but also some of the be
havior characteristics of the ro l l e r s and 
the soi l . 

The in i t i a l plan was to construct one 
test lane of six 6- in . thick l i f t s , another 
of four 12-in. thick l i f t s , and a th i rd lane of 
three 18-in. l i f t s f o r each of the 90- and 
150-psi tire-inflation pressure ro l le r s . 
Separate test sections were constructed 
at different moisture contents to provide 
data on moisture content vs d ry unit weight 
relationships f o r the various l i f t thickness
es. The plan worked out f a i r l y we l l f o r 
the 90-psi ro l l e r , the 6- in . and the 12-in. 
l i f t s being bui l t as planned but the three 
18-in. l i f t s actuaUy being 16-, 24- and24-
i n . thickness commencing wi th the bottom 
l i f t . The three lanes f o r the 150-psi r o U 
er ended wi th compacted l i f t s , as follows: 

Lane 1-7, 5%-, 7-, 3%-, 6%-, and 
e%-in. l i f t s . 

Lane 2-11%-, 8%-, 9%-, and 12-in. 
l i f t s . 

Lane 3-16- , 16- and 19-in. l i f t s . 

B 
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Figure h9. Relation between depth and per
cent Modified AASHO maximum dry unit weight 
for three s o i l s when compacted by si x trips 
of r o l l e r having t i r e inflation pressure of 

35 p s i (80). 

Figure 1*8. Effect of t i r e inflation pres
sure and coverages of pneumatic-tired 

ro l l e r s on unit weight (98). 

Thus, only one l i f t f o r the 150-psi r o l l 
er worked out as planned due to the be
havior of the heavier ro l le r . 

Roller Behavior 

90-Psi Roller . -The behavior of this 
ro l l e r on the lean clay soil was influenced 
by both soil water content and l i f t thick
ness. A t about optimum water content on 
the 12- and 24- in . l i f t thickness sections 
an additional t ractor was required f o r the 
f i r s t pass due to the ro l l e r pushing soil 
ahead of the wheels, causing rutt ing and 
excessive resistance to movement. This 
did notaccur on the 6- ln . l i f t thickness 
lane. The 12-in. section rolled out and 
had a good appearance after 8 coverages 
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(16 passes). The material wet of optimum showed increasing movement and rutting 
as the water content was increased. This was not so noticeable on the 6 - in . l i f t thickness . 

For the 24-in. l i f t thickness sections, r o l l i i ^ could not be continued af ter the f i r s t 
pass because of the excess lateral movement during the f i r s t pass. Therefore the 
f i l l was leveled by bulldozer and compacted by two coverages of the D-4 track-type 
tractor to a density sufficient to support the ro l l e r . A t high moisture contents the ma
ter ia l exhibited excess rutting caused by lateral movement. 

150-Psi Roller. -The water content and l i f t thickness had greater effect on the 150-
psi r o l l e r than on the 90-psi ro l l e r . Di f f i cu l ty was not encountered on the 6- in. l i f t s 
but the ro l l e r had to be pushed by the tractor on the f i r s t pass on both the 12-in. and 
18-in. l i f t s . The 16-in. and 19-in. l i f t s were precompacted by two coverages of the 
D-4 t ractor . On the 6- in . l i f t s slight springing occurred at water contents of 20 to 22 
percent but rutting did not occur. On the 12-in. l i f t s rutting increased as the water 
content increased. Springing and plastic movement occurred i n the 17-19 and 20-22 
percent sections. On the 18-in. l i f t s that were precompacted by the D-4 tractor, spring
ing and plastic movement occurred as the water content increased, however, l i t t i e 
rutting occurred even on the wet sections. 

Crusting. -Of ten when smooth-wheel o r pneumatic-tired ro l l e r s are used, some 
surface "crusting" of the compacted material takes place. This "crusting" causes 
"bridging" which reduces the compaction e f for t wi th depth. Crusting did not occur on 
the lean (si l ty) clay, which i s not a material of high bearing capacity. 

Dry Unit Weight Gradients f o r the 90-Psi Roller 

Observations of unit weight and moisture content were made wi th sufficient regu
l a r i t y to permit the construction of famil ies of ro l l e r compaction curves, each curve 
representing a given depth in a given l i f t and lane, the curves representing dif ferent 
compactive ef for ts f o r di f ferent depths below the surface (95). Although these individual 
ro l le r compaction curves, each representing a given depth i n a l i f t are of interest, 
the significant findings are the differences 
i n d ry unit weight f r o m the top to the bot
tom of construction l i f t s of different thick
ness. The individual gradients of unit 
weight wi th depth f o r different moisture 
contents are shown i n Figure 50 f o r the 
four separate compacted l i f t s of 12-in. 
thickness rolled by tiie 90-psi roUer. 
Figure 50 iUustrates the very marked de
crease in dry unit weight with depth within 
each 12-in. compacted l i f t f o r soils exist
ing at moisture contents considerably dry 
of optimum (AASHO T 99 values are 105 
pcf and 17.9 percent O. M . C . , Modified 
AASHO values are 116.8 pcf and 14.5 
percent O. M . C . ) . For the second and 
th i rd 12-in. l i f t s gradients were relatively 
" f l a t " even at moisture contents as high 
as 17 percent. 

I t should be noted that only at 19 per
cent moisture content i s the d ry unit 
weight uniform throughout the f u l l depth 
of each 12-in. l i f t f o r the 2nd, 3rd, and 
bottom l i f t s . Drying of the soil was be
lieved to account f o r the abnormal nature 
of the 17 and 19 percent curves f o r the 
upper l i f t . Neither the laboratory op t i 
mum moisture contents nor the ro l l e r op
timum moisture contents provide the most 

90-psi roller, 12-in l i f t s 

^ 15 9% Top 8 in dried out 
prior to sampling 

imv. 
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Fig\jre 50. Unit weight gradients at v a r i 
ous moisture contents for a Vicksburg, 
Miss, lean clay (LL=39, PL=22, PI=17) af
ter 8 coverages by a pneumatic-tired r o l l 
er having wheel load of 25,000 lb and t i r e 
i n f l a t i o n pressure of 90 p s i . Data are 

for 12-in. l i f t s (95). 
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uni form ver t ica l distribution of dry unit weight i n the construction l i f t s . The ro l l e r 
optimums do provide the greatest average dry unit weight f o r the f u l l depth of the l i f t . 
However the most uniform dry unit weight i s provided by the 19 percent moisture 
content which i s 1.6 percentage units greater than the average roUer optimum and about 
one percentage unit greater than AASHO T 99 optimum moisture content. 

Differences i n unit weights at the top and bottom extremes of the 12-in. compacted 
l i f t s f o r the 13, 15, and 17 percent moisture contents f o r the 90-psi ro l l e r expressed 
i n percent of AASHO T 99 maximum d ry unit weight are given i n Table 20. These data 
show that even wi th a 25,000-lb wheel load and a tire inflat ion pressure of 90 psi , and 
rol l ing to produce a 12-in. thick compacted l i f t having a dry unit weight of not less than 
95 percent of AASHO T 99 maximum i t i s entirely possible that the upper portion of the 
l i f t may satisfy, but the lower portion f a i l to satisfy specification requirements. Fur 
ther examination of Figure 50 shows that the differences in unit weights between top 
and bottom of l i f t s tend to become less f o r the deeper Uf t s . Whether this i s due to the 
effect of the additional ro l l ing of overlying l i f t s i s not known. In any instance i t has 
been found that moisture content-unit-weight relationship f r o m construction l i f t s wi th 
sheepsfoot-type ro l le r s (44) as wel l as wi th pneumatic-tired ro l le rs (46) showed a ten-

TABLE 20 

DRY UNIT WEIGHTS IN TOP AND BOTTOM OF 12-IN. 
B Y 90-PSI ROLLER (95) 

LIFTS ROLLED 

Percent of AASHO T 99 Maximum 
Dry Unit Weight i n Upper and 

L i f t 
F rom 

Top 

Moisture 
Content 

(%) 

Lower Extreme Portions of 
12-in. Layers 

Bottom of L i f t Top of L i f t 
Difference 

2nd 13 92.4 99.2 6.8 
2nd 15 95.0 103.0 8.0 
2nd 17 99.4 105.9 6.5 

3rd 13 93.2 97 .1 3.9 
3rd 15 96.5 101.9 5.4 
3rd 17 99.0 105.5 6.5 

Bottom 13 90.0 95.2 5.2 
Bottom 15 98.2 101.0 2.8 
Bottom 17 101.5 105.1 3.6 

TABLE 21 

DRY UNIT WEIGHTS I N TOP AND BOTTOM OF 24-IN. LIFTS ROLLED B Y A 
25,000-LB WHEEL LOAD WITH A 90-PSI TIRE INFLATION PRESSURE (95) 

Percent of AASHO T 99 Maximum 
Dry Unit Weight i n Upper and 
Lower Extreme Portions of a 

24-in. Compacted L i f t 

L i f t 

Moisture 
Content 

Bottom of L i f t Top of U f t 
Difference 

Middle 13 86.2 99.1 12.9 
Middle 15 88.5 101.7 13.2 
Middle 17 92.4 104.3 11.9 
Middle 19 95.0 103.0 8.0 
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tendency to produce higher unit weights i n the upper three to four l i f t s but that they 
did not extend below the third or fourth l i f t . 

Results wi th the 90-psi ro l le r on the 16- and 24-in. l i f t s showed unit weight g rad i 
ents s imi lar to those shown i n Figure 50 except that the ver t ical gradient f o r the 19 
percent moisture content did not hold f o r the entire 24-in. depth. Differences i n dry 
unit weights a t the top and bottom extremes of the 24- in . compacted thickness middle 
l i f t are given in Table 2 1 . Comparison of the differences i n percent relative compaction 
shown in Ta.ble 20 f o r the 12-in. compacted l i f t s with those shown in Table 21 f o r the 
24-in. compacted l i f t thickness shows that the differences i n percent relative compac
tion between top and bottom of the 24-in. compacted l i f t are approximately twice the 
differences f o r the 12-ln. compacted l i f t . Figure 51 i l lustrates actual values f r o m the 
f ie ld construction l i f t s of 16- and 24-in. compacted thickness. I t sets fo r th some of 
the problems that confront engineers and contractors who seek to increase production 
simply by increasing compacted l i f t thickness, without taking into account the nature 
of the soil (if i t i s strong enough to support the ro l le r as i t i s o r i f i t can be improved 
by precompaction) and the moisture content at which compaction can be accomplished. 
The foregoing summary and remarks have been l imi ted to the 25,000-lb wheel load 
carrying a 90-psi tire inflat ion pressure. 

Dry Unit Weight Gradients f o r tiie 150-Psi Roller 

Dry unit weight gradients f o r the 150-psi ro l le r were quite erratic f o r the shallow 
Ufts , some exh ib i t i i ^ ver t ical gradients, some a gain in unit weight wi th depth, and 
others a reduction in unit weight with depth. Gradients f o r the 16- and 19-in. l i f t 
thicknesses are shown in Figure 52. Curves f o r the top and bottom l i f t s are not shown 
because of the scatter of basic data. These curves follow a pattern s imi lar to that f o r 
the 90-psi ro l le r , although i t should be kept i n mind that the wheel load was 31,250 lb 
compared to 25,000 lb f o r the 90-psi ro l l e r . Even wi th the increased wheel load, a 
significant decrease in unit weight occurs f o r the l i f t s having the lower moisture con
tents. 

The proper Uf t thickness of 12 i n . was obtained i n only one lane with the 150-psi 
ro l l e r . The second and th i rd l i f t s were 9.5 and 8.5 i n . , r e^ec t ive ly . This d i sc re 
pancy, no doubt, influenced test results. Examination of the family of moisture-unit 
weight curves f o r a l l depths showed them to be identical, hence the compactive effor ts , 
especially at optimum must have been equal. On the f i r s t pass, tires sometimes sank 
to a depth of 6 to 8 i n . i n a 12-in. l i f t and 10 to 12 i n . i n a 16-in. l i f t . Thus the soil 
was being par t ia l ly compacted in 8-in. l i f t thicknesses rather than the normal 12- o r 
16-in. thicknesses used in the analysis. 

In summarizing the effect of l i f t thickness and tire inflat ion pressure on this rather 
weak lean clay soil (95) the following may be said: 

1. The decrease in unit weight with depth of about the same proportion as the de
crease i n compaction e f for t (pressure intensity) with depth. 

2. Field ro l le r optimum increased with depth as the ro l l e r maximum dry unit 
weight decreased wi th depth wi th in a l i f t . 

3. As the compacted l i f t thickness increased, the d i f f icu l ty of ro l l ing increased. 
Compacted l i f t s greater than 12 i n . should be precompacted by a lighter roUer before 
r o l l i i ^ wi th a high tire pressure ro l l e r . 

4. The unit weights i n a l l l i f t thicknesses compacted by the 90-psi ro l le r were more 
uniformly distrilnited at the higher moisture contents. Unit weight gradients, insofar 
as data were available, showed that the dry unit weight gradients f o r the 150-psi ro l l e r 
followed the trend developed by the 90-psi ro l l e r . 

As a result of the e3Q)eriments (95) i t was concluded that the 90-psi ro l l e r can com
pact loose l i f t thicknesses up to 14 i n . in depth at optimum moisture content. The 
150-psi ro l l e r can compact loose l i f t thicknesses of 9 i n . or less at optimum due to 
greater sinkage and rutt ing. The values are based on the supposition that the unit weight 
gradients produced under these conditions are satisfactory to the designer. Other 
values of maximum thickness may be more appropriate f o r other types of soils. 
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Recentiy completed British tests (127) 
were also aimed at determinii^ the re
spective influences of wheel load and tire 
inflation pressure with relation to the 
depth below the surface. However, the 
tests also included determinii^ the ef
fect of soil type on dry unit weight at 
various depths. Some results of the tests 
are shown in Figure 53. The upper plot 
in Figure 53 shows the depth vs dry unit-
weight relationship for two combinations 
of wheel load and tire inflation pressure 
for four types of soils. The heavy clay 
was compacted at a moisture content ap
proximately midway between optimum for 
AASHO T 99 and Modified AASHO and 
likewise midway between roller optimums 
for the 22,400-lb wheel load, 140-psi 
roller and the 22,400-lb wheel load, 90-
psi roller. 

The unit weight gradients for the clayey 
soils occur as expected from computa
tions. That is, the greater the tire in
flation pressure, for either load, the 
smaller the difference between dry unit 
weight for any two depths below the sur
face, including the maximum depth for 
which measurements were observed. The 

1 5 0 - p s i r o l l e r , 16- and 1 9 - i n l i f r s 

9 0 - p s i ro l l e r , 1 6 - o n d 2 4 - i n l i f t s 
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-
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I n s u f f i c i e n t d a t a 
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Note F i g u r e s bes ide c u r v e s dre m o i s t u r e c o n t e n t s c u r v e s 
shown t l ius 0 0 o re m o x i m u m unit weiglit mm rol ler 
op t imum m o i s t u r e c o n t e n t a l o n g s i d e 
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D r , Unit Weignt, p e l 

Figiire 52. Unit weight gradients at v a r i 
ous moisture contents for a Vicksburg, 
Miss, lean clay (LL=39, PL=22. PI=17) af
ter eight coverages (16 passes) by a pneu
matic-tired r o l l e r having a wheel load of 
31,250 l b and a t i r e Inflation pressure of 
150 p s i . Data are for 16- and 19-in. 

l i f t s (95). 

0 16 2 % 

17 2 % 

18 7 % 

9 0 9 5 100 105 110 MS 

Dry Unit Weight, pcf 

Note F i g u r e s b e s i d e c u r v e s o r e mois ture c o n t e n t s C u r v e s 
shown t h u s o o ore moximum unit weight with roller optimum 
m o i s t u r e content a l o n g s i d e 

Figure 51. Unit weight gradients at v a r i 
ous moisture contents for a Vicksburg, 
Miss, lean clay (LL=39, PL=22, Pl=17) af
ter 8 coverages (16 passes) by a pneuma
t i c - t i r e d r o l l e r having a wheel load of 
25,000 lb and a t i r e inflation pressure of 
90 p s i . Data are for 16- and 2li-in. l i f t s 

(95). 

gravel-sand-clay shows slight reverse 
tendencies whereas the sand shows littie 
change in the over-all gradient for the 
full 12-in. depth. It should be noted that 
the sand exhibited reduced dry unit weights 
near the surface, possibly due to over-
stressing by the high inflation pressure 
tires. 

Altogether, the data presented furnish 
the practicing engineer with a good concept 
of what he might expect in reduction in unit 
weight with depth for pneumatic-tired roll
ers of different wheel loads, tire inflation 
pressures and thickness of l i f t . 

DEPTH VS PRESSURE RELATIONSHIPS 
UNDER A WHEEL LOAD 

Inasmuch as stress (pressure) has been 
measured under loaded areas and reason
ably close correlation has been foimd be
tween measured stresses and computed 
stresses, i t should be possible to predict 
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with reasonable accuracy the effect of total load, contact area and contact pressure 
on the distribution of stresses with depth. The weight of a pneumatic-tired roller is 
the product of contact area and contact pressure. Tor example three rollers of 10, -
000-, 20,000-, and 40,000-lb wheel load, having a contact unit pressure of 65 psi 
had contact areas as indicated in Figure 54, If there is an increase in the wheel load 
from 10,000 lb and the tire pressure is constant, the contact area Increases but the 
intensity of the loading is constant. Because the intensity of the pressure is constant, 
it is apparent that the unit weight may not be affected by an increase in the total weight 
of the roller. (Cohesionless soils are an exception to this as the confining effect of a 
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Figure 53. Effect of s o i l type on relation between dry unit weight and depth below sur
face of compacted s o i l after 32 passes of pneumatic-tired r o l l e r s compacting loose l i f t s 

approximately 20 i n . thick (127). 
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Figure Sli. Pressure distribution beneath wheel loads. (Actual t i r e contact area re
placed by equivalent c i r c l e . Stresses shown are beneath t i r e . Contact pressure i s 65 

psi.) (51) 
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larger area becomes a factor in giving better compaction.) Generally, with lifts as thin 
as 6 in . , any area of soil will be affected principallyby the contactpressure and is little 
affected by the arealextentof the load. This is illustrated in Figure 54 which shows pres
sure distribution based on Boussinesq's equation (51) forvarlous sizes of tire loads in
dicating thatfor relatively shallow depths in ordinary l i f t construction (6 to 9 in.) the pres
sure imposed on the soil being compactedlspracticallyindependentontiiearea of the load. 
(Actual test results in which wheel loads of the magnitude previously given and nearly uni
form tire pressures have resulted in litUe or no chaise in dry unit weight of the compacted 
soil (44, 46).) 

The significance of contactpressure is further emphasized in the series of tests (95) 
with 50-, 90-, and 150-psi pneumatic-tire rollers on various thicknesses of lifts on a lean 
clay soil. In these tests the results of the 50- and 9 0-psi rollers were directiy comparable 
inthattheircontactareaswereSOS sq in. 
and their differences in compaction could be 
attributable to contactpressure. Different 
size tires were employed in the tests with flie 
150-psi roller. Computations were per
formed to determine the relative differences 
in pressures at the surfaceandatvarious 
depths for the three tires and contactarea s 
used and also for the case of the 150-psi tire 
if it would have had a similar contact area 
(305 sq in.). 

The results are illustrated in Figure 55. 
Althoughactualpressuresmayhave been 
slightiydifferentfrom those computed, they 
do Indicate relative differences in pressure. 
The solid line curves show the computed 
pressure intensitiesbeneath the tiresused. 
The dashed line indicates pressure intensities 
resulting from a 150-psi roller acting over a 
tire contactarea of 305 sq in. Asthepres-
sureintensities beneath the260-sqin. area 
are less than thoseunderthe305-sq'ln. area 
it maybe expected that slightiy higher den-
sitie s may have been attained had a 305- sq 

5 0 - p s i l i r e 

^ ' — 1 5 0 - p s i t i re wiTh 
2 6 0 - s q m c o n t a c t a r e a 
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Figure 5$. Stress increase with depth for 
50-, 90- and l50-psi r o l l e r s (95). 
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TABLE 22 
INTERRELATIONSHIPS BETWEEN LOAD, CONTACT AREA AND TIRE PRESSURE (87) 

Wheel Load 
ab) 

Contact Area 
(sq in.) 

Tire Inflation 
Pressure (psi) 

Measured Contact 
Pressure (psi) 

15,875 305 50 52 
25,000 305 90 82 
31.250 260 150 120 

^ 110 
Heavy C l a y 

T I I I I r 

105 h 
I 5 mph-

3 . 4 mph 

in. area been available for the 150-psi tire pressure loadii^. Interrelationships for 
the aforementioned tire inflation pressures are as given in Table 22. 

EFFECT OF SPEED OF TRAVEL ON DRY UNIT WEIGHT 
Although data are limited, it has been established that the speed of travel of pneu

matic-tired rollers has some small but measurable effect on the compacted dry unit 
weight. Rollii^ tests at 3, 6, and 10 mph on loose lifts of crushed rock (57) resulted 
in small reductions estimated from interpolations of data to be of the order of 2 to 3 
pcf. Agronomists, althoi^h working with loose soils (mulches) but proportionately 
small contact pressures (108), also reported reductions when speed of travel ranged 
from 1 to 7 mph. Further tests by agronomists (109) at speeds of 1 to 12 mph showed 
reductions in dry unit weight of the order of 2 pcf but this was on a soil considered to 
be of low unit weight (87 to 94 pcf) for a fine sandy loam. 

More recent e:q)eriments with a 50-ton roller (127) in compacting four types of 
soils were made at speeds of 1.5 and 3.4 mph. Although the higher speed can hardly 
be considered rapid travel in the light of speeds two to three times as great by some 
compactors, the 3.4-mph speed did have 
a small effect, the least effect being on 
the heavy clay and the most on the well-
graded sand and gravel-sand-clay. For 
purpose of illustration Figure 56 shows 
the effect of speed for the heavy clay and 
for the well-graded sand. It may be seen 
that the reduction in dry unit weight is 
hardly commensurate with the increased 
production that would be gained on increas
ing the speed between the limits indicated. 
Speed appears to have no effect at pass 
numbers greater than 16. 

COMPARISONS BETWEEN PNEUMATIC-
TIRE ROLLER AND LABORATORY 

COMPACTION 
Comparisons between the results of 

laboratory compaction tests and pneu
matic-tire roller compaction have been 
made repeatedly throughout this summari
zation of information on pneumatic-tire 
rolling. These comparisons have been 
made of roller-produced dry unit weights, 
and maximum dry unit weights, optimum 
moisture contents, the comparative shapes 
of the laboratory and roller moisture- unit 
weight curves and the relative ease or 
difficulty of attaining roller unit weights 
equivalent to laboratory maximum unit 
weights. No attempt has been made to 
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Figure 56. Effect of speed of travel on 
relation between dry unit weight of top 6 
i n . of compacted s o i l and number of passes 
of a pneumatic-tired r o l l e r having a wheel 
load of 11,200 lb and a t i r e inflation 

pressure of 90 p s i (127). 
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compare field dry unit weights or lines of optimum moisture contents with those ob
tained from other than standard laboratory impact compactors (for example, kneading 
compactors or vibratory compactors). 

The range of roller compacted unit weights range from a low of 82 percent of AASHO 
T 99 maximum in some of the depth vs compaction studies to of the order of 111 to 112 
percent of British Standard (generally similar to AASHO T 99 Method C) on a 12-in. 
loose l i f t by 32 passes of a 22,400-lb wheel load roller havii^ a tire-inflation pressure 
of 140 psi. It may be argued by some ei^neers that these percentages are perhaps 
beyond the applicable limits of AASHO Method T 99 that should be used. However, the 
results of the full-scale tests do show that 100 percent of AASHO T 99 maximum dry 
unit weight can be attained by compacting 5- to 12-in. loose lifts by a nominal number 
of coverages (4 to 8) with a wide range in wheel loads and tire-inflation pressures. 

One of the best comparisons between roller and laboratory results are from tests 
made using three different weights of rollers with tire inflation pressures of 50, 90, 
and 150 psi. Hie shape of the roller compaction curves was somewhat steeper on the 
dry side of optimum than were those produced by laboratory compaction (Fig. 57). The 
roller curves on the wet side of optimum are approximately similar to the laboratory 
curves but lie nearer to the line of zero air voids. Inasmuch as the roller curve has 
a sharper peak (steeper slopes on the dry side of optimum) it indicates ttie soil is more 
sensitive to moisture changes imder rolling than in compaction in the mold. 
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Compaction Effort 
A - M o d i f i e d AASHO,*" S l a y e r s , 55 blows per layer , lO - lb hammer, i S - i n . drop, 5 6 , 0 2 2 ft Ib /cu ft 
B - I n t e r m e d i a t e , " 5 layers , 26 blows per layer , lO- lb hammer, l 8 - i n . drop, 2 6 , 4 8 3 ft I b / c u ft 
C - E q u a l to A A S H 0 , ° 5 l ayers , 12 blows per layer , lO- lb hammer, l 8 - in drop, 1 2 , 2 2 3 ft I b / c u ft 
1 - Four coveroges , ' ' 3 1 , 2 5 0 - l b wheel load, I 6 . 0 0 x 2 l - i n t i re , inf lat ion pressure 150 psi 
2 - Four coverages, ' ' 2 5 , 0 0 0 - l b wheel load, I8 0 0 x 2 4 - i n t i re , in f la t ion pressure 9 0 psi 
3 - Four coveroges," 1 5 , 8 7 5 - l b wheel l o a d , 18.00 x 2 4 - i n . ti re , inf lat ion pressure 50 psi 

06-in diam. x 4 . 5 - i n high mold. ' ' F o u r coverages require 8 p a s s e s of ro l le r . 

Figure $7. Comparison of laboratory compaction curves (dashed lines) and pneuma
t i c - t i r e d r o l l e r conpaction curves (solid lines) for a lean clay s o i l (LL=36, PI=l5) 

(87). 
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The roller curves in Figure 57 repre
sent only those for four coverages (8 
passes). The effect of increasing the 
number of coverages is shown in Figure 
41, which shows the roller compaction 
curves for three tire-inflation pressures 
and three sets of coverages. These re
sults are plotted on a much lai^er scale 
in Figure 58 to illustrate the difference 
in the lines of optimum for roller and 
laboratory compaction. Figure 58 shows 
that by control of roller compactive effort 
by varyii^ wheel load, tire-inflation pres
sure and number of coverages, roller dry 
unit weights from 99.6 to 108.5 percent of 
AASHO T 99 maximum unit weight (91.3 
to 99.4 percent of Modified AASHO) miaxi-
mum unit weight was attained. 

The roller compaction curves develop
ed their peak dry unit we^hts nearer 
saturation than did those compacted in the 
laboratory (Fig. 58). The difference 
between field and laboratory optimum is 
greatest for the lowest compactive ef
forts used. 

Another comparison (127) between 
roller and laboratory compaction has been 
shown in Figure 43 for other illustrative 
purposes. Here, it may be seen that for 
three types of soils in all instances the 
roller optimum moisture contents ex
ceeded those determined from laboratory 
tests. In both laboratory and field com
paction, the optimum moisture content 
decreased with increase in compactive 
effort. 

In Figure 43 the points of the individual 
maximum densities and optimum moisture 
contents are indicated by the figures be
side the field curves. It may be noted 
that the value 90 appears twice adjacent 
to each field curve. The two values of 
90 indicate two wheel loads, 11,200 and 22,400 lb each at 90-psi tire-inflation pres
sure. It may be seen that for these three soils, the maximum difference between the 
smallest and greatest roller densities were 10 pcf for the heavy clay, 8.3 pcf for the 
sandy clay and 3.3 pcf for the well-graded sand. The differences between extreme 
values in the two laboratory tests were 18.5, 16.3, and 6.8 pcf, respectively. 

FACTORS INFLUENCING PRODUCTIVE CAPACITY (OUTPUT) OF 
PNEUMATIC-TIRED ROLLERS 

The output of pneumatic-tired rollers is Influenced by the same factors that affect 
other types of rollers. They involve the compaction characteristics of the roller; that 
is, the wheel load and the tire pressure and the l i f t thickness that can be successfully 
compacted to the degree of compaction required with a nominal number of passes. 
They also include those operating characteristics of the roller which overlap somewhat 
with the compaction characteristics; namely, l i f t thickness and the manner in which 
it influences the number of passes required and whether or not these items permit 

Optimum IMoisture Content, percent of dry weight 

Figure 58. Influence of f i e l d and labora
tory compaction effort on optimum moisture 
content for a lean clay s o i l (IiL=36, PI= 
15). Field compaction effort by pneuma
ti c - t i r e d r o l l e r s having 50-, 90-, & 150-
psi inflation pressures each applying I4., 
8, & 16 coverages i n constructing f i l l s i n 
l i f t s of 6-in. compacted thickness. La
boratory compaction effort from 12, 26, & 
55 blows of 10-lb rammer, l8-in. drop, 5 
layers in mold ij . 5-in. high x 6-in. dia
meter, yielding efforts of 1 2 , 2 2 3 , 26,1̂ 83 
& 56,022 f t lb per cu f t , respectively. 
(Note: Two passes required for one cover

age.) (87) 
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Figure 59. Maximum output i n cubic yards of compacted s o i l per hour for lightweight 
pneumatic-tired r o l l e r s (having wheel loads of approximately 1,500-1,700 lb and i n f l a 
tion pressures of 35-50 p s i ) . Based on continuous operation, a 68-in. ro l l i n g width, 

and a ii - i n . contacted l i f t thickness. 

compactii^ to satisfy specification requirements botli as to uniformity and average dry 
unit weight. Other operating characteristics include rolling width and speed of travel. 
Operating conditions (including the moisture content of the soil) are also significant 
in determining output. 

Data on actual output of rollers on construction projects are not available for some 
of the newer models of towed-type heavy-duty rollers, nor on some of the self-pro
pelled models that have come into use recentiy. However, many lightweight two-axle, 
multiple-wheel rollers are in common use and actual records for them continue to be 
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useful. Actual cubic yards output for rollers of 60-in. rolling width, 1,500-U> wheel 
load, and 35-psi tire-inflation pressure on sample construction projects are given in 
Table 23. 

TABLE 23 
OUTPUT OF 9-WHEEL, 1,500-LB WHEEL LOAD, 35-PSI TIRE-INFLATION 

PRESSURE ROLLERS OF 60-IN. ROLLING WIDTH ON SILTY CLAY 
AND SANDY, SILTY CLAY SOILS ^ ) 

Average No. 
of Trips Average Average Volume 

Loose Ŝ eed of Roller Required AASHO FiU Compacted 
Lift to Obtain T99 Moisture in Cu Yd 

Thickness ^ecified OMC Content per 
State an.) fpm mph Unit Weight (%) (%) Hour 
Indiana 6 250 2.8 2.9 18.4 20.4 361 
Indiana 9 175 2.0 3.9 21.6 22.9 438 
Indiana 12 220 2.5 2.7 21.6 27.1 557 
Ohio 6 280 3,2 4.8 17,6 15.6 220 
Ohio 9 280 3.2 6.0 18.7 18.2 277 
Not stated whether measurement was based on excavation or compacted f i l l volume. 

The specification requirement has marked effect on the output of a roller. In Table 
23 the specifications in Indiana required compaction equivalent to 95 percent of AASHO 
T 99-38 maximum wet unit weight. Specifications for the Ohio project required com
paction to not less than 100 percent of AASHO T 99 maximum dry unit weight. 

In comparing outputs of a somewhat similar 13.44-ton, two-axle, 9-wheel pneu
matic-tired roller with a 2,987-lb wheel load with a tire-inflation pressure of 36 psi 
(56) it was found that the roller would compact 2,000, 670, and 200 cu yd per hour on 
a silty clay to 90, 95, and 100 percent, respectively, of standard maximum dry unit 
weight, while for a gravel-sand-clay, 100 percent relative compaction was unobtainable 
at any number of passes (on a 9-in. loose lift). 

Another listing of some interest is one given for Great Britain after a comprehensi\'e 
study of the operation of various sizes and weights of pneumatic-tired rollers (127). 
The output is based not on optimum moisture coptent for either the laboratory test or 
the roller but rather on rolling the high moisture content soils normally existing in 
Great Britain to an air content of not less than 10 percent. The rollers are of three 
general weight classes and are not unlike some rollers used in the United States. In 
all instances the natural C'in-situ") moisture contents are approximately similar to 
the optimum moisture contents for the British Standard 1377:1948 Test No. 9 (generally 
similar to AASHO T 99 Method C). Compaction to a minimum of 10 percent air voids 
at British Standard optimum would range from about 91 to 95 percent of maximum dry 
unit weight for the standard test. Thus compaction would be approximately equal to 
95 percent compaction, which is equivalent to minimum requirements for embankments 
by a number of states, some of which are in the cooler, wetter climes. The data on 
roller output for compaction to a minimum of 10 percent air voids at their existing 
moisture contents are given in Table 24. 

The proper adjustment between wheel load and tire-inflation pressure; the beneficial 
influence of operating at the proper moisture content; the adjustment of nuinber of pass
es to weight of equipment and soil moisture content; the use of the best combination of 
wheel load, tire-inflation pressure and l i f t thickness; as well as rolling at the most 
efficient speed have all been considered in the preceding text. 

Because the productivity of a roller is so greatty dependent on speed and the number 
of passes, it is convenient to prepare charts for the purpose of estimating output of 
rollers under known operating conditions. Figures 59, 60 and 61 are examples of 
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Figure 60. Ifeximum output i n cubic yards of compacted s o i l per hour for medium-weight 
pneumatic-tired r o l l e r s (having wheel loads of approximately 2,000-5,000 lb and i n f l a 
tion pressures of 50-75 p s i ) . Based on continuous operation, an 81i-in. rol l i n g width, 

and a 6-in. compacted l i f t thickness. 
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Figure 61. Maximum output i n cubic yards of compacted s o i l per hour for heavy-weight 
pneumatic-tired r o l l e r s (having wheel loads up to 25,000 lb and inflation pressures vp 
to 150 p s i ) . Based on continuous operation, a 120-in. rollin g width, and a 9-in. com

pacted l i f t thickness. 
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TABLE 24 
AVERAGE POSSIBLE OUTPUTS OF PNEUMATIC-TIRED ROLLERS USED 

IN BRITISH FULL-SCALE TESTS WHEN COMPACTING TO 10 
PERCENT AIR VOIDS (127) 

Thickness Oulput of 
Nominal Wheel Tire Width of Speed of Roller Number of Compacted 
Rating Load Inflation Compacted of Compacted Soil 

of Roller Pressure Strip Passes Layer per Hour 
(tons) ttb) (psi) an.) (fpm) (mph) an.) (cu yd/hr) 

13.44 2,985 36 82 200 2.27 4 5 260 
22.4 4,978 80 84 200 2.27 4 6 320 
50.4 11,200 90 93 200 2.27 4 7 420 
50.4 11,200 140 93 200 2.27 4 8 480 
50.4 22,400 90 93 200 2.27 4 9 720 
50.4 22,400 140 93 200 2.27 4 10 800 

charts prepared for given sizes and weights of rollers and nominal compacted thick
nesses of l i f t with which each may be associated. It should be kept in mind that the 
charts on output do not recognize soil type. Yet i t has been shown repeatedly that soil 
type, when coupled with moisture content has strong influence on the productivity of 
pneumatic-tired rollers. 



Full-Scale Field Tests With Vibratory Compactors 
WHEN A HEAVY OBJECT (for example, a metal ball) is dropped and strikes the 
ground, the earth absorbs the energy developed in the fall by a compression of the 
soil. A part of that compression remains in the form of a permanent depression due 
either to compaction or displacement of the soil, or both. Another part of the com
pression is an elastic deformation. Because of its elastic property, the soil seeks to 
restore its position in keepir^ with the new set of conditions. In doing this, it pushes 
the weight up some small distance and thus starts an oscillating movement that is 
termed vibration. Because there is no sustaining force, the vibrations cease quickly 
due to the damping action of the soil. In vibratory compaction a mechanical oscillator 
is employed to set up the vibrations in the soil mass. Here the oscillator furnishes a 
sustained dynamic force that causes some of the underlyir^ soil to respond by moving 
with the vibrator. The restoring force is the elasticity of the soil. 

Vibration is a complex phenomenon, in that a number of factors individually and 
collectively influence its nature. Some of these factors that determine the nature of 
vibratory compactors are, as follows: 

1. The frequency—that is, the number of revolutions per minute (usually referred 
to as cycles per minute (cpm) or cycles per second (cps)) of the oscillator. 

The amplitude (displacement) which is the distance through which the machine 
moves in one osciUation (usually refers to the vertical distance). 

3. The dynamic force, F, which is the energy from each impulse created by the 
centrifugal force of the oscillator (this force increases as the square of the frequency). 

4. The dead (static) weight, W, of the portion of the machine that vibrates. 
5. The relationship between the dynamic force, F, and the dead weight, W, ex

pressed as the force weight ratio F/W. 
6. The shape and size of the area of the vibrator contacting the soil. 
7. The stability of the machine. 
The foregoir^ items are inherent in the design of the vibratory compactor and de

termine the nature of the vibrations imparted to the soil. In addition, the operation 
of the machine in terms of speed of travel and thickness of lif t , and the type of soil 
and its initial unit weight and moisture content have large influence on the results ob
tained by vibratory compaction. 

Limited data on interrelationships between some of the foregoing factors insofar 
as they influence soil densification have been developed for experimental vibratory 
compactors for the soils used in the experiments (61, 60, 72, 78, 82, 106) and by 
theoretical studies (71). The reports on these researches should be consulted for de
tails of the relationships established. 

Of the characteristics of compactors stated previously perhaps none has received 
more study and discussion by researchers and ei^ineers than frequency. Every mass 
system, such as a vibrator-soil system, when allowed to vibrate freely has a tendency 
to do so at a certain definite frequency known as the "natural" frequency. When the 
frequency of forced vibrations (by the vibrator) approximately coincides with the "nat
ural" frequency of the system, the phenomenon known as "resonance" occurs (for prac
tical purposes the "natural" and "resonant" frequencies are synonymous). Inasmuch 
as the maximum dynamic displacements (amplitudes) occur at resonant frequency, some 
investigators (60, 78, 91) have anticipated that operation at resonant frequency would 
produce optimum compaction of the soil. (Some of the old automobiles that bounced 
severely on rough roads would bounce violently at certain speeds. This violent bounc
ing occurred at the resonant frequency of the spring-car system. When the bouncing 
was damped by adding shock absorbers the bouncing reduced markedly but the resonant 
frequency remained relatively unchanged.) This does not infer that compaction cannot 
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be accomplished at frequencies other than at resonance, because there are in current 
use commercially produced vibratory compactors of different types that operate at 
frequencies other than at resonance and yet produce a high degree of densification in 
the types of soils they were designed to compact. This is attested to by full-scale 
tests, the results of which are presented later. 

All soils, regardless of type, respond to vibrations induced by mechanical oscilla
tors. However, there are marked differences in the manner in which they respond 
and in the effect of their response in increasing soil unit weight. Cohesionless sands 
and sand-gravels respond differently both in manner and degree than do soils whose 
shear strengths are dependent mainly on cohesion. 

Loose granular soils that owe their strengths principally to interparticle friction, 
do not have equal contact pressures between particles. Hence when they are loaded 
they cannot develop equal friction between particles throughout the mass. Thus, when 
a load is applied, some particles adjoining pore spaces move into those spaces. This 
movement of the particles requires a sufficient force acting through the required dis
tance, and a sufficient time for movement to take place. If the load is suddenly re
leased there results a further readjustment of the positions of some of the soil grains. 
This "release" effect explains in part why repeated loadii^s result in increased unit 
weight. Vibration consists of alternate loading and releasing the load. Simply stated, 
adequate vibration meets those requirements of having sufficient force (dead weight 
plus dynamic force) acting through the required distance (amplitude) and giving suffi
cient time for movement of soil grains (frequency) to take place. 

In fine-grain cohesive soils it is necessary to break the bond holdii^ the particles 
together before they can be moved into a more dense state. This requires a compres
sive force of sufficient magnitude to cause shearing displacement and plastic flow un
der compression. The use of resonant frequency may be significant for certain cohe
sive soils. Resonant frequency may be markedly lower for cohesive soils when heavy 
equipment is used (60, 78). This is discussed later. 

After development of theory for compacting cohesive soils by vibration and evalu
ating the theory by constructing and testing a large vibrating base-plate-type compac
tor (13,200 lb in weight and having a 3- by 5-ft base plate), Converse (106) gave the 
following basic rules for compacting cohesive soils by vibration: 

1. The dead weight unit soil pressure should be adequate for the type of soil being 
compacted. Values of 6 to 12 psi appeared adequate for the sandy loam (LL = 25, PI 
= 4) and clay loam (LL = 39, PI = 21) soils tested, 

2. The frequency of the applied dynamic force should be such that the oscillator-
soil mass is in resonance. 

3. The dynamic force should be approximately equal to the dead weight of the oscil
lator. 

4. The moisture content should be on the wet side of optimum as determined by the 
Modified AASHO laboratory compaction test. Specific recommendations were not made 
for vibrating rollers. Data given later indicate characteristics of rollers that influ
ence the degree of compaction in cohesive soils. 

The preceding discussion is intended to state some of the characteristics of vibra
tory compaction. In doing so, it shows that there is no simple definition for vibration 
either in terms of its characteristics or how it effects compaction of different types of 
soils. In other words, there is no range of frequency, or amplitude or combinations 
of the two that define the limits of what constitutes vibratory compaction. Researchers 
have used frequencies ranging from over 5,000 to 300 cpm (83 to 5 cps), and ampli
tudes from a few thousandths to y4-in. or more. Dead weights used in successful vi
bratory compaction have ranged from about 3 psi for cohesionless soils to 12 psi or 
more for cohesive soils on plate-type compactors. The exact unit dead weights for 
vibratory rollers is not known but in studies reported here, unit weights have been up 
to 119 lb per inch of width of roll. 

Thus, frequencies have ranged from relatively high values for machines of the 
weight used to values so low that they approximate the frequency of some types of tam
pers. Some amplitudes have been sufficiently great to constitute a tamping action. 
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(Amplitudes bear some relation to the firmness of the soil as it compacts causing rela
tively high frequency vibrators to impart impact forces under certain conditions of 
compaction.) 

From the limited data available, and the limited studies of vibratory and impact 
compaction it is seen that simple definitions for the two phenomena cannot be given 
because the action within the soil ranges from rearrangement of sand particles by 
vertical and lateral movements under high frequency vibration to compression under 
a tamping action on cohesive soils. It should be borne in mind that as the falling met
al ball produced vibrations in the soil, a tamping action will also produce oscillating 
movements in the soil as it is being tamped. Thus there is a tamping action in vibra
tion at the lower frequencies and higher amplitudes, and a vibrating action associated 
with tamping—even in a single tamp. 

EARLY HISTORY OF VIBRATORY COMPACTION 
Vibration first became of concern to engineers in Europe in the design of founda

tions for engines and other heavy machinery usually of the type having reciprocating 
parts whose oscillating movements were transmitted by the foundations to the under
lying soil resulting in excessively large settlements. The first studies aimed toward 
solution of these problems were conducted in Europe (30) and were based largely on 
wave propagation velocities. Special machines were built to create continuous forced 
vibrations and transmit them to the soil. The results of these European investigations 
were published in 1933 and 1934. 

Among the first efforts in the United States in the use of vibration was in the devel
opment of vibratory equipment for the tamping of ballast (soil) under railroad ties (Fig. 
62). The earliest patent known to be issued for use as a soil compaction device was 
the Jackson patent No. 1, 329,049 issued January 27, 1920 on an application filed May 
23, 1919 (9, 12). A second patent No. 2,015,899 issued October 12, 1935 (12) was 
entitled "Tamping Machine." Modification of the original patents for various uses is 
disclosed in other Jackson patents, including Jackson's patent No. 1, 988,315 issued 
January 15, 1935 for compacting surfaces by high frequency vibration. Certainly the 
1920 patent was the forerunner of vibratory compactors and patent No. 2,015,899 did 
revolutionize the placement of mass material by vibration. 

In 1936 (16) limited data were presented comparing the effectiveness of the various 
methods then known for the compaction of cohesionless soils. These included (a) 
ponding; (b) washing (sluicing); (c) compaction by impact of heavy steel plates; (d) 
the Delmag "bull-frog" explosion-type tampers (500 and 1,000 kg (1,102 and 2,205 lb) 
sizes); (e) large mechanical-type tamping machine with four iy2-ton hammers; (f) a 
25-ton vibration machine; (g) rollers; (h) the FRANKI pile; and, (i) Rutteldruck, a 

Figure 62. An early model v i b r a t i n g base-plate-type compactor. The e a r l i e s t models 
were o r i g i n a l l y used in compacting s o i l under railroad ties (9, 12). 
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deep vibration process. (See Vibroflotation for a presently used method of deep vibra
tion of previous granular soils.) Degree of compaction was determined on the basis 
of relative density (RD) (see "Definitions"). Impact of heavy steel plates produced rel
ative densities up to 50 percent, the Delmag frog up to 50 percent, and vibration up to 
90 percent relative density. 

In the late 1930's and early 1940's engineers faced the problem of designing pave
ments that would adequately support heavy airplane wheel loads in the presence of vi
brations imposed by the aircraft. Thus the early technological studies concerned the 
bearing properties of soils under sustained vibrations by loads. Some of the early 
tests (30) reported in 1944 were of the form of "penetration" tests with vibrators at
tached to plungers up to 5 in. In diameter imposing loads on soils compacted into molds 
up to 15.5 in. in diameter. The tests showed that penetrations of vibrating plungers 
in sands were up to a maximum of 140 times greater than deformations produced by an 
equivalent static force (33). 

These early studies in the laboratory were followed by development of laboratory 
vibratory compactors and the use of and testing of vibratory compactors on field pro
jects, as well as by the extensive studies of vibration by Bernhard of Rutgers (61) and 
by Converse at the California Institute of Technology (60, 78). 

RANGE OF SOIL TYPES INCLUDED IN FULL-SCALE TESTS 
Although in the main, the vibrators were tested on granular soils non-plastic in na

ture, the tests did include a sufficient number of plastic soils to indicate the behavior 
of the compactors and the unit weights attained on soils of a plastic nature. The range 
of soils tested by vibratory compactors is indicated in Table 1. 

TYPES AND RATINGS OF VIBRATORY COMPACTORS USED IN TESTS 
Equipment employed in the tests included both the vibrating base plate (sometimes 

called "pan"-type compactors because of the characteristic shape of the base plate) 
and the vibrating roller types. Good representation was obtained in sizes among the 
base-plate-type compactors. The sizes ranged from small single-unit hand-operated 
machines weighing about 150 lb to the large tractor-mounted multiple-unit compactors 
weighing several tons. Although each unit was not tested under the wide range of soil 
types and conditions desirable, data were obtained in some instances that were indica
tive of their potentials and limitations as compactors. The weights, dimensions, fre
quencies and other characteristics of base plate compactors insofar as those data were 
available are given in Table 25. 

The rollers tested represented a moderately wide range in sizes, types and ratings 
of machines, like the plate-type compactors, ranging from small, lightweight (less 
than 500-lb weight) hand-propelled units to units weighing several tons. Weights, di
mensions, frequencies, and other pertinent data, insofar as those data were available 
are given in Table 26. However, like for the base-plate-type machines, few data 
were given on the available ranges of dynamic force for the rollers. Also, both roll
ers and base-plate-type compactors differ in the design of their oscillators, the num
ber, weight and placement of eccentric weights that determine the axes about which 

TABLE 19 
CHAHACTgHlgnCSOF BASE-PLATE-TYPE VIBRATORY COMPACTOBg TOED IN FULL-SCALE COMPACTION TESTS 
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TABLE 36 
CHARACTERISTICS OF VIBRATORY ROLLERS USED M F U L L - B C A L E COMPACTKM TESTS 

Personnel or RoUer Weiglita Speed Frequency or Ampl 
Ortauiuatlon Refer- DUmater erf R O U B Width ot RoUn Load in lb RolUng ol Rw^e of of 
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oscillation occurs, and the degree of movement that occurs if power is adequate. 
An examination of Table 25 shows that with few exceptions, there is a general uni

formity of frequency and contact pressure (dead we^ht). However, reports did not 
include data on amplitude and dynamic force. An examination of Table 26 shows wide 
differences in frequency and very few data on the dynamic force, amplitude and depth 
of lift best suited for each soil type. 

In designii^ a vibratory compactor, the oscillator may be designed to produce vi
brations that are essentially in the vertical direction. However, the numbers of weights 
employed and their positions on the eccentrics can be arranged to produce vibrations 
in several directions. It is the direction of these, their frequency and their amplitude 
that account for differences in degree to which certain vibratory compactors compact 
cohesionless soils, or soils that are low in cohesion. Data given in Tables 25 and 26 
do not include information on designs that may explain differences in the behavior of 
the compactor and in the results obtained. 

COMPACTION CHARACTERISTICS OF VIBRATORY COMPACTORS 
Data that are available concern pressures generated in the soil by vibratory com

pactors, dry unit weight and moisture content relationships, dry unit weight and num
ber of pass relationships, the effective depth of compaction, the influence of frequency, 
dead weight as an influencing factor, the effect of speed of travel, the application of 
vibration in the construction of macadam bases, pipe bedding and backfill, the pro
ductive capacity of vibratory compactors and comparison with laboratory impact test 
results. In addition, a brief explanation of a commercial method of deep compaction 
(vibroflotation) is included. 

PRESSURES GENERATED BY VIBRATING ROLLERS 
Bernhard (61), Whiff in (74) and Lewis (81) reported the results of tests to measure 

vibration pressures generated in the soil by vibratory rollers. Bernhard made pres
sure measurements at various depths in a well-graded cohesive gravelly sand (about 
75 percent between No's. 10 and 200 sieves) under a4-wheel pneumatic-tired com
pactor weighing 27,760 lb with an additional dynamic force of 20,000 lb at a frequency 
of 17. 5 cps (1,050 cpm). The soil had an AASHO T 99 maximum unit weight of 120 pcf 
at an optimum moisture content of 7 percent. Measurements of pressure were made 
separately at a moisture content of 7 percent under both static and dynamic compac
tion, at depths of 1, 2, and 3 f t . These data, taken from Figures 31, 32 and 35 of 
Bernhard's report (61) are given in Table 27. The ratio of peak pressures with vibra
tion to peak pressures with no vibration for the three depths given in Table 27 are 1.22, 
1.08, and 1.25. 

The reports of Whiffin (74) and Lewis (81) showed measured pressures in a silty 
clay (LL = 40, PI = 20 withT7, 49, and 34^rcent sand, silt and clay, respectively) 
having a moisture content of 16 percent and placed in a loose condition 20 in. in depth. 
The roller weighed 5,400 lb, had two rolls each 30 in. in diameter and 32 in. wide. 
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T A B L E 27 

SOIL PRESSURES D E V E L O P E D WITH AND WITHOUT VIBRATION B Y A 
T W O - W H E E L P N E U M A T I C - T I R E D R O L L E R WITH 6 ,940-LB W H E E L 
LOAD, 75-PSI T I R E - I N F L A T K ) N PRESSURE AND AN ADDITIONAL 

DYNAMIC F O R C E O F 20,000 L B AT 25 CPS (61) 

Depth 
of Without Vibration With Vibration 

Pressure Peak Pressure Maximum Dry Peak Pressure Maximum Dry 
Gauge in Soil Unit Weight in Soil Unit Weight 

(ft) (psi) of Soil (pet) (psi) of Soil (pcf) 
1 5.65 116.6 6.9 122.9 
2 3.70 111.7 4.0 116.6 
3 1.00 108.0 1.25 110.0 

Static p r e s s u r e s on f r o n t (v ib ra t ing ) r o l l and r e a r r o l l w e r e 68 and 100 l b p e r i n c h of 
w i d t h . T h e v i b r a t o r had a peak acce l e r a t i on of 14 G (14 t i m e s as g r ea t as the acce l e r 
a t ion due to g r a v i t y ) and a f r equency range of 8 0 - 9 1 cps (4 ,800 to 5,500 c p m ) . 

Tes t s to measure p r e s su re s developed w e r e made w i t h the r o l l e r t r a v e l i n g f o r w a r d 
as w e l l as b a c k w a r d and w i t h and wi thou t v i b r a t i o n of the f r o n t r o l l . A t y p i c a l p r e s s u r e 
r e c o r d i s shown i n F i g u r e 63. The r e a r n o n - v i b r a t i n g r o l l p roduced a p r e s s u r e d i a 
g r a m s i m i l a r to that p roduced by the f r o n t r o l l of an 8V^-ton r o l l e r . T h e r e a r e two 
p r e s s u r e cu rves f o r the v i b r a t i n g r o l l r ep re sen t ing the upper and l o w e r l i m i t s between 
w h i c h the p r e s s u r e o s c i l l a t e d w h i l e v i b r a t i n g , a l so t h e r e i s a t h i r d c u r v e p roduced by 
the f r o n t r o l l when not v i b r a t i n g . The r e l a t i v e p r e s s u r e s of the two r o l l s a r e those 
generated by the s ta t ic p r e s su re s of 68 and 100 l b p e r i nch w i d t h of f r o n t and r e a r 
r o l l s , r e s p e c t i v e l y . V i b r a t i o n a p p r o x i m a t e l y doubled the m a x i m u m p r e s s u r e of the 
f r o n t r o l l g i v i n g a peak p r e s s u r e of 136/100 of that generated by the r e a r r o l l . The 
un i t weights r e s u l t i n g a r e discussed l a t e r . 

D R Y U N I T W E I G H T VS M O I S T U R E C O N T E N T 

B a s e - P l a t e - T y p e Compac tors 

Inspec t ion of Tab le 25 shows that except f o r the tes ts on macadam-type roads i n 
Ohio (37) and Kentucky (75) e x p e r i m e n t a l data on the l a r g e m u l t i p l e - u n i t base-p la te -
type compac to r s of the type n o r m a l l y employed i n c o n s t r u c t i o n a r e l i m i t e d to those 
g iven by B e r n h a r d (61). Never the less , the data do inc lude r e s u l t s f r o m a wide range 
i n d imens ions of base p la tes , t h e i r contact un i t p r e s s u r e s and t h e i r f r e q u e n c i e s . 

A we l l -documen ted s e r i e s of tes ts a r e those p e r f o r m e d by the C i v i l Aeronau t i c s 
A d m i n i s t r a t i o n (61A) i n the cons t ruc t ion of e x p e r i m e n t a l base cour ses . Many of these 
w e r e cons t ruc ted by p l a c i n g the m a t e r i a l i n 6 - i n . loose l i f t s and compac t ing t h e m by 
the use of s m a l l s i n g l e - u n i t v i b r a t o r y c o m p a c t o r s hav ing g ros s weights of 150 to 370 
l b . However , some cons t ruc t i on l i f t s w e r e p laced i n 1 2 - i n loose depths . T h r e e types 

of m a t e r i a l s w e r e employed , a c rushed 
r o c k , a g r a v e l , and a sand. The g r a v e l , 
f o r w h i c h mos t of the data a re ava i l ab le , 
had about 90 percen t pass ing the % - i n . , 
70 pe rcen t pass ing the N o . 4, 55 percen t 
pass ing t he N o . 10, about 20 pe rcen t pass
i n g the N o . 40 and about 7 pe rcen t pass ing 
the N o . 200 s ieves . The grea tes t d r y un i t 
we igh t a t ta ined was 142 pcf at an o p t i m u m 
m o i s t u r e content of 6 .2 pe rcen t f o r the 
M o d i f i e d AASHO tes t and 135 pcf and 8 . 0 
pe rcen t , r e spec t i ve ly , f o r AASHO T 99. 
T h e g rea tes t v i b r a t e d u n i t we igh t was 142 
pcf at 6 to 8 percen t m o i s t u r e content—which 

1 1 L I I 1 1 ; 1 

v-HviiBium p r i i i u r i praductd | f -PrcMur i 
bf vibrating roll J produe«d by 

/ K \ ^ < ~ P r f H u r « produeid by roll / i \ 
«rhtn nalmbralinf / 1 \ 

\ ^ > - M i n i m u M pmtutt prodMUd / j \ 
^ by vibrating roll / i \ 

f < X , ^ 1 v _ 
Clilt«flin« of 1 
front rftll 

1 • 1 
Ctntarhna of rtar r o i l — J 

I I 1 1 1 1 

Dittonca Iron Cantarlin Diatonct rrem Ctnlarlina, faa 

Figure 63. Pressures produced at a depth 
of 8 i n . i n a s i l t y clay s o i l hy a 5,1*00-

Ib vibrating r o l l e r ( 8 l ) . 
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'was a t ta ined a f t e r two passes . U n i t weights i n the bo t t om ha l f of 1 2 - i n . loose l i f t s 
w e r e less than i n the upper ha l f . A r a t h e r comple te account of the capab i l i t y of a 
370- lb s i n g l e - u n i t v i b r a t i n g base-pla te compac to r i n compac t ing 135 4 - i n . l i f t s 
i s g iven i n the average values shown i n the c h a r t s i n F i g u r e 64. I t may be seen that 
i n ac tua l compac t ion w i t h a l i m i t e d number of passes the d r y un i t weight equal led o r 
exceeded AASHO T 99 i n mos t of the tes ts and i n the r e m a i n i n g s tayed w i t h i n a 2 - p c f 
l i m i t . M o i s t u r e contents , percent pass ing the No . 200, and f ineness modulus a t tes t 
to the l a c k of comple te u n i f o r m i t y of the m a t e r i a l . 

Tes ts w e r e p e r f o r m e d by B r i t i s h en
g inee r s (62) emp loy ing a s ing le s i ze v i 
b r a t o r , f i r s t on one s ize base p la te and 
then on another s i ze to d e t e r m i n e the e f 
f e c t of s ize of base p l a t e . Al though de
t a i l s r e g a r d i n g the s izes of pla tes and 
types and l i f t th icknesses of s o i l w e r e 
not g iven , the data shown i n F i g u r e 65 
i l l u s t r a t e gene ra l ly the m a r k e d e f f e c t of 
the d imens ions of the base p la te (and 
t h e r e f o r e a lso i t s contact un i t p r e s su re ) 
i n t h i s type of c o m p a c t o r . The v i b r a t o r 
r e s u l t e d i n a m a x i m u m un i t we igh t that 

Conpaclion Entrgy ( f t Ib /c f • Ory Unil WfligM (pcf) 

140 
Pi re tn l Posting No 200 Siow Moittura Conl inKpt rcont ) 

Conipoction Tima (sie/co f t ) 

Figure 6U. Vibratory compaction data from 
constioictlon of load-transmission test 
sections, CAA flexible pavement study 
from. 13$ U-ln. l i f t s . Coinactlon by 370-

lb Jackson compactor ( 6 l A ) . 

-1 1 1 
L i n e of sa tura t ion 
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plote, @ vibrator 
with large p la te , 
(D B r i t i s h st'd 

compaction test 

S % air voids 

8 10 
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Figure 65. Moisture content-dry unit 
weight relationships for a sandy s o i l ob
tained by operating a given vibrator sep
arately ulth two sizes of base plates 

(62 ) . 

f a r exceeded the va lue f o r the s tandard 
compac t ion tes t . 

The Road Research L a b o r a t o r y of 
Grea t B r i t a i n tes ted a t o t a l of f i v e (5) 
s izes of base-pla te v i b r a t o r y compac
t o r s ( 8 1 , 129) (Table 25) (see Tab le 1 
f o r InSex P r o p e r t i e s of Soi l s and F i g 
u r e 11 f o r g r a i n s i ze d i s t r i b u t i o n s of 
so i l s ) on f o u r types of s o i l s that d i f f e r e d 
w i d e l y i n c h a r a c t e r i s t i c s . F o r s i m p l i c i t y i n eva lua t ing the r e su l t s on the B r i t i s h 
tes ts the p r i n c i p a l data a r e g iven i n Table 28. Data on l a b o r a t o r y tes ts a r e also 
g iven i n Tab le 28 f o r l a t e r c o m p a r i s o n w i t h f i e l d r e s u l t s . 

E xa mina t i on of the data i n Tab le 28 shows that two of the compac to r s w e r e able 
to a t t a in un i t weights i n excess of 100 percent of s tandard m a x i m u m d r y un i t weight 
f o r the heavy c l ay s o i l . F i e l d o p t i m u m m o i s t u r e contents w e r e 3 to 9 percentage 
un i t s d r y of l a b o r a t o r y o p t i m u m f o r the s tandard tes t . Tes t s on a second cohesive 
s o i l , a sandy-c lay y i e l d e d un i t weights r ang ing f r o m 101.7 to 106.4 percent of B r i t 
i s h s tandard m a x i m u m un i t we igh t and 90 .5 to 9 2 . 1 percent of M o d i f i e d AASHO m a x 
i m u m un i t we igh t . (Sandy c l ays desc r ibed i n two separate r e p o r t s d i f f e r e d i n t h e i r 
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T A B L E 2 8 

H A X n l D H D R T D N I T W E I G H T S A N D O P T I M U M M O I S T U R E C O N T E N T S F R O M L A B O R A T O R Y C O M P A C T I O N T E S T S C O M P A R E D W I T H V A L U E S 
O B T A I N E D I N T E S T S W I T H S I N G L E - U N T r V I B R A T I N G B A S E - P L A T E - T Y P E C O M P A C T O R S ( 8 1 , 129) 

L a b o n t t o r y C o m p a c t i o n ^ 

B r i t . S t d . M o d . A A S H O I D a t e o » C o m w c t o r M i d I t s O p e r a t i o n , p i e l d C o n m a c t l o n 
. R e f e r - H u t . D r y M u . D r y G r o s s C o n t a c t S t a t i c N u m b e r L o o s e P r ? P n l t ffeSt 

S o U T S p e ence U n l t W t O M C U m t W t O M C W e i r f i t A r e a P r e s s u r e F r e a u e n c y . o f L i f t M a x . % o l B r i t . ' ' 7 . o l l t o d O I 
N u m b e r ( p c f ) ( % ) ( p e l ) ( % ) ()b) ( a a l n . ) ( p e l ) ( c p s ) fcpm) C o v e K u t e s . T h l c l n i e s s ( p c f ) S t d M a x . A A S H O M a x " 

H e a v y ^ y 129 99 24 116 16 1 ,480 6 6 0 2 2 2 0 1 ,200 16 9 o r 12 103 1 0 4 . 0 88 8 2 1 
H e a v y c l a y 129 99 24 116 16 1 ,570 570 2 . 7 5 25 1 , 5 0 0 16 9 o r 12 87 8 7 . 9 7 5 . 0 20 
H e a v y c l a y 8 1 9 7 26 113 17 4 , 4 8 0 1 ,700 2 . 6 1 7 . 5 1 , 0 5 0 16 9 98 1 0 1 . 0 86 7 17 
Sandy c l a y 8 1 115 14 128 11 4 , 4 8 0 1 ,700 2 . 6 1 7 . 5 1 ,050 16 9 117 101 7 9 1 . 4 15 
Sandy c l a y 129 109 16 126 12 1 ,480 6 6 0 2 . 2 2 0 1 ,200 16 9 o r 12 116 1 0 6 . 4 9 2 . 1 15 
Sandy c l a y 129 108 16 126 12 1 ,570 5 7 0 2 . 7 5 25 1 ,500 16 9 o r 12 114 1 0 4 . 6 9 0 5 16 
W e l l - g r a d e d s a n d 8 1 121 1 1 130 > 530 2 8 0 1 9 3 0 1 ,800 10 9 128 1 0 5 . 8 9 8 . 5 10 

8 W e l l - g r a d e d sand 129 1 2 1 1 1 130 9 1 ,480 6 6 0 2 . 2 2 0 1 ,200 16 9 o r 12 135 111 6 103 8 
10 

8 
W e l l - g r a d e d s a n d 129 121 1 1 130 9 1 ,570 570 2 . 7 5 25 1 ,500 16 9 o r 12 130 107 4 1 0 0 . 0 9 
W e U - g r a d e d s a n d 8 1 121 1 1 130 9 3 , 3 5 0 9 7 0 3 . 4 5 1 8 . 3 1 ,100 16 9 o r 12 129 106 6 9 9 . 2 9 
W e l l - g r a d e d s a n d 8 1 121 1 1 130 9 4 , 4 8 0 1 ,700 2 . 8 17 5 1 ,050 16 9 128 1 0 5 . 8 9 8 . 5 9 
G r a v e l - s a n d - c l a y 8 1 129 9 138 7 5 3 0 2 8 0 1.9 3 0 . 0 1 ,800 10 9 127 9 8 4 9 1 . 2 9 
G r a v e l - s a n d - c U y 129 129 9 138 7 1 ,460 6 6 0 2 . 2 2 0 . 0 1 ,200 16 9 o r 12 141 100 3 1 0 2 . 2 6 
G x a v e l - s a n d - c l a y 129 129 9 138 7 1 ,570 570 2 . 7 5 2 5 . 0 1 , 5 0 0 16 9 o r 12 137 1 0 6 . 2 9 9 . 2 7 
G r a v e l - s a n d - c l a y 8 1 129 9 138 7 3 , 3 5 0 9 7 0 3 . 4 5 1 8 . 3 1 ,100 16 9 o r 12 135 1 0 4 . 7 9 7 . 8 8 
G z a v e l - s a n d - c l a v 8 1 129 9 138 7 4 . 4 8 0 1 .700 2 6 1 7 . 5 1 .050 16 9 o r 12 137 1 0 6 . 2 9 9 . 2 7 
" B r i t i s h Standard liTIilShR c tmpac t lon Itest I s s l j n l l a r t o AAShO 159-57 Method C. 

index p r o p e r t i e s . The s o i l (81) had a L L = 27, P I = 8, w h i l e the sandy c lay 
(129) had a L L = 40 and a P I = 2 0 . ) F i e l d o p t i m u m m o i s t u r e contents w e r e 
equal to one percen t less than o p t i m u m f o r the s tandard tes t . These values 
a re somewhat s u r p r i s i n g i n v i e w of the p o p u l a r l y he ld op in ion that v i b r a t o r s of t h i s 
type cannot produce un i t weights of the o r d e r shown, even a f t e r a l a r g e number of 
coverages . 

The f i e l d r e s u l t s on the w e l l - g r a d e d sand and g r a v e l - s a n d - c l a y ( 8 1 , 129) w e r e w e l l 
i n excess of the values f r o m the s tandard tes t , the sand r ang ing f r o m 105. 8 to 1 1 1 . 6 
pe rcen t of s tandard m a x i m u m d r y un i t weight and 98. 5 to 103.8 percen t of M o d i f i e d 
AASHO m a x i m u m d r y un i t we igh t . F i e l d o p t i m u m s w e r e on the average, i d e n t i c a l w i t h 
o p t i m u m s f r o m the m o d i f i e d t es t . M a x i m u m d r y un i t weights f o r the g r a v e l - s a n d - c l a y 
ranged f r o m 9 8 . 4 to 109.3 percen t of s tandard un i t we igh t . F i e l d o p t i m u m s w e r e ap
p r o x i m a t e l y equal to o p t i m u m f o r the m o d i f i e d t es t . A d d i t i o n a l data on the c h a r a c t e r 
i s t i c s of so i l s compacted by base-pla te compac to r s f o l l o w under app rop r i a t e pa ragraphs . 

V i b r a t i n g R o l l e r s 

The r e su l t s of th ree types of r o l l i n g tes ts us ing v i b r a t o r y r o l l e r s a r e r e p o r t e d he re . 
These th ree types of tes ts cons i s t of (1) compac t ing macadams as r e p o r t e d by A l l e n 
and L i n z e l l (37); o r of (2) r o l l i n g s o i l s d r y o r at a m o i s t u r e content that may o r may 
not be near t h e i r l a b o r a t o r y o p t i m u m m o i s t u r e contents (57, 6 1 , 62, 80); o r (3) r o l l 
ing so i l s at a number of m o i s t u r e contents to develop s u f f i c i e n t data on m o i s t u r e con
t en t -u n i t weight r e l a t ionsh ips that the m a x i m u m r o l l e r un i t weights can be de t e rmined 
f r o m the r o l l e r - c o m p a c t i o n c u r v e i n a manner s i m i l a r to that employed i n ob ta in ing 
AASHO T 99 m a x i m u m d r y un i t weight f r o m the l a b o r a t o r y compac t ion c u r v e (81 , 104, 
129). 

Data f r o m each group of tes ts a re u s e f u l but data f r o m group (3) i s mos t u s e f u l be
cause i t es tabl ishes the l i m i t s a t ta inable by the r o l l e r w i t h i n the l i m i t s of the t es t . 
Data f r o m group (1) a re g iven l a t e r under "E f f ec t i venes s of V i b r a t i o n i n Cons t ruc t i ng 
Macadam B a s e s . " Data f r o m group (2) a re l i m i t e d . Tes ts f r o m A u s t r a l i a (51) show
ed that a v i b r a t o r y r o l l e r (data on r o l l e r not given) cou ld , i n 16 passes, compact a 
sand to 111 percen t of M o d i f i e d AASHO m a x i m u m d r y un i t we igh t , and, i n 64 passes 
cou ld compact a w e l l - g r a d e d c rushed r o c k to app rox ima te ly 99 percent of M o d i f i e d 
AASHO m a x i m u m un i t we igh t . A f o u r - w h e e l heavy (27 ,760- lb ) p n e u m a t i c - t i r e d r o l l e r 
(61) i n two passes produced a d r y un i t weight i n excess of 102 percen t of AASHO T 99 
m a x i m u m , to a depth i n excess of 36 i n . T i r e p r e s s u r e was 75 p s i and f r equency 1,050 
c p m . A s m a l l (450-lb) s e l f - p r o p e l l e d v i b r a t i n g r o l l e r produced a un i t weight of 108.9 
percent of B r i t i s h s tandard m a x i m u m (62). (Deta i l s on the so i l s and r o l l e r a r e not 
g i v e n . ) Swedish tes ts w i t h two types of r o l l e r s (80) y i e lded less than 100 percent r e l 
a t ive compac t ion i n 6 t r i p s on an 8 - i n . depth of compacted s o i l (loose l i f t i n i t i a l l y was 
about 30 i n . deep). 

The r e su l t s of type (3) tes ts i n Grea t B r i t a i n (81 , 129) and India (104) a re s u m m a r -
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MAXIMUM DRY UNIT WKIGHT8 MSD OPTDIDM MCXffTURE CONTENTS FROM LABORATORY COHPACTION TESTS COMPARED WITH VALUES 
OBTAINEO IN F K L D COMPACTION EXPERIMENTS WITH VIBRATING ROLLERS OF VARIOUS TTPES AND RATINGS (Bl, I M , 1 » } 

D.tE on Compactor and Ito Opeatlon 
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Figure 66, Roller compaction curves for 
three s o i l s when compacted i n 9-in, loose 
l i f t s by 32 passes of a two-wheel tandem 
ro l l e r with vibrating front r o l l . Roll 
pressures were 68 lb per in. on front 
r o l l and 100 lb per i n . on rear r o l l . To

t a l r o l l e r weight was S,kQO lb ( 8 l ) . 

i z e d i n Table 29. The data show that even 
a 480- lb hand-prope l l ed r o l l e r can a t t a in 
un i t weights i n excess of 100 percen t of the 
equivalent of AASHO T 99 m a x i m u m un i t 
we igh t on a sandy s o i l . The 760- lb r o l l e r 
f u r t h e r inc reased the un i t we igh t on e i t he r 
the sand o r the g r a v e l - s a n d - c l a y , but cou ld 
produce values of r e l a t i v e compac t ion no 
g r e a t e r than 92 .9 and 91 .7 percen t on the 
heavy c lay and sandy c lay s o i l s . The 5 ,400-
Ib r o l l e r can best be appra i sed i n t e r m s of 
the c o m p r e s s i o n on the v i b r a t o r y r o l l i nas 
much as i t i s a t w o - w h e e l tandem type . I t 
p roduced d r y un i t weights equivalent to 110 
percen t r e l a t i v e compac t ion (102 percen t 
of M o d i f i e d AASHO m a x i m u m ) . The r e s u l t s 
of r o l l i n g by the 5 ,400 - lb r o l l e r w i t h and 
wi thou t bene f i t of v i b r a t i o n a r e shown i n F i g 
u r e 66. D i f f e r e n c e s i n d r y un i t we igh t w i t h 
and wi thou t v i b r a t i o n a r e g r ea t e r f o r a 4 . 3 -
ton s i n g l e - d r u m towed- type r o l l e r , however , 
those data a r e not ava i l ab le f o r r e p r o d u c t i o n . 
(The r e s u l t s of a l l tes ts on the heavy (8 ,620-
Ib) r o l l e r a r e ava i l ab le f o r inspec t ion (110) 
but a r e not ava i lab le f o r r e p r o d u c t i o n u n t i l 
p u b l i c a t i o n . Only the m a x i m u m d r y u n i t 
weights and o p t i m u m m o i s t u r e contents p r e 
sented i n a paper at the 1960 mee t ing of the 
Highway Research B o a r d (129) a r e ava i lab le 
f o r r e p r o d u c t i o n . ) 

The r e su l t s of v i b r a t i o n s tudies i n Ind ia 
(104) w i t h a s i n g l e - d r u m s e l f - p r o p e l l e d v i 
b r a t i n g r o l l e r having a dead we igh t of 101 
l b p e r inch w i d t h of r o l l ranged between 95 
and 100 percent r e l a t i v e compac t ion ( B r i t i s h 
s tandard t e s t ) . I t i s r a t h e r unique to f i n d 
t h i s one set of data u n i f o r m l y l o w e r than 
values found i n o the r tes ts employ ing s i m i 
l a r l i f t th icknesses . The r e s u l t s a r e g iven 
i n Table 29. No explanat ion i s o f f e r e d f o r 
these l e s se r un i t weights on a l l u v i a l so i l s 
o the r than that i n some p rev ious tes ts w i t h 
r o l l e r s some evapora t ion o c c u r r e d . 
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D R Y U N I T W E I G H T VS N U M B E R O F PASSES 

F o r no o the r type of compac to r i s the number o f passes (and speed of t r a v e l ) m o r e 
s i g n i f i c a n t than f o r the v i b r a t o r y compac to r , f o r c o l l e c t i v e l y they d e t e r m i n e the n u m 
b e r of dynamic load appl ica t ions ava i lab le f o r a g iven p o i n t . T h i s i s t r u e f o r v i b r a t i n g 
base-p la te - type compac to r s as w e l l as r o l l e r s a l though the r e l a t i v e degree of s i g n i f i 
cance f o r the two types of r o l l e r s f o r d i f f e r e n t types of so i l s and depths i s unknown. 
T h e r e f o r e , any data presented h e r e i n by t h i s c o m m i t t e e that indica tes a c o m p a r i s o n of 
the degree of dens t f i ca t ion by the two types , r ega rd l e s s of number of passes, a re g iven 
s i m p l y as data f o r the r o l l e r s concerned on the s o i l s tes ted . 

The e f f ec t of number of passes d i f f e r s m a r k e d l y depending on the s ize and r a t i n g of 
the compac to r , and the s o i l type and i t s m o i s t u r e content as has been shown f o r the 
o the r types of compac to r s ( r o l l e r s ) . T h e r e f o r e these a re g iven here only as examples 
of data to i l l u s t r a t e the manner i n w h i c h the number of passes in f luence the d r y un i t 
we igh t . 

B a s e - P l a t e - T y p e Compac to r s 

Tes t s have been made on a non-cohesive " p l a s t e r " sand (5S) w i t h 99 pe rcen t pass
ing a No. 10, 35 percen t pass ing a No . 40, and 1 percent pass ing a No . 200 mesh 
s i eve . The " p l a s t e r " sand exh ib i ted the f o l l o w i n g l a b o r a t o r y d r y un i t weights 
i n pc f : loose d r y 9 3 . 6 , sa tura ted 9 8 . 2 , AASHO T 99 m a x i m u m 99 .6 , v i b r a t e d 
d r y ( syn t ron v i b r a t o r y table) 106 .3 , and v i b r a t e d sa tura ted 106.3 p c f . Data on 
the e f f ec t of i nc r ea s ing the number of passes f r o m one to f i v e a r e g iven i n 
Tab le 30. 

A d i f f e r e n c e i n m o i s t u r e contents f o r tes ts numbers 1 and 2 c o m p a r e d to those 
f o r tes ts 3 and 4 may have accounted f o r some d i f f e r e n c e s i n d r y un i t we igh t s . How
ever , because the l a b o r a t o r y v i b r a t e d un i t weights f o r d r y and sa tura ted condi t ions 
w e r e i den t i ca l i t i s be l i eved the r e s u l t s ind ica te the e f f e c t of numbers of passes . 

F o r a g iven l i f t th ickness , the s o i l type , i t s wa te r content and the nature of the 
compac to r in f luence the number of passes r e q u i r e d to compact to a g iven pe rcen t r e l 
a t ive compac t ion . The Swedish Road Ins t i tu t e (80) p e r f o r m e d tes ts on s o i l s f r o m two 
a i r f i e l d s ( B a r k a k r a and H a l m s j o ) to de t e rmine the in f luence of the number of passes 
on the d r y un i t we igh t of the s o i l s . T h r e e g r a n u l a r so i l s f r o m the B a r k a k r a A i r f i e l d 
w e r e tes ted . They cons is ted of a u n i f o r m l y graded sand, a g r a v e l and a c rushed g r a v e l 
( g r a in s i ze d i s t r i b u t i o n cu rves 4 , 5, and 6 i n F i g u r e 12) . Va lues of m a x i m u m d r y un i t 
we igh t and o p t i m u m m o i s t u r e content w e r e f o r the sand 106.7 pcf at 13 .5 percen t ; f o r 
the g r a v e l 129.8 pcf at 8 .5 percent ; and f o r the c rushed g r a v e l 135 .4 pcf at 7 .5 p e r 
cent , r e s p e c t i v e l y . The r e s u l t s of tes ts to de t e rmine the e f f e c t of number of t r i p s 
a r e shown i n F i g u r e 67. H e r e , i t may be seen that w i t h one except ion, a l l s o i l s w e r e 

T A B L E 30 

E F F E C T O F NUMBER O F PASSES ON DRY UNIT WEKIHT O F A FINE 
COHESIONLESS SAND WHEN COMPACTED BY A SINGLE-UNIT, 
S E L F - P R O P E L L E D VIBRATING B A S E - P L A T E COMPACTOR (55) 

Moisture Compacted 7o of AASHO 7o of Lab 
Test Content by Vibrator T 99 Max Vibrated 
No. (%) (pcf) (pcf) (pcf) Number of Passes 

1 4.6 104.1 107.8 97.9 1 pass, upper half of 
11-in, layer 

2 7.0 109.0 112.8 102.5 5 passes, upper half of 
11-In. layer 

5 passes, upper half of 
11-In. layer 

3 6.6 106.5 110.2 100.2 1 pass, lower half of 
11-in. layer 

4 15.3 110.0 113.9 103.5 5 passes, lower half of 
11-in. layer 

Note: Tests performed at normal speed for vibrator. 
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1 Grava l . wat«r contmt 9 9% 
2 Crushed grovel , woler content 8% 
3 Grovel, woter content 6 2 % 
4 Sond, water content II 9% 
5 Grovel, woter content 7 6% 

- U J L . 

Number of T r i p s 

Figure 67. Relationship between unit 
weight and number of trips of a single-
unit heavy pan-type vibratory compaotor 
for three types of s o i l (Swedish Barkakra 

Ai r f i e l d ) ( 80 ) . 

compacted to 100 pe rcen t r e l a t i v e c o m 
pac t ion o r m o r e a f t e r f i v e t r i p s , the 
sandy s o i l a t t a in ing f u l l compac t ion a f t e r 
two t r i p s . Coarse g r a v e l s r e q u i r e a 
g r a t e r number of passes than do f i n e 
g r a v e l l y sands and sands. The v i b r a t i n g 
base-pla te compac to r employed i n these 
tes ts had a g ros s weigh t of 2 ,204 l b , a 
contact a rea of 1 , 554 sq i n . and a f r e 
quency of 700 to 800 c p m . Speed of t r a 
v e l range was f r o m 15 to 132 f p m (0 .17 to 
1.5 mph) . C o m p a r i s o n of m o i s t u r e c o n 
tent data i n F i g u r e 67 shows that except 
f o r the sand and one tes t on the g r a v e l , 
the m o i s t u r e contents a t w h i c h compac
t i o n o c c u r r e d w e r e of the o r d e r of l a b o r 
a to ry o p t i m u m . 

A separate e ^ e r i m e n t was p e r f o r m e d 
us ing a s i m i l a r compac to r to d e t e r m i n e 
the mos t su i tab le l i f t th ickness f o r the 
base-pla te compac to r i n the compac t ion 
of a sand. Inasmuch as the u n i t we igh t 
observa t ions w e r e made a f t e r v a r i o u s 
numbers of passes and the m o i s t u r e c o n 
tent was near o p t i m u m , these data a r e of espec ia l i n t e r e s t i n tha t they ind ica te the e f 
f e c t of l i f t th ickness on u n i t we igh t when l i f t th ickness i s a v a r i a b l e . The r e s u l t s a r e 
shown i n F i g u r e 68. The sand i s i d e n t i f i e d by l i n e number 3 i n the g r a i n - s i z e d i s t r i 
bu t ion c h a r t i n F i g u r e 12 . 

Tes t s by the B r i t i s h Road Research L a b o r a t o r y ( 8 1 , 129) inc luded measurements 
of the e f f e c t of number of passes on d r y un i t we igh t icdTsoil by s i n g l e - u n i t base-pla te 
compac to r s r ang ing i n g ros s weigh t f r o m 530 to 4 ,480 l b , and i n contact a r e a f r o m 
280 to 1,700 sq i n . D e s c r i p t i o n s of these base-pla te compac to r s a r e g iven i n Tab le 
25. Resu l t s g i v i n g m a x i m u m f i e l d u n i t weights and o p t i m u m m o i s t u r e contents ( f o r 

the compac to r ) a r e c o m p a r e d w i t h l a b o r -
I , a t o r y values i n Tab le 28. Tes t s by the 

s i n g l e - u n i t compac to r s when c o m p a c t i i ^ 
the w e l l - g r a d e d sand showed that d r y un i t 
weights w e r e a t ta ined i n 3 to 4 passes that 
w e r e not inc reased subs tan t i a l ly by i n 
c r e a s i n g the number of passes to t en o r 
m o r e . E a r l y tes t s by the M i c h i g a n State 
Highway Depar tment (38A) showed that 
m a x i m u m dens i t ies i n excess of AASHO 
T 99 o r the M i c h i g a n cone method w e r e 
obta ined by the mos t e f f e c t i v e of the s m a l l 
v i b r a t o r y compac to r s tes ted . Thus , i n 
s u m m a r i z i n g , i t may be sa id that i n s o f a r 
as data a r e ava i l ab le , base-p la te v i b r a 
t o r y compac to r s a t t a in t h e i r m a x i m u m 
u n i t weights i n a r e l a t i v e l y s m a l l number 
of passes, depending on the th ickness of 
l i f t be ing compacted . 

V i b r a t i n g R o l l e r s 

V i b r a t i n g r o l l e r s have shown an a b i l i t y 
i n the a t ta inment of h igh values of d r y 
un i t weight that i n s o f a r as can be detected 
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Figure 68. Relation between l i f t thick
ness, unit weight and number of trips of 
a single-unit pan-type vibratory compac

tor ( 80 ) . 
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f r o m data ava i l ab le f r o m f u l l - s c a l e f i e l d tes ts does not d i f f e r f r o m that of the v i b r a t 
i n g base-p la te - type c o m p a c t o r . Data on the r e l a t i v e number of passes necessary to 
a t t a i n a g iven pe rcen t r e l a t i v e compac t ion a r e , however , i n s u f f i c i e n t f r o m w h i c h to 
f o r m conc lus ions . Some c o m p a r i s o n i s poss ib le f r o m tes ts p e r f o r m e d i n Sweden (80) 
and i n Grea t B r i t a i n . I n mos t instances i n these tes t s the base -p la te - type compac to r 
r e q u i r e d a s l i g h t l y l e s se r number of t r i p s to a t t a in a g iven pe rcen t r e l a t i v e compac
t i o n . T h i s i s i l l u s t r a t e d l a t e r under " C o m p a r i s o n of Resul ts f r o m D i f f e r e n t Types of 
V i b r a t o r y E q u i p m e n t . " 

U N I T W E I G H T VS D E P T H 

F o r no o the r compac to r s a r e such ext ravagant c l a i m s made conce rn ing the depth 
to w h i c h they w i l l compac t s o i l as they a r e f o r v i b r a t o r y c o m p a c t o r s . Some of these 
c l a i m s made by m a n u f a c t u r e r s conce rn the compac t ion of cohesionless sands to meet 
c e r t a i n r e q u i r e m e n t s of pe rcen t r e l a t i v e compac t ion , some t imes to depths of 4 f t o r 
m o r e . They inc lude both the base-pla te and r o l l e r types of c o m p a c t o r s . Somewhat 
s i m i l a r c l a i m s have been made by engineers who have cons t ruc t ed f u l l - s c a l e e x p e r i 
m e n t a l models of f i e l d compac to r s ( 6 1 , 60, 78, 82) . 

Adequate evidence that v i b r a t o r y compac to r s w i l l compact c e r t a i n non-cohesive 
s o i l s to g r e a t e r depths than o the r types of compac to r s i s found i n r e p o r t s on v i b r a t o r y 
compac t i on . M o d e r a t e l y w e l l - g r a d e d m e d i u m to f i n e cohesionless sands respond to 
compac t ion to depths up to 5 f t o r m o r e , depending on compac t ion r e q u i r e m e n t s , type 
and r a t i n g of compac to r , e tc . Compact ion to l e s s e r depths but depths tha t a r e i n ex
cess of those a t ta ined by s ta t ic r o l l i n g can be done w i t h r e l a t i v e l y l i gh twe igh t base
p la t e - type o r r o l l e r - t y p e c o m p a c t o r s . 

Tes t s w e r e made on a non-cohesive " b u i l d i n g " sand (55) by a s m a l l s i n g l e - u n i t base
p la te c o m p a c t o r . The sand contained the f o l l o w i n g percen ts pass ing the g iven s ieve 
number s : N o . 4 -97 , No . 10-85, No . 100-26 and N o . 200-1 pe rcen t . Values of p e r 
cent r e l a t i v e compac t ion of 112 f o r the 0 - 5 - i n . depth, 109 f o r the 8y2-13-in. depth, 
and 100.8 pe rcen t of AASHO T 99 m a x i m u m f o r the 14- to 20- i n . depth a t tes t to the 
a b i l i t y of the l i gh twe igh t compac to r to compact to a v e r s e h igh un i t weights to sub
s t a n t i a l depths . The f o r e g o i n g values a re f o r m o i s t u r e contents r ang ing f r o m 5.0 to 
6 . 8 . I t should be r e c a l l e d that f o r f i n e - g r a i n e d s o i l s the e f f ec t x}f m o i s t u r e content 

T A B L E 31 

D A T A O N COMPACTORS USED I N TESTS B Y B E R N H A R D (61) 

Type of Compac to r 

T r a v e l 
Speed 

(fps) 

Contact 
A r e a 
(sq i n . ) 

Gross Dynamic F o r c e 
Weight a t a Given Speed 

(lb) ( lb at cps) 

Compac to r A , s i n g l e - u n i t base-pla te type 
Compac to r B , m u l t i p l e - u n i t base-pla te type 
Compac to r C, 4 -whee l pneumat ic 
(12:00 X 20 X 14 -p ly t i r e s a t 75 ps i ) 

0 .3 
0 .5 

1,440 
3063-

3,300 4 ,000 at 25 
8 ,000 5,700 at 40 

27 ,760b 20 ,000 at 17 .5 
12,500C 

^ A r e a of each i n d i v i d u a l "shoe" o r " p a d . " 
' ' F u l l y loaded. 
'^Empty. 

can mask the e f f e c t of depth as was shown i n Tab le 30 w h i c h presen ted data f o r a 
" p l a s t e r " sand compacted by the i d e n t i c a l v i b r a t o r p roduc ing the r e s u l t s de sc r ibed 
h e r e . 

B e r n h a r d (61) p e r f o r m e d tes ts on a cohesive (cohesion = 6 ps i ) s i l t y sand having a-
bout 10 pe rcen t g r a v e l ( % - i n . max s ize) and about 10 percen t f i n e s (passing the No . 
200 s i eve) . The na ture of the v i b r a t o r s a r e ind ica ted i n Tables 25 and 26. However , 
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Relativs Compaction, parcant of AASHO T 9 9 maximum unit waighr 

85 90 9 5 100 105 

C Number of 

flgiire 69. Static and vibratory compac
tion of a cohesive s i l t - g r a v e l sand vs 
depth for various compactors at a s o i l 

moisture content of 7 percent ( 6 l ) . 

the data a r e assembled f o r g r ea t e r c o n 
venience i n Tab le 3 1 . The r e s u l t s of the 
tes ts at a s ta ted number of runs a r e 
shown i n F i g u r e 69 i n p lo t s of d r y un i t 
we igh t and pe rcen t r e l a t i v e compac t ion 
vs depth. I t may be seen that even f o r 
t h i s s l i g h t l y cohesive s o i l bo th the base
pla te type and the heavy p n e u m a t i c - t i r e d 
r o l l e r p roduced va lues of r e l a t i v e c o m 
pac t ion at 2 - f t depths equal to a p p r o x i 
ma te ly 100 percen t of AASHO T 99 m a x 
i m u m un i t we igh t o r g r e a t e r . Values at 
the 1 - f t depth w e r e subs tan t ia l ly g r ea t e r 
than AASHO T 99 m a x i m u m . 

Converse (60) e m p l o y i n g a towed- type 
e x p e r i m e n t a l base -p la te - type compac to r 
w i t h a contact a rea of 2 ,160 sq i n . ; dead 
loads of 9 ,200 and 13,200 l b ; and o p e r 
a t ing f r e q u e n c i e s of 13.8 to 18 cps; an average speed of 0 .6 to 1.25 f p s p roduced 
values of r e l a t i v e compac t ion of at l eas t 95 pe rcen t of M o d i f i e d AASHO f o r depths of 
1 to 1.5 f t and values of 93 to 96 pe rcen t f o r depths of 2 to 5 f t . E f f e c t i v e depth of 
compac t ion i n g r a n u l a r s o i l s was two to t h r ee t i m e s the w i d t h of the p la te but f o r c o 
hesive s o i l s was l i m i t e d to the w i d t h of the p l a t e . 

The Swedish Road Ins t i tu t e (80) o b s e i r e d the depth of compac t ion by t h r ee types of 
v i b r a t o r y c o m p a c t o r s on t h r e e types of s o i l : m o r a i n i c s o i l con ta in ing a h i g h p r o p o r 
t i o n of f i n e s , a mo s o i l cons i s t i ng es sen t i a l ly of sand and s i l t , and a w e l l - g r a d e d sand. 

The depth vs d r y un i t we igh t f o r these 
t h r ee s o i l s compacted by a 3 . 3 - t o n towed-
type v i b r a t o r y r o l l e r , and when compac ted 
by a 2 , 2 0 4 - l b s i n g l e - u n i t base-pla te v i b r a 
t o r y compac to r (Table 25) , a r e shown i n 
F i g u r e 70 except that f o r the m o r a i n e s o i l 
data a r e shown only f o r the r o l l e r . (Note 
the base-p la te type y i e l d e d the g rea tes t 
d r y un i t w e i g h t s . Weights f o r the t owed-
type and 3-whee l tandem r o l l e r w i t h cen
t e r v i b r a t i n g r o l l y i e l d e d a l m o s t s i m i l a r 
r e s u l t s . ) F i g u r e 70B shows d r y un i t 
we igh t expressed i n pe rcen t of M o d i f i e d 
AASHO m a x i m u m d r y un i t we igh t v s depth 
expressed i n c e n t i m e t e r s (on l e f t - h a n d 
scale) and inches (on r i g h t - h a n d sca le ) . 
B o t h the m o r a i n e and m o s o i l s f a i l e d t o 
a t t a in 90 pe rcen t r e l a t i v e compac t ion i n 
the f e w t r i p s o v e r the v e r y t h i c k ( i n i t i a l l y 
up to 3 0 - i n . loose depth) l i f t s employed 
i n these t e s t s . However , the sand c o m 
pacted by the v i b r a t i n g r o l l e r averages 
a p p r o x i m a t e l y 90 percen t of M o d i f i e d 
AASHO m a x i m u m d r y un i t we igh t f o r a l 
mos t the 5 - f t depth shown. The average 
va lue f o r the 5 - f t depth f o r the base-p la te 
compac to r i s w e l l i n excess of the 90 p e r 
cent va lue some t imes employed i n e m 
bankment s p e c i f i c a t i o n s . The a f o r e m e n 
t ioned data es tab l i sh the f a c t that f o r g r a n 
u l a r s o i l s hav ing l i t t l e o r no cohes ion, a 
v i b r a t o r y compac to r of adequate weigh t 

1 2 3 4 5 6 

Number of T r i p s 

0 W e l l - g r a d e d s a n d S e l f - p r o p e l l e d s ingle un i t b a s e - p l a t e c o m p a c f o r 

® W e l l - g r a d e d s a n d S ing le d r u m , t o w e d - t y p e v i b r a t i n g r o l l e r 

O Mo s o i l S e l f - p r o p e l l e d s ingle unit base plote compactor 
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P e r c e n t of Modi f i ed A A S H O Maximum Dry Unit Wcigtit 

Figure 70. 
weight and 

Relationships between unit 
number of trips and depth of 

compaction for two types of compactors on 
two types of s o i l (80) . 
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and having the p r o p e r des ign c h a r a c t e r i s t i c s can a t t a i n h igh average d r y un i t weights 
to depths f a r g r e a t e r than f o r m e r l y a t t a inab le . 

I t may be noted f r o m F i g u r e 70B that the less cohesive the s o i l , the m o r e nea r ly 
v e r t i c a l i s the un i t we igh t g rad ien t . The m o r e c layey the s o i l the f l a t t e r the g rad ien t . 
V i b r a t i o n compac t ion data i n the p rocess of being publ i shed w i l l show v e r y f l a t un i t 
we igh t VS depth grad ien ts f o r h igh ly cohesive s o i l s . I n o ther w o r d s , they w i l l not 
d i f f e r m a t e r i a l l y f r o m those shown f o r o the r types of compac t ion equipment . 

L A T E R A L C O M P A C T I O N 

L a r g e s ize (3- by 4 - f t + ) base-p la te - type compac to r s in f luenced the un i t weight of 
sands l a t e r a l l y as w e l l as v e r t i c a l l y . In an expe r imen t (60) whe re the v i b r a t o r d i d 
not move l a t e r a l l y f o r 20 sec, between depths of 2 and 4 f t and at a d is tance 3 f t f r o m 
the v i b r a t o r c en t e r l i ne , d r y un i t weights inc reased 2 to 5 percentage uni t s i n one tes t 
and 2 percentage uni t s i n another t es t . 

D R Y U N I T W E I G H T VS F R E Q U E N C Y 

The n a t u r a l f r equency at w h i c h a g iven m a t e r i a l v i b r a t e s f r e e l y i s dependent on i t s 
c o m p o s i t i o n , s t r u c t u r e , and d r y un i t we igh t . When v i b r a t i o n s a re i m p r e s s e d on d i f 
f e r e n t m a t e r i a l s , the n a t u r a l f r equency becomes one c h a r a c t e r i s t i c of the v i b r a t o r -
s o i l sy s t em and d i f f e r s w i t h d i f f e r e n c e s i n the v i b r a t o r as w e l l as the c h a r a c t e r i s t i c s 
of the s o i l . Few data a r e ava i lab le to i l l u s t r a t e the d i r e c t e f f ec t of un i t we igh t . A 
G e r m a n source (30) showed that a c e r t a i n v i b r a t o r we igh ing 5,950 l b on a loaded a rea 
of 9.3 sq f t (1,335~sq i n . ) was used i n a spec ia l s tudy . The na tu r a l f r equenc i e s of 
t h i s v i b r a t o r p lus s o i l was found to range f r o m 760 c p m f o r peat to 2 ,040 c p m f o r 
sandstone. Some of the values obtained a r e g iven i n Table 32 . 

T A B L E 32 

N A T U R A L FREQUENCIES O F V I B R A T O R - S O I L SYSTEMS W H E N V I B R A T E D 
B Y A N E A R L Y G E R M A N - T Y P E V I B R A T O R (30) 

N a t u r a l Frequency 
Nature of So i l o r Rock cps c p m 

Six f ee t of peat o v e r l y i n g sand 12 .5 750 
Six f ee t o l d f i l l of sand w i t h remnants of peat 1 9 . 1 1,145 
G r a v e l l y sand w i t h c lay lenses 19 .4 1,165 
O l d t r a f f i c compacted s lag f i l l 21 .3 1,280 
L i a s c l a y , m o i s t 23 .8 1,430 
V e r y u n i f o r m m e d i u m sand 2 4 . 1 1,445 
U n i f o r m coarse sand 26 .2 1,570 
Qui te d r y t e r t i a r y c lay 27 .5 1,650 
L i m e s t o n e , und i s tu rbed r o c k 30 .0 1,800 
Sandstone, und i s tu rbed r o c k 3 4 . 0 2 ,040 

Tes ts w i t h a 1 .8- ton s i n g l e - d r u m s e l f - p r o p e l l e d v i b r a t i n g r o l l e r (104) showed a 
s m a l l but consis tent r e l a t i onsh ip between d r y un i t weight and f r equency that i s i l l u s 
t r a t e d f o r a sandy s o i l and a c layey s o i l by the two p lo t s i n F i g u r e 7 1 . The m a x i m u m 
d r y un i t weight of the sandy s o i l ( L L = 26, P I = 6) o c c u r r e d at a f r equency of 3,000 
c p m , w h i l e the c layey s o i l ( L L = 3 1 , P I = 13) exh ib i ted a m i n i m u m uni t we igh t at a-
bout 2, 600 c p m and inc reased w i t h increase i n f r equency w i t h i n the range of the t es t . 
In an unpublished r e p o r t (110) a l l s o i l types showed some r e l a t i onsh ip w i t h f r equency 
but the e f f ec t ranged f r o m about 1 pcf f o r a heavy c lay to about 7 pcf f o r a g r a v e l - s a n d -
c l a y . 

The C a l i f o r n i a Ins t i tu te of Technology i n t h e i r r e p o r t s of compac t ion s tudies of 
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Sandy so i l 

C l a y e y s o i l 

Z 5 0 0 2 7 0 0 2 9 0 0 

F r e q u e n c y , cyc le s per minute 

sands (60) and of cohesive s o i l s (78, 82) 
p laced emphasis on the f a c t that "Since 
the m a x i m u m dynamic d isp lacements 
occur at resonant f r equency i t was an
t i c ipa t ed that opera t ions at t h i s f r e q u e n 
cy w o u l d produce o p t i m u m compac t ion 
of the s o i l " (60) . 

In s u m m a r i z i n g the in f luence of f r e 
quency on d r y un i t we igh t , the l i m i t e d 
data ava i l ab le ind ica te that both the a m 
pl i tude and f r equency s t rong ly in f luence 
the degree of compac t ion and that the 
magnitude of each i n d i v i d u a l va lue i s re
la ted to s o i l type (shape and s ize of the 
p a r t i c l e s to be moved) as w e l l as to 
m o i s t u r e content . F o r a s ing le compac
t o r , the f r equency may have a m a r k e d 
in f luence on the number of passes ne
cessa ry to produce a g iven percen t r e l a 
t i v e compac t ion . D r y un i t we igh t o f t e n 
increases w i t h increase i n f r equency to 
a m a x i m u m that may o r may not be the 

resonant f r e q u e n c y . I t depends on the nature of the v i b r a t o r and the type and state of 
the s o i l . 

Even though the in f luence of f r equency may be s m a l l f o r some v i b r a t o r - s o i l c o m b i 
nat ions, i t i s of s u f f i c i e n t magni tude f o r some v i b r a t o r - s o i l combina t ions to make i t 
w o r t h w h i l e ad jus t ing the f r equency where p r a c t i c a b l e , p r o v i d e d the s o i l has s u f f i c i e n t 
u n i f o r m i t y . The au thors see no reason why v i b r a t o r y c o m p a c t o r s , powered f o r v a r i 

able speed, cannot come equipped w i t h 
i n d i c a t o r s to ind ica te f r e q u e n c y . 

Figure 71. Relation between unit weight 
and frequency of a 1.8-ton single drum 
self-propelled vibrating r o l l e r after 6k 
passes on 9-in. loose l i f t s for a sandy 
s o i l (LL = 26, PI = 6) and a clayey s o i l 

(LL = 31, PI = 13) (10k). 
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Figure 72. Relationship between r o l l e r 
maximum unit weight and weight per inch 
width of vibrating r o l l for four vibra
tory r o l l e r s compacting different types 
of s o i l i n 9-in. loose l i f t s , except for 
heaviest r o l l e r which compacted s o i l s i n 

13-in. loose l i f t s (81, 129.) 

D R Y U N I T W E I G H T VS D Y N A M I C 
F O R C E , D E A D W E I G H T A N D F O R C E / 

W E I G H T R A T I O 

Even i n e x p e r i m e n t a l s tudies designed 
to evaluate these separate e f f ec t s (60, 78, 
82) these p a r a m e t e r s w e r e so i n t e r r e l a t e d 
that i t was not poss ib le to evaluate t h e i r 
separate in f luences c o m p l e t e l y . Al though 
some m a n u f a c t u r e r s p r o v i d e data on d y 
namic f o r c e , the r e p o r t s of f u l l - s c a l e 
tes ts on c o m m e r c i a l l y manufac tu red v i 
b r a t o r s d i d not p r o v i d e data on dynamic 
f o r c e s , hence i t was not poss ib le to de
t e r m i n e the e f fec t iveness of these f o r c e s 
i n p roduc ing un i t we igh t . Some r e p o r t s 
produced compac t ion data on r o l l e r s w i t h 
and wi thou t bene f i t of ope ra t ing the v i b r a t 
i n g m e c h a n i s m . These data have been 
shown i n F i g u r e s 66 and 69. E a r t h p r e s 
su re data due to dynamic f o r c e s have been 
shown i n F i g u r e 63. 

D r y U n i t Weigh t V s Dead Weight 

Al though the dynamic f o r c e of mos t of 
the v i b r a t o r s employed i n the tes ts was 
not known, the dead weights of the v i b r a t -
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Figure 73. Relationship between r o l l e r 
maximum unit weight and weight per inch 
width of vibrating r o l l for four vibra
tory r o l l e r s compacting different types 
of s o i l i n 9-in. loose l i f t s , except for 
heaviest r o l l e r which contacted s o i l s i n 

13-in. loose l i f t s (81, 129). 

i n g r o l l e r s ( in t e r m s of l b pe r i nch w i d t h 
of r o l l ) that w e r e v i b r a t e d (81 , 129) bo re 
a d i s t i n c t r e l a t i o n s h i p to the r o l l e r - p r o 
duced m a x i m u m d r y un i t we igh t . T h i s i s 
shown i n F i g u r e 72 i n w h i c h the r o l l e r 
m a x i m u m un i t weight i s expressed i n 
t e r m s of pe rcen t of B r i t i s h Standard m a x 
i m u m d r y un i t we igh t . I t should be noted 
that t he re i s a d i s t i n c t g roup ing of the 
data f r o m the c layey s o i l s c o m p a r e d to 
that f r o m the g r a n u l a r s o i l s . T h i s g r o u p 
ing becomes even m o r e apparent and f u r 
t h e r separates the two gene ra l types of 
so i l s when data a re expressed i n t e r m s of 
percent of M o d i f i e d AASHO m a x i m u m as 
shown on F i g u r e 73. I t i s of i n t e r e s t to 
note that the v i b r a t o r y r o l l e r m a x i m u m 
d r y un i t we igh t v s weight p e r i n c h w i d t h 
of r o l l d i sp layed no tendency to " l e v e l o f f " 
a t the h ighe r values of s ta t ic we igh t . 

P lo t s of s ta t ic weight p e r square inch 
V S m a x i m u m compac to r d r y un i t we igh t 
expressed as pe rcen t r e l a t i v e compac t ion 
f o r f o u r base-p la te - type compac to r s op
e r a t i n g on two types of s o i l s a r e shown 
i n F i g u r e 74. The s i gn i f i c ance of the r e 
l a t ionsh ips ind ica ted i n these p lo t s i n F i g 
u r e 74 a r e not f u l l y unders tood because 
of known d i f f e r e n c e s i n s izes of contact 

a rea , and f r equency and unknown d i f f e r e n c e s i n magni tude of d i sp lacement ( ampl i tude ) . 

D R Y U N I T W E I G H T VS SPEED OF T R A V E L O F V I B R A T O R Y COMPACTORS 

F o r no o the r compac to r i s speed of t r a v e l as s i g n i f i c a n t as f o r a v i b r a t o r y compac
t o r because i t s number of v i b r a t i o n s p e r minute a re not t i e d to i t s f o r w a r d speed. 
Thus the f o r w a r d speed de t e rmines the number of appl ica t ions of dynamic f o r c e to a 
g iven po in t ye t the l i t e r a t u r e contains f e w data to ind ica te the e f f e c t of speed. E x a m 
ples can se rve to indica te the e f f e c t . F o r a s m a l l s i n g l e - u n i t base-pla te compac to r , 
one l e v e l i n g pass p lus one pass at 2 f p m produced a d r y un i t we igh t of 103.8 pcf (107. 5 
pe rcen t r e l a t i v e compact ion) w h i l e one l e v e l i n g pass p lus one pass at 12 f p m produced 
a d r y un i t we igh t of 1 0 1 . 1 pcf (104.7 percen t r e l a t i v e compac t ion) . I n another s i m i l a r 
tes t one pass at 2 f p m gave a d r y un i t weight of 106.2 pcf w h i l e one pass at 6 f p m gave 
1 0 0 . 1 p c f . On another p r o j e c t whe re a 
v i b r a t o r y r o l l e r was employed tes ts w e r e 
made to d e t e r m i n e d r y un i t weights ob 
ta ined at speeds of about 25 and about 
200 f p m . A f t e r 8 passes, the g r ea t e r 
speed r e s u l t e d i n a d r y un i t we igh t of a-
bout 126 pcf w h i l e the 25 f p m speed r e 
su l ted i n a un i t we igh t of 135 p c f . A d d i 
t i o n a l passes at each speed inc reased 
the un i t weights obta ined. However , a f 
t e r 16 passes the d i f f e r e n c e between the 
un i t weights f o r the two speeds was con
s i d e r a b l y l e s s . G e n e r a l l y , the s l o w e r 
the speed of t r a v e l , the m o r e v i b r a t i o n s 
at a g iven po in t , and the l e s se r the n u m 
ber of passes r e q u i r e d to a t t a in a g iven 

Well-grodad sand 

Unit OMd Weight of Compoctor, psi 

Figure Ik. Relationship between unit 
dead weight and maximum dry unit weight 
for four single-unit pan-type vibratory 
compactors in compacting two non-plastic 
granular s o i l s by 16 passes i n 9-ln. or 

12-ln. loose l i f t s (81, 129). 
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d r y l i n i t we igh t and the g r ea t e r the un i t we igh t f o r a g iven number of passes . 

E F F E C T I V E N E S S O F V I B R A T I O N I N CONSTRUCTING M A C A D A M BASES 

Severa l tes ts have been made to de t e rmine the e f fec t iveness of v i b r a t o r y compac
t o r s i n the c o n s t r u c t i o n of macadam bases. One r e p o r t (37) desc r ibes the p e r f o r m 
ance of both a base-p la te - type compac to r and a v i b r a t i n g r o l l e r . Aggregates con
s i s t ed of 3y2- t o iy2-in. coarse m a t e r i a l and % i n . to No . 100 sc reen ings . 

Tes t s W i t h the V i b r a t i n g R o l l e r 

The r o l l e r , then an e x p e r i m e n t a l mode l be ing tes ted by a m a n u f a c t u r e r cons is ted 
of a t h r e e - w h e e l t andem type , the i n t e rmed ia t e r o l l be ing a v i b r a t i n g r o l l e r . Gros s 
weight was 15,430 l b . Ba l l a s t ed weight was 17,650 l b . The weigh t of the cen te r v i 
b r a t i n g r o l l a s sembly was 2 ,000 l b , the r o l l be ing 32 .3 i n . i n d i ame te r and 3 9 . 4 i n . 
w i d e . Frequency was 3 ,000 c p m . The r e p o r t s tates tha t the weigh t of the v i b r a t i n g 
r o l l , when locked i n p lace , was 129 l b p e r i nch of w i d t h . 

Crushed l imes tone coarse aggregate was sp read i n l i f t s of 4 to 6 i n . (one 8 - i n . 
l i f t was used) to t o t a l depths of 10 i n . D r y sc reen ings at 15 l b p e r sq y d (psy) v a n 
ished a f t e r one pass of the r o l l e r . Up to 1 /^ - in . depth of sc reenings cou ld be v i b r a t e d 
in to a 4 - i n . l i f t of coa rse aggregate i n two passes . Th ree passes w e r e r e q u i r e d to 
v i b r a t e screenings in to a 1 0 - i n . depth of coarse aggregate . T h e r e was some ques t ion 
i f the v i b r a t o r was as e f f e c t i v e i n key ing the coarse aggregate as was a 3 -whee l - type 
r o l l e r having a c o m p r e s s i o n of at leas t 350 l b p e r i n . of w i d t h of d r i v e r o l l . 

Tes t s W i t h M u l t i p l e - U n i t V i b r a t i t ^ Base-P la te -Type Compac to r 

Tes t s s i m i l a r to the a fo remen t ioned (37) w e r e made on s lag coarse aggregate i n an 
8 - i n . macadam l a i d i n two cour ses . K e y i n g was w i t h a 10- ton 3-whee l r o l l e r . The 
m u l t i p l e - u n i t v i b r a t o r y compac to r weighed 6,400 l b and had 6 " shoes , " each 20 x 25 
i n . , each we igh ing 180 l b . Frequency was 2 ,800 c p m and ampl i tude 0.08 i n . 

A f t e r p l ac ing the l a y e r of coarse aggregate, o n e - t h i r d of the screenings r e q u i r e d 
w e r e sp read and v i b r a t e d in to place w i t h one pass of the v i b r a t o r . The r e m a i n i n g 
screenings w e r e appl ied i n two i n c r e m e n t s . The base was then wet ted , f o l l o w e d by 
add i t iona l r o l l i n g and v i b r a t i o n . 

The r a t i o of aggregates used may be computed f r o m the weights used. They w e r e : 
f o r p r o j e c t (a) an 8 - i n . course on 31 ,772 sq y d , C A = 7,642 l b , and screenings = 3,278 
l b ; f o r p r o j e c t (b) a 9 - i n . course on 19,653 sq y d , C A = 6,702 l b , and screenings = 
2 ,299 l b ; and, f o r p r o j e c t (c) an 8 - i n . course on 8,488 sq y d , C A = 2 , 555 l b , and 
screenings = 876 l b . These weights r e s u l t i n r a t i o s of weights of coarse aggregate 
to screenings of 2 . 3 , 2 . 9 , and 3 .3 , r e s p e c t i v e l y . 

Another p r o j e c t (75) a lso employed the m u l t i p l e - u n i t base-pla te c o m p a c t o r . Coarse 
aggregate passed a 4 - i n . s ieve w i t h not m o r e than 10 percent pass ing a iy2- in. s i eve . 
Screenings w e r e of y2-in. m a x i m u m s i z e . One pass of the v i b r a t o r at i t s lowes t speed 
(20 f p m ) was used i n key ing the coarse stone. Screenings w e r e p laced i n t h r ee a p p l i 
cat ions cons i s t i ng of 50, 25 and 25 percen t w i t h the compac to r ope ra t ing at a speed of 
20 f p m . The f i n a l 25 percent was p laced by d r y b r o o m i n g and r o l l i n g f o l l o w e d by 
w e t t i n g , b r o o m i n g and r o l l i n g u n t i l a s l u r r y f i l l e d a l l su r f ace v o i d s . The base was 
8 i n . t h i c k . High un i t weights w e r e a t ta ined . The un i t weights ranged f r o m a l o w of 
135.4 pcf w i t h 27 ,8 percen t screenings to a h igh of 142.9 pc f w i t h 30 .6 pe rcen t s c r een 
ings . The data a re s u m m a r i z e d i n Table 33. 

V I B R A T O R Y C O M P A C T I O N O F P I P E B E D D I N G A N D B A C K F I L L 

A spec ia l r e s e a r c h p r o j e c t (105) by the Bureau of Rec lama t ion was i n i t i a t e d to c o m 
pa re r e s u l t s of v a r i o u s methods of p l ac ing pipe bedding and b a c k f i l l . The researches 
w e r e p e r f o r m e d by us ing 24- and 4 8 - i n . p ipes . The methods of p l ac ing the bedding 
and the b a c k f i l l , the equipment used, and some of the average un i t weights a t ta ined 
a re g iven i n Table 34. 

The tes t r e s u l t s and observa t ions showed that an exce l len t b a c k f i l l of h igh un i t 
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T A B L E 33 

T E S T D A T A P E R T A I N I N G T O A V I B R A T E D M A C A D A M BASE (75) 

D r y Pe rcen t of 
L o c a t i o n U n i t Screenings So l id D r y 
(Station) Weight (pcf) (%) U n i t Weight 

60 + 00 139.7 33 .6 82 .7 
80 - 1 - 14 135 .4 27 .8 80 .3 

105 + 2 1 138.6 2 9 . 0 8 2 . 1 
120 + 50 137 .4 34 .3 8 1 . 4 
120 + 00 140.3 33 .9 83 .2 
124 + 00 142.9 30 .6 8 4 . 7 

weigh t can be obta ined at the sides and under the p ipe by sa tu ra t i ng and v i b r a t i n g sands 
and sandy g r a v e l s . The v i b r a t o r mus t have the d imens ions and p o w e r to p r o v i d e s t r o n g 
v i b r a t i o n s i n the a r ea be ing compac ted . L a r g e s ize , f l e x i b l e sha f t concre te v i b r a t o r s 

T A B L E 34 

P A R T I A L RESULTS O F C O N D U I T B A C K F I L L TESTS* O V E R 4 8 - I N . 
D I A M E T E R P I P E (105) 

Average D r y U n i t W t 

P lacement Condi t ion Equipment 

Be low 80-Deg L i n e 
(% Bureau of 

Rec l ama t ion M a x ) ^ 

Dumped d r y , 1 f t ove r p ipe 66 
V i b r a t e d d r y , 1 f t o v e r p ipe S m a l l f l e x i b l e sha f t V i b r a t e d d r y , 1 f t o v e r p ipe 

v ibra tor '^ 73 
Tamped d r y i n 6 - i n . l a y e r s A i r tamper*^ 87 
Tamped i n 6 - i n . l a y e r s at A i r t a m p e r 

OMC to 80-deg l i n e 94 
V i b r a t e d at O M C to 80 - S m a l l f l e x i b l e sha f t 

deg l i n e v i b r a t o r 91 
J e t t ed to 80-deg l i n e y 2 - i n . p ipe j e t 92 
Je t t ed to 1 f t ove r p ipe y 2 - i n . p ipe j e t 86 
Saturated and v i b r a t e d to S m a l l f l e x i b l e sha f t 

80-deg l i n e v i b r a t o r 91 
Saturated and v i b r a t e d to S m a l l f l e x i b l e sha f t 

1 f t o v e r p ipe v i b r a t o r 91 
Saturated and v i b r a t e d to L a r g e f l e x i b l e sha f t 

80-deg l i n e v i b r a t o r ® 100 
Saturated and v i b r a t e d to L a r g e f l e x i b l e sha f t 

1 f t ove r p ipe v i b r a t o r 99 

* T h r e e b a c k f i l l m a t e r i a l s w e r e p laced by the methods shown i n Tab le 34. The b o t t o m 
of the p i t was f i l l e d w i t h 2 f t of c lean sand. F r e e - d r a i n i n g sands and sandy g rave l s 
w e r e used as b a c k f i l l m a t e r i a l s . 
^ 'Bur . of Ree l , method employs y 2 o - c u f t m o l d but uses same compac t ive e f f o r t as 
AASHO T 99 (12,375 f t l b p e r cu f t ) . 
' ^ i y 2 - by 1 8 - i n . head, y 2 - h p e l e c t r i c m o t o r , 4, 500 r p m . 
'^Pneumatic t a m p e r , 34 l b , 100-ps i a i r p r e s s u r e . 
e2y8-by 1 0 % - i n . head, % - h p e l e c t r i c , 9, 500 r p m . 



95 

w e r e adequate i n that they p e r m i t t e d pen
e t r a t i o n to the unders ide of the p i p e . The 
supe r imposed load of the b a c k f i l l a ided i n 
the compac t ion of the u n d e r l y i n g m a t e r i 
a l . 

B a c k f i l l M a t e r i a l s 

— < — I — I — r 

® 10 

® 0 2 9 5 % B R 

/ 

I r 
1 3 0 0 
4 0 0 
6 0 0 
4 0 0 

9 5 % BR I 

7 0 % Dd 

_ 1 _ 
O i s i n f e g r o t e d G r a n i t e F ine S o n d - S i l t y F i n e Sand 

^ / ® 1 8 0 0 
- ' g ) I 1 0 0 

' O I too 
® 8 0 0 

7 0 % D j 

C a l c u l a t e d R a t i o 
S a n d 

G r o v e l 

® 9 5 0 0 
® 1 0 0 0 
(S 2 0 
® 2 5 

' I 

- L . _ 1 _ 9 0 1 1 1 1 1 1 1 
0 10 2 0 3 0 0 10 2 0 3 0 

F i n e s , p e r c e n t p a s s i n g No 2 0 0 s i e v e 

C o a r s e S o n d - S i l t y C o a r s e S o n d ° S o n d - G r a v e l ond 
S i l t y - S o n d - G r a v e l Mix tures" 

7 0 % r e l a t i v e dens i ty ( D ^ ) 
9 5 % Bur of R e e l ( B B ) 

Mox dry unit weight 
F i g u r e s show p e r m e a b i l i t y rofe in feet per y e o r 
" v a r i a t i o n in f i n e s obta ined by o d d i n g s i l t ( l o e s s ) to 
w o s h s d s a n d s a n d g r o v e l s 

Inasmuch as the l i m i t s of f i n e s (pe r 
cent pass ing No . 200 s ieve) w e r e not 
known f o r ava i lab le sands and g r a v e l s , 
a genera l l a b o r a t o r y r e s e a r c h p r o g r a m 
was i n i t i a t e d f o r the purpose of o b s e r v 
i n g the e f f e c t of f i n e s on d r y un i t we igh t 
and on the p e r m e a b i l i t y r a t e (105), the 
l a t t e r d e t e r m i n i n g whe ther o r not the 
m a t e r i a l s w o u l d dens i fy p r o p e r l y under 
v i b r a t i o n . The r e s u l t s on f o u r types of 
m a t e r i a l s a r e shown i n F i g u r e 75. (The 
f o u r basic types of m a t e r i a l s a r e des
c r i b e d under the f o u r p lo t s i n F i g u r e 75. 
The " f i n e s " used to v a r y the pe rcen t 
pass ing the No . 200 s ieve w e r e a loess 
s o i l . ) 

The r e l a t i v e densi ty c r i t e r i a w e r e 
cons idered (105) to be appl icab le only to 
r e l a t i v e l y f r e e - d r a i n i n g m a t e r i a l s . 
T h e r e f o r e as the f i n e s w e r e inc reased a 
poin t i s reached where the Bureau of Re
c l a m a t i o n impac t compac t ion tes t f o r 
m a x i m u m d r y un i t we igh t mus t be used. 
The p r o b l e m of c o n s t r u c t i o n c o n t r o l i s 
then to de t e rmine w h i c h method i s a p p l i 
cab le . The f i e l d c o n t r o l adopted was based on the c r i t e r i o n that p roduced the highest 
dens i ty . Thus , f o r a b o r d e r l i n e s o i l the densi ty r e q u i r e m e n t was based on 70 percen t 
r e l a t i v e densi ty o r the s p e c i f i e d pe rcen t of the Bureau of Rec lamat ion i m p a c t tes t 
m a x i m u m d r y dens i ty , wh icheve r p roduced the g r ea t e r dens i ty . 

F o r a l l m a t e r i a l s tes ted , the f i n e s content ranged f r o m 8 to 16 pe rcen t . The u n i 
f i e d s o i l c l a s s i f i c a t i o n s y s t e m i s used as an a id i n se lec t ing s o i l s f o r use i n bedding 
and b a c k f i l l . The c o a r s e - g r a i n e d s o i l s can be catalogued as to s u i t a b i l i t y , as f o l l o w s : 

1 . GW, GP, SW and SP so i l s a r e su i t ab le . (Fines a r e l i m i t e d to 5 percen t by def
i n i t i o n . ) 

2 . B o r d e r l i n e G W - G N , G W - G C , G P - G M and GP-GC s o i l s con ta in ing less than 8 
percen t f i n e s a r e usua l ly su i t ab le . 

3. B o r d e r l i n e S W - S M , S P - S M and SP-SC so i l s a re su i t ab l e . (Fines i n these so i l s 
a r e l i m i t e d to 12 percen t by d e f i n i t i o n . ) 

4 . S M and SC s o i l s r e q u i r e spec ia l cons ide ra t ion . They may o r may not be s u i t 
ab le . 

Figure 7$. Effect of fines 
(lOS). 

on unit weight 

COMPARISON O F RESULTS F R O M D I F F E R E N T T Y P E S A N D RATINGS 
O F V I B R A T O R Y COMPACTORS 

The tes ts p e r f o r m e d by the B r i t i s h (81 , 129) and Swedish (80) o rgan iza t ions o f f e r 
some oppor tun i ty f o r c o m p a r i n g the e f fec t iveness of the base-p la te - type v i b r a t o r y 
compac to r w i t h that of the v i b r a t o r y r o l l e r , al though the c o m p a r i s o n i s based on a 
v e r y f e w s izes and r a t i ngs of machines . No m u l t i p l e - u n i t base-p la te - type compac to r 
was employed , hence a l l data on v i b r a t i n g base-pla te compac to r s w e r e f o r s i n g l e - u n i t 
dev ices . 
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Q) Grovel-sond-cloy 
A t l l - g r o d t d sand 
Sandy cloy 

@) Silty clay 
Heavy clay 

O Briticn standord (naNimum dry unit weight 
and optiniuni moisture canlanl 
5,400-lb tandem ralter with vibrat ing trant 
ran (68 - lb per in at width) 

- 4 ,480 - l b pan-type vibratory campacta 
with 1,700-sq in base plate 

Moisture Contenl, percent 

Figure 76. Roller compaction curves for 
5 , i l00-lb tandem r o l l e r with vibrating 

front r o l l ( 8 l ) . 

weight have been discussed and data p r e 
sented to show t h e i r e f f e c t s . Leas t e v a l 
uated i n the tes ts was the i t e m of d y n a m 
ic f o r c e , because i t was not ava i l ab le f o r 
a l l of the tes t equipment . T h e r e can be 
l i t t l e doubt about the e f f ec t of dead weigh t 
of v i b r a t o r y r o l l e r s . T h i s i s i l l u s t r a t e d 
by F i g u r e s 72, 73 and 74 showing r e l a 
t ionsh ips between r o l l e r dead weigh t and 
compacted s o i l un i t we igh t s . 

The m a r k e d e f f ec t of dead weigh t of 
the v i b r a t i n g r o l l of a v i b r a t o r y r o l l e r 
on the v i b r a t e d s o i l d r y un i t weights f o r 
th ree types of s o i l i s i l l u s t r a t e d i n F i g 
u r e 77A. Here also a re shown the r o l l e r 
m a x i m u m d r y un i t weights f o r the same 
s o i l obtained by convent ional t h r e e - w h e e l 
r o l l e r s of much g rea t e r weigh t p e r i nch 
w i d t h of r o l l . F o r a w e l l - g r a d e d sand 
( s o i l No . 1) and a g r a v e l - s a n d - c l a y ( s o i l 
No . 2) the m a x i m u m v i b r a t e d d r y un i t 
weights f o r a v i b r a t i n g r o l l e r having a 
dead weigh t of 119 l b p e r i nch w i d t h of 
r o l l w e r e 112.3 and 113.2 percen t of 
B r i t i s h s tandard m a x i m u m d r y un i t 
weigh t , w h i l e co r r e spond ing values f o r a 

Examples of f i e l d v i b r a t o r y compac
t i o n cu rves f o r f o u r types of s o i l s f o r a 
base-p la te - type compac to r and a v i b r a t 
i n g r o l l e r a r e shown i n F i g u r e 76. Here 
the p la te type p roduced the h ighe r va lues 
of d r y un i t we igh t on two so i l s and the 
r o l l e r d i d the same on the two o ther s o i l s . 
T h i s s i t ua t i on cou ld w e l l have been r e 
v e r s e d had the un i t dead weights and dy 
namic f o r c e s been subs tan t i a l ly d i f f e r e n t . 
Another type of c o m p a r i s o n i s made i n 
F i g u r e 77 w h i c h i l l u s t r a t e s , i n t e r m s of 
pe rcen t r e l a t i v e compac t ion f o r both 
AASHO T 99 and M o d i f i e d AASHO, the 
grea tes t m a x i m u m d r y un i t weights that 
w e r e obtained i n the f i e l d i n the f u l l - s c a l e 
t e s t s . T h i s c o m p a r i s o n shows no s i g n i f i 
cant d i f f e r e n c e between m a x i m u m d r y un i t 
weights that can be p roduced by the two 
types of equipment . Compar i sons on the 
bas is of numbers of passes have i n some 
instances showed a l o w e r number of t r i p s 
r e q u i r e d f o r one type o v e r the o the r , 
whereas o ther tes ts have shown opposi te 
r e s u l t s . 

The e f f ec t of f r e q u e n c y and un i t dead 

1 

; 

I ' ; 1 

( 

Base-Plate Type 
Vibratory Compaclors Vibratory Ro l l e r l 

Figure 77. Some of the greatest percent
ages of relative compaction attained i n 
tests on base-plate-type vibratory com
pactors and vibratory r o l l e r s on s o i l s 
ranging from heavy clays to non-plastic 
granular types. The lesser percentages 
of relative compaction are for the plas

t i c s o i l s . 
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K - v ib ra to r , Ro i l l 
[dood woiglit or t h i 

brolory rol l) 

3-Wheai Rollor 
{wiqti i, lb por in widtli i t that for r i o r »lioon 

0 Wail-grodod lond 
O Groval-sand-cloy 
® Hgovy cloy 

: woight of Vibrolory Ro l l o r i and 3 - w l 
200 250 300 

RoMir., lb par in width of ro l l 

Figure 77A. Relationship between r o l l e r 
maximum unit weight and st a t i c weight for 
vibrating r o l l e r s and non-vibrating 3-
wheel-type r o l l e r s on three types of 

so i l s (|6, 81, 129). 

3-whee l r o l l e r hav ing a we igh t of 310 l b 
p e r i n . of w i d t h of r o l l w e r e 1 0 9 . 1 and 
107.0 percen t , r e s p e c t i v e l y . The c o m 
bina t ions of dead we igh t , dynamic f o r c e , 
f r e q u e n c y , e t c . , that combine to make 
a v i b r a t o r that produces the g rea tes t 
un i t weights a re not evident f r o m data 
ava i l ab le . 

COMPARISON O F F I E L D V I B R A T O R Y 
C O M P A C T I O N W I T H L A B O R A T O R Y 

I M P A C T C O M P A C T I O N 

The m a x i m u m f i e l d v i b r a t e d d r y un i t 
we igh t and m a x i m u m d r y u n i t we igh t 
f r o m the l a b o r a t o r y i m p a c t tes t bear no 
d i r e c t r e l a t i o n s h i p to each o t h e r . I t i s 
not d i f f i c u l t t o compute the energy ap
p l i e d to the s o i l i n the l a b o r a t o r y i m p a c t 
tes t but i t i s i n many instances f o r cohe-
s ionless s o i l s d i f f i c u l t t o d e t e r m i n e the 
p r o p o r t i o n of that energy conve r t ed in to 
inc rease i n un i t w e i g h t . Thus , t he r e i s 
now no acceptable v a l i d bas is f o r c o m 
p a r i n g the u n i t weights d e t e r m i n e d by 

the two methods . A l though w o r k has been done t o w a r d the development of a s t anda rd 
l a b o r a t o r y v i b r a t i o n tes t , that w o r k r e m a i n s incomple te and the necess i ty f o r s p e c i 
f y i n g a s t andard t es t c a l l s f o r the use of AASHO T 99 o r AASHO T 180. 

A c t u a l c o m p a r i s o n s of f i e l d and l a b o r a t o r y r e s u l t s a r e made th roughout the e n t i r e 
sec t ion on compac t ion by v i b r a t i o n . F i g u r e 64 shows the d i s t r i b u t i o n of d r y un i t 
weight i n pe rcen t of t o t a l tes ts on one p r o j e c t to ind ica te range of and f r e q u e n c y of 
d i s t r i b u t i o n of v a r i o u s percentages of u n i t we igh t . F i g u r e 66 re la tes d r y u n i t we igh t 
to m o i s t u r e content w i t h and w i thou t v i b r a t i o n . F i g u r e s 67 and 68 i l l u s t r a t e the e f f e c t 
of number of t r i p s on un i t weight o r on percen t r e l a t i v e compac t ion . F i g u r e 69 shows 
f i e l d compac t ion i n t e r m s of pe rcen t r e l a t i v e compac t ion . F i g u r e 71 i l l u s t r a t e s a r e 
l a t ionsh ip between f r equency and un i t we igh t , and F i g u r e 76 shows t y p i c a l f i e l d v i b r a 
t o r y compac t ion cu rves c o m p a r e d w i t h po in t s of l a b o r a t o r y m a x i m u m d r y u n i t we igh t 
and o p t i m u m m o i s t u r e content f o r the same s o i l s . F i g u r e 77 shows m a x i m u m d r y 
un i t we igh t s f r o m f u l l - s c a l e f i e l d tes ts expressed i n t e r m s of pe rcen t compac t i on . 
I t i s b e l i e v e d tha t da ta shown he re w i l l i nd ica te w e l l what can be e3q)ected o f v i b r a 
t o r y c o m p a c t o r s o p e r a t i n g on ac tua l c o n s t r u c t i o n p r o j e c t s . 

P R O D U C T I V E C A P A C I T Y O F V I B R A T O R Y COMPACTORS 

V i b r a t o r y c o m p a c t o r s , e spec ia l ly when they inc lude those i m p r o p e r l y used i n c o m 
pac t ing soUs f o r w h i c h they w e r e not des igned, may e x h i b i t m o r e e x t r e m e ranges i n 
output than any o the r type of c o m p a c t o r . F o r example , and al though v i b r a t o r y c o m 
pac to r s a r e s e ldom recommended by t h e i r m a n u f a c t u r e r s f o r the compac t ion of heavy 
c l a y s , suppose a 6 - f t w i d e v i b r a t i n g r o l l e r t r a v e l i n g a t a r a t e of 1.4 m p h i s u sed t o 
cons t ruc t a 6 - i n . compacted l a y e r of heavy c l a y to 95 pe rcen t of AASHO T 99 m a x i 
m u m d r y un i t we igh t , and that 7 passes of the r o l l e r w e r e r e q u i r e d . Thus , the r o l l e r 
w o u l d be compac t ing s o i l i n 1 h r , as f o l l o w s : 

0 . 5 x 6 x 1 . 4 x 5,280 
71ET7 ^ y 

Suppose the compac to r i s employed to compact a sandy l o a m subgrade to 100 pe rcen t 
AASHO T 99 m a x i m u m , but because of the sandy na ture of the s o i l the machine i s 
capable of compac t ing a 9 - i n . t h i c k (compacted th ickness) s t r i p i n 5 passes, the quan-



98 

TABLE 35 
APPROXIMATE POSSIBLE OUTPUTS OF COMPACTORS TESTED BY THE BRITBH ROAD RESEARCH 

LABORATORY IN COMPACTING SOIL TO A STATE OF COMPACTION CORRESPONDING 
TO 10 PERCENT AIR VOIDS (129) 

Average Output ( H Compactor 
Area Depth Output of 

Width of Speed Number Compacted of Compacted 
Strip of of Per Compacted Soil per 

Compacted Travel Passes Hour Layer Hour 
Type of Compactor (in.) (fpm) (mph) Required (sqyd) (m.) (cu yd) 

480-lb vibrating roUer 
(hand-propelled) 24 30 0.34 8 42 3 3.5 

760-lb vibrating roller 28 60 0.68 16 49 6 8.2 
8,620-lb vibrating roller 72 120 1.36 6 670 6 110 
530-lb base-plate-type 
compactor 15 28 0.32 3 65 5 9 1,480-lb base-plate-type 
compactor 

1,480-lb base-plate-type 
compactor 24 60 0.68 4 170 8 37 1,570-lb base-plate-type 
compactor 

1,570-lb base-plate-type 
compactor 24 42 0.48 2 230 6 39 3,350-lb base-plate-type 
compactor 

3,350-lb base-plate-type 
compactor 30 25 0.28 2 170 12 57 4,480-lb base-plate-type 
compactor 

4,480-lb base-plate-type 
compactor 34 27 0.31 2 210 12 70 

tlty, even when it is required to compact to 100 percent relative compaction, becomes 

0.75 X 6 X 1.4x 5,280 . . . , 
5~x77 = 246 cu yd per hour 

In making a third supposition, the compactor is used in densifying a cohesionless sand 
into an embankment at 95 percent relative compaction. Suppose the vibrator is capa
ble of developing an average satisfactory degree of compaction to a depth of 3 f t in two 
passes. Here the output becomes 

3 X 6 x 1.4x 5,280 
21E"27 616 cu yd per hour 

These and even greater differences in values have occurred with vibratory compactors. 
The values computed are for continuous operation at the stated speed. Adjustments 

can be made for time required for turnir^, and other delays, and plots can be made to 
indicate the ranges of output for compactors of different dimensions and compacting a-
bility. In some instances two or more rows of vibrating base plates are constructed in
to a single compactor to increase capacity. In others two or more towed-type vibrating 
rollers are towed by a single tractor to increase capacity without increasing manpower 
requirements. 

Bernhard (61) compared the productive capacities of vibratory compactors (see 

COMPABISaN OF VALUES FROM LABORATORY COMPACTION TESTS WITH VALUES OF DRY UNIT WEIGHT 
EQUIVALENT TO COMPACTION TO 10 PERCENT AIH VOIDS AT IN-PLACE MOISTURE 

CONTENTS OCCURRING IN THE BRITISH BLES 

Type of Soil 

AASHO T 99 
or Its Near 
Equivalent 

Max 
Dry 
Unit 
Wt OMC 

JE£!1 ( % L . 

Mod. AASHO or 
Its Near 

Equivalent 

Dry 
Unit 
Wt 
(Ft) 

Limiting Values 
of In-Place 

Moisture Con
tent in the 

British Isles^ 

Limiting Values of Dry Unit Weight Determined by 
10% Air Voids and "In-Place" Moisture Contents 

Range In Unit Weights Range in Relative Com-
with Umlting Moisture paction with UmiUng 

Content Afoisture Contents 
OMC Min Max Max Mln Max Min 
(%) (%) (%) (pcfand%) (pcfand'/o) (% and %) (%and%) 
16 24 28 95.0 at 24 88.0 at 28 96.0 at 24 88.8 at 28 
12 16 21 106.3 at 16 97.0 at 21 97.5 at 16 89.0 at 21 
9 7 11 127.5 at 7 117.Oat 11 105.4 at 7 96.7 at 11 
7 S 9 132.5 at 5 121.5 at 9>> 102.7 at 5 94.2 at 9 

Heavy clay 
Sandy clay 
Well-graded sand 
Gravel-sand-clay 

99 
109 
121 
129 

24 
16 
11 
9 

116 
126 
130 
138 

[^Average moisture content range ( ^ ) . 
°Extraiiolated. 
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Tables 25 and 26 for descriptions of vibrators) used In compacting the cohesive sUty 
sand gravel to 95 percent of AASHO T 99 relative compaction. The greatest output 
was attained by compactor C, a 14-ton, 4-wheel pneumatic-tired roller (tire pressure 
75 psi) operating as a vibratory roller (over 1,300 cu yd per hour). Compactor A, a 
large commercial single-unit base-plate-type vibrator compacted 600 cu yd per hour. 
The rather large outputs were due to the effective depth of compaction by these vibra
tors. 

The British Road Research Laboratory (129) after testing several sizes and ratings 
of vibratory rollers and base-plate-type compactors prepared a table showing the esti
mated output in cu yd per hour for each of the compactors. These estimates are sum
marized in Table 35. The values of output in cu yd per hour (given in Table 35) are 
for operation of the compactor 50 min out of each hour. The values of output given in 
cu yd per hour are for compacting the soil to a unit dry weight equivalent to that at 10 
percent air voids for the average natural moisture content at which that soil exists in 
Great Britain. This is of especial interest because in large areas of the United States 
the fine-grained clayey soils have a similar tendency to exist at moisture contents 
ranging from optimum tathe plastic limit, while in other areas, clayey soils become 
dry during the summer and wet during the fa l l , winter and spr i i^ seasons. Thus, 
here, as in Great Britain, there are areas where the soil exists within a range of 
moisture contents that is broad for clayey soils and quite narrow for sandy and gravelly 
soils. 

In other words, there'^re areas where a type of specification based on "in-place" 
moisture content could be & practicable approach to compaction of embankments. Ex
amples of the maximum dry unit weights and optimum moisture contents from the lab
oratory tests are given in Table 36; also given are the limiting values of in-place 
moistures contents that would be encountered during construction (81). The limiting 
values of dry unit weights and percent ages of relative compaction have been deter
mined for compaction to a condition of 10 percent air voids and are also given in Table 
36. 



Deep Compaction by Vibration (Vibroflotation) 
A FORUM of very deep vibration known by the trade name of Vibroflotation has been 
used to increase the unit weight of deep loose sands to improve their bearing capacities, 
as foundations for structures, ance this report is devoted to surface compaction, de
tails regarding Vibroflotation are not given here. Those interested may consult the 
foUowir^ Go, 40, 43 , 45, 73, 83 , 86, and 123). 
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Compaction with Track-Type Tractors 
PRIOR TO THE DEVELOPMENT of vibratory compactors, track-type tractors were 
often used in the compaction of sands. The opinion has been held that there is a marked 
vibratory movement associated with the track movement, and therefore the older and 
more worn the tractor the better i t serves as a compactor. The maneuverability of 
the tractor has also made i t a useful tool in compacting areas difficult of access. 

Full-scale tests have been performed on five sizes and models of track-type tractors. 
They include the model RD-8 34,500-lb tractor tested at gross weights of 34,500 and 
80,000 lb (44, 46, 47) by the Corps of Engineers; two models (40-HP and 80-HP) weigh
ing 12,840 and"^, 160 lb tested by the British Road Research laboratory (81); and a 
model D-7 weighing 24,250 lb tested by the Swedish Road Institute (80). Altogether, 
these tractors were tested on a clayey sand (44), a silty clay (46), a fine sand (47), a 
heavy clay, a silty clay, a sand, and a gravel-sand-clay (81) and a stony gravel~(80). 
Data on the soils are given in Table 1 and in Figures 10, IT, and 12. 

DRY UNIT WEIGHT VS MOISTURE CONTENT 
The track-type tractor produced compaction curves that have moisture content-dry 

unit we^ht relationships quite similar to those characteristic of other types of rollers, 
hence examples need not be shown here. Average data concerning moisture content-
dry unit weight relationships for al l the tests are given in Table 37 under "Tractor Com
paction. " Averse values of optimum for the tractor ranged from one to two percentage 
units greater than AASHO T 99 laboratory values for the clayey sand and silty clay 
(44, 46) tested by the Corps of Engineers. Maximum tractor compacted unit weights 
after only 2 or 3 passes were approximately 97 percent of AASHO T 99 maximum unit 
weight. Results of the Swedish test yielded 100 percent of Modified AASHO value on 
a stony gravel after six coverages. Hie British Compaction was more intensive, re
quiring 32 passes. A l l values of tractor optimum moisture content were less than 
laboratory optimum for the British standard test, the differences ranging from two to 
four percentage units for the clayey soils but only one percentage unit for the coarse
grained soils. With three exceptions (the 40-HP tractor on the heavy clay and both 
tractors on the gravel-sand-clay) al l tractor compacted unit weights exceeded 100 
percent relative compaction for the standard test. These tests show conclusively that 
although they have low average unit pressures, track-type tractors can be depended 
on for compaction to about 100 percent relative compaction (based on the standard test) 
for all types of soils, and that in some instances as for the Florida sands (47) and 
Swedish stony gravels (80) they may attain dry unit weights equal to Modified AASHO 
maximum unit weight. L i f t thicknesses for these tests are given in Table 37. 

DRY UNIT WEIGHT VS NUMBER OF PASSES 
A limited number of tests were performed (81) to determine the relationship between 

unit weight and number of passes for track-type tractors for three types of soils, a 
heavy clay, a well-graded sand and a gravel-sand-clay. The heavy clay soil when 
compacted with either tractor (40- or 80-HP) developed nearly the maximum unit soil 
weight each tractor was capable of in six to ten passes. The gravelly soil responded 
almost as well by attainii^ near maximum after about 10 passes but the well-graded 
sand required 15 to 20 passes to attain near the maximum unit weight attainable by 
tractor compaction. The sand reached 95 percent relative compaction in two passes; 
the heavy clay in 3 to 4 passes (3 passes for the 40-HP tractor) but the gravel-sand-
clay required 14 passes of the 80-HP tractor. These values illustrate the difference 
in response of different types of soils to compaction by a track-type tractor. 
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COMPARISON BETWEEN TRACTOR 
COMPACTION AND LABORATORY 

IMPACT COMPACTION 
Tractor compaction (that is, maximum 

dry unit weight and optimum moisture con
tent obtained with track-type tractors) bore 
no constant relationship to values obtained 
from laboratory impact compaction. How
ever, as was given in Table 37, the trac
tor-compacted maximum dry unit weight 
bore no consistent relationship to tractor 
gross weight either ui the United States or 
in Great Britain. Although there appeared 
to be no consistent relationships, i t appears 
that there is better general agreement be
tween laboratory values and tractor values 
for the wide range of soil types tested than 
has occurred for other types of compac
tors. The addition of sands tested in 
Florida (47) and data from the British 
heavy tractor (80 HP, 24,160 lb) does not 
materially change the validity of this state-

CD Groael-iand-cloy 12,840-lb tractor 
Well-grodid sand 12,840-lb tractor 

® Cloyey sond 34,S00-lb tractor 
g ) Silty cloy 12,040-111 tractor 

S i l t yc l ay 34 ,500- lb tractor 
Hoovy cloy I2 .84a- lb troclor 

X Indicotts maximum dry unit wsight 
and optimum moisture content from 
AASHO T99 and Brit ish Standord 
1377- 1948 

10 IS 20 
Moisture Content, percent 

Figure 78. F i e l d compaction curves 
for six s o i l s compacted by track-

type tractors (91A,92A,184A). 
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ment. Comparisons of tractor-compaction curves with points of laboratory maximum 
dry unit weight and optimum moisture content for six soils are indicated in F ^ r e 78. 
This figure shows higher values of laboratory optimum for two of the fine-grained 
soils. The roller optimums for the remaining soils do not differ significantly from the 
laboratory optimimis. 



Compaction by Tamping 
SOME OF THE EARLIEST TESTS to determine the degree of compaction attained by 
taaq;iing were done by the Corps of Engineers prior to the construction of the Franklin 
Falls Dam ^1) . The tests were made on a drop weight tamper, an air-hammer tamper 
and a hand-operated pneumatic tamper. Hie tests showed that a fine silty sand con
taining up to 12 percent of material passing a No. 250 sieve could be compacted to 
average relative densities up to 85 percent. 

Two types of tampers, each of them being of the explosion type have been tested by 
the British Road Research Laboratory (56, 81). The f i r s t tests were performed with 
a frog rammer weighing 1,350 lb and having a base diameter of 29 in. and an approxi
mate height of jump of 12 in. This tamper has been known here as the "Leapii^ Lena." 
The more recent tests were with four makes of explosion-type tampers havii^ a weight 
of about 250 lb, a base-plate diameter of about 9.5 in. and an approximate height of 
jump of 12 in . Additional tests were performed to determine the effect of emplo3ring 
base plates having different diameters on the compacted unit weights. 

DRY UNIT WEIGHT VS MOISTURE CONTENT 
The relationships between dry unit weight and moisture content attained in field 

compaction with the 1,350-lb frog rammer are shown in Figure 79 where the peaks of 
the field curves may be compared with points of maximum dry unit weight and optimum 
moisture content attained by the British standard test. The field results represent 
compaction to refusal or by compaction by about 48 passes of the tamper in which about 
six passes represent one coverage. Figure 80 shows five moisture content-dry unit 
weight curves for five soils compacted by 250-lb explosion-type rammers of the type 
that has had wide usage in the United States. Here again, points of laboratory maxi
mum dry unit weight and optimum moisture content are also shown except for the heavy 
clay which would plot off the graph (dry unit weight =97 pcf, OMC = 26 percent). Here 
the plot for the heavy clay shows two peaks for the rammer compaction curve just as 
i t showed two peaks for the 6,160-lb and 19, 010-lb smooth-wheel rollers, the 26,880-
Ib pneumatic-tired roller, the 4,480-lb base-plate-type vibratory compactor, and the 
5,400-lb vibrating smooth-wheeled roller. However, as may be seen in Figure 80 the 
unit weights attained by the explosion-type rammers were markedly greater than maxi
mum values from the standard laboratory test for all except the sandy clay soil. Field 
values of unit weight exceeded laboratory values by 6 to 10 pcf. Field optimum was dry 
of laboratory optimum. 

In the moisture content vs dry unit weight tests the tampers havii^ smaller base 
diameter and lesser weight (81) produced greater unit weights than did the frog tamper 
(56). 

For the heavy clay the 250-lb rammer produced a weight increase of 4 pcf at one 
percentage unit increase in OMC; for the sandy clay a weight increase of 6 pcf at 3 
percentage units decrease in OMC; for the sand, a weight increase of 1 pcf at two per
centage units decrease in optimum; and for the gravel-sand-clay a gain in 1 pcf in 
weight and a reduction of one percentage unit in optimum. Thus, field optimums de
parted from laboratory values even more widely than they did for the frog tamper. 
This departure, like that for the frog, resulted from differences in compactive effort. 
Lines drawn through points of maximum unit weight and optimum moisture content for 
field and laboratory peak dry unit weights resulted in approximately parallel lines spaced 
rather closely together. 

Increasing the size of the base plate decreased the maximum unit weight and increased 
the corresponding optimum moisture content. The effect of size of base plate on depth 
of compaction was not studied. Increasing the size of the base plate increased output 

lOk 
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Figure 79- Unit weight ve moisture con
tent for five s o i l s compacted in 9 -in. 

loose l i f t s by frog rammer (56). 
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Moisture Content, percent 

Figure 80. Moisture content-unit velght 
relationships for five s o i l s when compact
ed i n 9-in. loose l i f t s by 250-lb explo
sion-type tampers having a 9.5-in. diame
ter base and 12-in. high "Jump." Data are 
mean results obtained with four makes and/ 

or models of rammers (81). 
but made the tamper more difficult to 
control, there being a tendency for the 
soil to adhere to the base plate. Field 
compaction curves for the 250-lb ex
plosion-type rammer for four sizes of 
base plates for the heavy clay and sandy 
clay soils are shown in Figure 81. 

DRY UNIT WEIGHT VS NUMBER OF PASSES 
Relationships between unit weight of the compacted soil and number of passes were 

determined for five soils for the 1,350-lb frog rammer and for three soils for the 
250-lb tamper. As was shown by the unit weight vs moisture content studies, the study 
to determine the relation between number of passes and dry unit weight also indicated 
a slightiy greater compaction by the 250-lb units but on only two of the three soils on 
which both types of machines were tested-the well-graded sand and the heavy clay. 
The relationships between number of passes and soil unit weight for the two machines 
are shown in Figure 82. It should be kept in mind in the study of this chart tliat for 
the frog rammer, one coverage has been plotted as six passes and for the 250-lb weight 
tamper, one coverage has been plotted as two passes. Values of 95 and 90 percent 
relative compaction are shown in Figure 82 for the 1,350-lb rammer showing that 
95 percent relative compaction was attained in all but one instance in about 10 or less 
passes or in other words in two or less coverages. 

DRY UNIT WEIGHT VS DEPTH 
In tests to determine the relationship between unit weight and depth for compaction 
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Figure 82. Dry unit weight vs number of 
passes of a 1,350-lb explosion-type frog 
rammer (solid l i n e s ) with 29-in. base di
ameter; and for 250-lb explosion-type tam
per with 9.5-ln. base diameter and 12-in. 
height of jump. For the frog rammer six 
passes equals one coverage. For the 2^0-
Ib tamper two passes i s equivalent to one 

coverage (56, 81). 

by the frog rammer (56) a 30-in. loose l i f t was prepared for each of three of the soils 
at the optimum moisture content previously determined and shown in Figure 79. After 
compaction the thickness of each l i f t was about 20 in. The dry unit weight of each 
successive 4-in. depth was determined. Table 38 gives values of unit weight and 
provides data on the effect of depth on unit weight for each of the three types of soils 
compacted by 6 coverages of the frc^ tamper. 

The tests with the four diameters of base plates on the 250-lb tampers also included 
measurement of soil unit weight at various depths throughout the compacted l i f t . The 
results of these tests exhibited marked decrease in unit weight with increase in depth. 
This decrease in unit weight is of the order of four to ten times that found for the 
heavier and lai^er diameter frc^. The magnitude of the decrease in unit weight with 
depth is given in Table 39. 

PRODUCTIVE CAPACITY (OUTPUT) OF TAMPERS 
The output of a 1,350-lb frog tamper (56) like any other compaction device depends 

on l i f t thickness, unit weight required, soil type and other pertinent variables. A 
9-in. loose l i f t thickness was used in testing tampers. For a requirement of 90 per
cent of the British Standard, the o u ^ t was about 70 cu yd per hour. For a 95 percent 
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TABLE 38 
UNIT WEIGHT GRADIENTS THROUGH LAYERS OF SOIL COMPACTED IN 

30-IN. LOOSE LAYERS BY SIX COVERAGES OF THE 
FROG RAMMER (56) 

Dry Unit Weights at Various 
Depths Below Compacted Surface 

Soil Type (%) 

Dry Average 
Unit Dry 
Wt 0 4 in. Sin. 12 in. 16 in. Unit 

Moisture as to to to to to Wt 
Content Placed 4in. Sin. 12in. 16in. 20in. Gradient Layer British 

(pcf) (pet) (pcf) (pcf) (pcf) (pcf) 

Av 
Dry 
Unit 
Wt 
in 

Com
pacted 

Av 
Rel 

Com
pac
tion 
(% 
of 

Silty clay 16.5 70 110 106 102 97 93 1.0 102 98 
Well-graded 

sand 10.5 88 129 126 125 124 122 0.5 125 102 
Gravel-sand-

clay S.5 85 135 130 130 127 124 0.6 129 100 

TABLE 39 
AVERAGE DECREASE IN DRY UNIT WEIGHT OBTAINED WITH 250-LB POWER 

TAMPERS WITH VARIOUS DIAMETERS OF BASE PLATE (81) 

Diameter of 
Tamper Base 

an.) 

Average Decrease in Dry Unit Weight 
with Depth (pcf per in . ) Diameter of 

Tamper Base 
an.) Sandy Clay Heavy Clay 
7.5 5.1 4.1 

11.75 4.5 3.7 
14.25 5.1 4.4 
16.25 4.9 4.3 

requirement, the compactor was a litUe more sensitive to soil type, compacting about 
70 cu yd per hour on the sand, but only 35 cu yd per hour on the heavy clay, silty clay, 
sandy clay and gravel-sand-clay. For the 100 percent requirement, capacities were 
23, 23, 17, and 35 cu yd per hour, respectively, for the four soils. 

Increasing the diameter of the base plates on the 250-lb tampers influences output 
as is indicated in Table 40. The relative effect of base diameter on possible output 
may be determined from the number of blows per sq f t required to give the equivalent 
of one coverage listed in Table 40. 

TABLE 40 
NUMBER OF BLOWS PER SQUARE FOOT OF A 250-LB TAMPER REQUIRED 

TO GIVE THE EQUIVALENT OF ONE COVERAGE (81) 
Diameter of 
Tamper Base 

(in.) 

Area of 
Tamper Base 

(sqft) 

Number of Blows per Sq Ft 
Equivalent to 
One Coverage 

7.5 0.31 3.3 
11.75 0.75 1.3 
14.25 1.1 0.9 
16.25 1.4 0.7 



Comparative Effectiveness of Types and 
Ratings of Compactors 

IT HAS BEEN SHOWN throughout the preceding text, insofar as test data have per
mitted, how the compaction characteristics and the operating characteristics of a com
pactor determine its effectiveness. In summary, satisfactory compaction characteris
tics require that the compactor be able to compact the soil type to the required unit 
weight at the required moisture content, at an acceptable degree of uniformity from top 
to bottom of the construction l i f t s . Satisfactory operating characteristics require ade
quate output dn cu yd per hour) to hold costs within limits. They also include com
paction of suitable l i f t thicknesses after an acceptable number of passes, good men-
euverability, and the capability of fitting into a sequence of construction operations. 

Because operating methods may differ widely, comparisons here are limited to 
comparison of the compaction characteristics alone. The relative effectiveness of 
different types or ratii^s of compactors in terms of compaction characteristics for a 
single soil type is assessed in terms of the ranges of unit dry weight attained at dif
ferent moisture contents; and in terms of the maximum dry unit weight and optimum 
moisture content attained by the compactor. 

Comparisons of effectiveness of given compactors on several types of soil require 
a base other than dry unit weight. There is currently no generally accepted method 
that is completely satisfactory for determining the relative effectiveness of different 
types and ratings of compactors on different types of soil. Jfeny engineers hold that 
the lalwratory impact compaction test does not simulate field compaction equally 
well for all types of compactors on both fine-grained cohesive soils and granular soils 
having littie or no cohesion. Nevertheless, and although admittedly not completely 
satisfactory for this purpose, relative compaction is used for comparii^ the effective
ness of compactors because no other better method is known. 

Throughout this text, the values of roller maximum dry unit weight and roller op
timum moisture content usually represent compaction after a lai^e number of passes 
in order to make i t possible to assess the fu l l potential of the compactor. Where data 
were available comparisons have also been made of dry unit weight and for percent 
relative compaction after application of numbers of passes normally employed in em
bankment construction. 

Table 41 prepared from data from tests by the Corps of Engineers, summarizes 
avers^e maximum dry unit weights for seven ratings of sheepsfoot-type rollers and 
four ratings of pneumatic-tired rollers for a lean clay soil. Some of the rollers were 
tested at each of several compactive efforts. The differences in compaction efforts 
for sheepsfoot-type rollers were obtained by adjusting U) the contact pressure for a 
constant tamper foot-contact area; (b) the tamper foot contact area and maintaining 
constant foot contact unit pressure (by loading the drum); and (c) the number of passes. 
For pneumatic-tired rollers, the compaction effort was controlled by (a) controUii^ 
the wheel load; (b) the tire-inflation pressure; and (c) the tire size (and ply rat i i^) . 

For sheepsfoot-type rollers of adequate tamping foot unit pressure, the compaction 
characteristics depend largely on number of passes; the size of the contact area of 
each tamper foot; and on the over-all contact area of all tamper feet expressed in per
cent of the area of a strip equal in area to that of a cylindrical surface generated by the 
periphery of the face of the tamper feet. For pneumatic-tired rollers, i t has been 
shown that maintaining constant tire pressure and changing wheel load had small effect 
on dry unit weight for the relatively shallow l i f ts normally employed in construction. 
Thus, number of passes and tire pressure largely determine compaction characteris
tics of pneumatic-tired rollers. 

Reference to Table 41 shows that practically no variation occurred in the dry unit 
108 
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TABLE 41 
COMPACTION DATA ON A LEAN CLAY SOIL USED IN COMPABING RESULTS OF ROLLING WITH a i E E P S F O O T AND 

PNEUMATIC-TIRED TYPES OF ROLLERS 

Reference 
Number 

Mmmum Dry Pnlt Weight 

Number 
ol 

Passes 

AASHO 
T99 

Field 
Compactor 

(pet) (pet) (%) 

Optimum l l u s -
ture Content 

(%) 
46 250 ps i m ax CP., 7 sum. CA., 5.5% TCA.," 

, 7 aim. CA., 5.5% TCA., 
, 7 sqin. CA., 5.5% TCA., 

silty clay^ 6 105.3 100 107.3 101.9 17.9 19.1 
46 500 psi m ax CP., 

7 sum. CA., 5.5% TCA.," 
, 7 aim. CA., 5.5% TCA., 
, 7 sqin. CA., 5.5% TCA., 

sUty clay 6 105.3 100 106.8 101.4 17.9 18.5 
46 750 psi m ax CP., 

7 sum. CA., 5.5% TCA.," 
, 7 aim. CA., 5.5% TCA., 
, 7 sqin. CA., 5.5% TCA., silty clay 6 105.3 100 106.8 101.4 17 9 19.1 

76 250 PSI m ax CP., , T sqin. CA., 5.5% TCA., 
, 7 sqin. CA., 5.5% TCA., 

lean clay^ 6 107.9 100 105.2 97.5 17.0 18.5 
76 250 PSI max CP., 

, T sqin. CA., 5.5% TCA., 
, 7 sqin. CA., 5.5% TCA., lean clay 12 107.9 100 106.5 98.7 17.0 17.0 

76 250 psi m ax CP., , 7aqin. CA., 5.5% TCA., lean clay 24 107.9 100 108.2 100.3 17.0 16.0 
76 250 pal m ax CP., , 14 81 in. CA., 10.9% TCA., lean clay 6 107.9 100 106.0 98.2 17.0 18.0 
76 250 psi m ax CP., , 14 81 in. CA., 10.9% TCA. lean clay 12 107.9 100 107.2 99.4 17.0 16.5 
76 250 p~Bi max CP., 14 sli in. CA., 10.9% TCA., lean clay 24 107.9 100 110.2 102.1 17.0 14.8 
76 250 psi m ax CP., 21 s« in. CA., 16.4% TCA., 

21 SI in. CA., 16.4% TCA., 
lean clay 6 107.9 100 107 2 99.2 17.0 16.5 

76 250 psi nu ax CP., 
21 s« in. CA., 16.4% TCA., 
21 SI in. CA., 16.4% TCA., lean clay 12 107.9 100 109.0 101.0 17.0 15.4 

76 250 psi m ax CP., 21 sq in. CA., 16.4% TCA., lean clay 24 107.9 100 112.5 104.3 17.0 13.5 
87 125 psi m ax CP., 14 sq in. CA., 10.9% TCA., 

14 sa in. CA., 10.9% TCA., 
lean clay 12 107.5 100 109 0 101.4 17.8 17.0 

87 375 psi m ax CP., 
14 sq in. CA., 10.9% TCA., 
14 sa in. CA., 10.9% TCA., lean clay 12 107.5 100 109.0 101.4 17.8 17.0 

Pneumatic-Tired Hollers 
87 15,875-Ib W. L. f 50 psi TIP^ Lean clay* 8 107.5 100 107 1 99.6 18.0 19.5 
87 15,87S-lbW.L., SOpsi TIP Lean clay 16 107.5 100 107 4 99.9 18.0 19 2 
87 15,87S-lb W. L . , 50 psi TIP Lean clay 32 107.5 100 108.5 100.9 18.0 19.0 
87 25,000-lb W. L . , 90 psi TIP Lean clay 8 107.5 100 110.9 103.2 18.0 17.5 
87 25,000-lb W L . , 90 psi TIP Lean clay 16 107.5 100 111.5 103.7 18.0 17.0 
87 25,000-lb W. L . , 90 psi TIP Lean clay 32 107.5 100 111.7 103.9 18.0 16.9 
87 31,250-lbW L . , 150 psi TIP Lean clay 8 107.5 100 113.5 105.6 18.0 16.0 
87 31,2SO-lbW.L., 150 psi TIP Lean clay 16 107.5 100 115.2 107.1 18.0 15.4 
87 31.2S0-lb W.L. . 150 psi TIP Lean clay 32 107.5 100 116.6 108.5 18.0 14.7 

^Lean clay formerly ( ^ ) classified as a silty clay, "percent of total contact area generated by a cylindrical surface generated by the periphery of 
surface of tamper foot. ^Contact pressure. "Tire inflation pressure. ^Wheel load. 

weights produced by sheepsfoot rollers of different foot contact unit pressure but which 
were otherwise similar (46, 87). Apparently, increasing compaction effort by i n 
creasing foot contact unit pressure was ineffective because the increased pressure 
was absorbed by greater sinkage and thus an increase in total foot area in contact 
with the soil that effectively decreased unit pressure. However, when the foot con
tact unit pressure was constant and the compaction effort was increased by increasing 
size of tamper foot and by increasing the number of passes, the increased compaction 
effort was effective in increasing roller maximum dry unit weight for the lean clay 
soil (76). For the pneumatic-tired rollers increasing the compaction effort by increas
ing the tire pressure and number of passes produced increased values of dry unit 
weight. 

The data in Table 41 permit direct comparisons of the compaction characteristics 
of the two types of rollers on a given lean (silty) clay soil. If number of passes is 
used as a basis for comparison (the text indicates methods for comparing on the basis 
of number of coverages) and the lowest number of passes is used (6 passes for the 
sheepsfoot and 8 passes for the pneumatic-tired rollers for the second series of tests 
(76), maximum dry unit weights and percent relative compaction for the 250-psi sheeps
foot roller (76) would be 105.2, 106.0 and 107.2 pcf, respectively. This would be 
equivalent to 97.5, 98.2, and 99.2 percent relative compaction, respectively. Twen
ty-four passes of the sheepsfoot roller produced 100.3, 102.1, and 104.3 percent rela
tive compaction. Similarly, the values for the lowest number of passes of the pneu
matic-tired compactor would be 99.6, 103.2, and 105.6 percent relative compaction. 
Thus, for any number of passes, the pneumatic-tired roller of the rating employed 
produced slightiy greater dry unit weights than did the sheepsfoot roller of the rating 
employed. However, the data do not indicate that sheepsfoot rollers could not have 
been designed that would have produced dry unit weights equal to or greater than those 
produced by the penumatic-tired rollers. 

Table 42 summarizes some of the data from tests performed by the British Road 
Research Laboratory. These tests were performed on several soils; tests of five types 
of compactors being tested on four soils. In the British tests, comparison Is made on 
the basis of percent relative compaction after " fu l l compaction;" that is, compaction to 
refusal or compaction by many passes, usually 32 or 64 in number, to reveal the fu l l 
capabilities of the compactor. 

Comparison is made between the maximum percent relative compaction attained 
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COMPACTION DATA ON FODR BRITISH SOILS USED IN COMPARING RESULTS OF COMPACTION BY 
FIVE DIFFERENT TYPES OF COMPACTOR^ 

Heavy Clay (CH) Sandy Clay (CL) Well-Graded Sand (SW) Gravel-Sand-Clav (GW) 
Maximum Dry O M C Maximum Dry O.M C. Maximum Dry O.M.C. Maximum Dry O M.C. 

Umt Weight Umt Weight Umt Weight Umt Weight 
Type and Ratine of Roller^ (pcf) (%) (%) (ocf) (%) (pcf) a) (%) (pcf) a) P/o) 

British Sfainddid Compaction Test 99 100 24 109 100 16 121 100 11 129 100 9 
Modified AASHO Compaction Test lie 117.2 16 126 115 6 12 130 108 4 9 138 107 0 7 
3-Wheel-Type Smooth-Wheel RoUers 

9.5-ton (311-18e-lb'>) roller 104 105 1 20 116 106.4 15 132 109 1 9 138 107 0 7 
3.08-ton (186-8a-lb) roller 95 96.0 21 127 105.0 10 134 103.9 8 

Sheepsfoot-Type Rollers 
5.5-ton club-foot type roller 107 108 1 16 118 108 3 12 _ _ _ 130 100.8 6 
5.04-ton b^ler-foot type roller 107 108 1 15 118 108 3 13 - - - 128 99 2 5 

Pneumatic-Tire Rollers*^ 
British standard compaction test 99 8 100 22 8 109.4 100 16.5 124 4 100 10.2 129 5 100 9 2 
2,985-lb wheel load, 36-psitire 

pressure 100.7 100.9 23.2 110 7 101.2 17.8 126 8 101.9 9 7 132.2 102.1 8.2 
4,978-lb wheel load, 80-psi tire 

102.1 8.2 

pressure 106.4 106.6 21 1 116 9 106 9 15 3 128 2 103 1 9 2 134.8 104 1 6.2 
11,200-lb wheel load, 90-psi bre 

6.2 

pressure 107.1 107 3 20 7 117 1 107 0 14 7 129.8 104 3 9 0 134 0 103 5 7.1 
22,400-lb wheel load, 90-psi tire 

7.1 

pressure 108.3 108 5 19 7 119 2 109.0 14 4 130 5 104 9 9 0 135.5 104 6 6.9 
22,400-lb wheel load, 140-psi 

tire pressure 110.7 110 9 18 5 119 8 109 5 13.8 131.9 105 2 9 0 138.5 105.4 6.4 
VibrabnR Base-Plate Compactor 

480-lb single umt, hand propelled - - - - - - 128 105.8 10 127 98.4 9 
1,480-lb single umt, self-pro
pelled 103 104.0 21 116 106.4 15 135 111 6 8 141 109.3 6 

1,570-lb single unit, self-pro
pelled 87 87.9 20 114 104 6 16 130 107 4 9 137 106 2 7 

3,350-Ib single unit, self-pro
pelled - - - - - - 129 106 6 9 135 104 7 8 

4,480-lb single umt, self-pro
pelled 98 99 0 17 - - - 128 105.8 9 137 106.2 7 

Vibrating Rollers 
480-lb hand-propeUed-21-lb'' - - - - - - 124 102.5 11 123 95.3 8 
760-lb single drum, self-pro-

peUed, 27-lb 92 92 9 23 100 91 8 16 127 105 0 9 132 102.3 8 
5,400-lb tandem with vibr front 

132 102.3 

roll, 68-lb 96 97.0 21 - _ - 133 109.9 7 139 107.8 6 
8,820-lb single drum-towed umt. 

107.8 

119-lb 106 107 1 21 119 109.2 14 137 113 2 7 145 112.4 6 
Note Maximum dry unit weights given as (%) arc percent of BriUsh Standard 1377 1948 which is generaUy similar to AASHO T 99 Method C. "All data from 
reference (129) except as noted. ''Roller rated according to weights or compressions normaUy employed in reference that was source of data For example 
a three-wheel roller normally is rated by gross weight and lb per in. width of drive and guide rolls respectively. '^All data from reference (127). Note that 
all values of laboratory maximum dry unit weight differ slighUy from those given above, as they were taken direcUy from plots of moisture content vs dry umt 
weight. Thirty-two passes were employed on 9- and 12-in loose depths. "TJead weight of vibratory roll expressed as pounds per inch of width of roll. 

by the five types of compactors ranging from two ratings of rollers in each of the 3-
wheel-smooth-wheel and sheepsfoot types to 6, 5, and 4 ratings of pneumatic-tired 
rollers, vlbrat i i^ base-plate compactors, and vibrating rollers, respectively. The 
value of dry unit weight given in Table 42 for which each percent relative compaction 
is given is the maximum produced by the compactor at the optimum moisture content 
for a given compactor and soil type. In Table 43 the greatest value of maximum dry 
unit weight is listed for each compactor and soil type. 

Because one of the objectives of the British tests was to test each compactor by 
compacting each soil to "full-compaction" the data in Table 43 provides a means for 
determining the potential of each of the types and ratings of compactors on the four 

TABLE 43 
MAXIMUM DRY UNIT WEIGHT EXPRESSED AS PERCENT RELATIVE COMPACTION* PRODUCED BY FIVE 

TYPES OF COMPACTORS ON FOUR TYPES OF SOILS IN TESTS BY BRITISH ROAD RESEARCH LABORATORY 

TVpe and Rating of Compactor Heavy 
CUy 

Sandy 
Clay 

Well-Graded 
Sand 

Gravel-
Sand-Clav 

3-wheel, 9.S-ton smooth-wheel roller 105.1 106.4 109.1 107.0 
S.S-ton, clubfoot-type sheepsfoot roller 108.1 108.3 100.8 
22,400-lb wheel load, 140-psi tire pressure. 

pneumatic-tire roUer 110.9 109.5 105.2 105.4 
Vibrating base-plate compactor, 1,480-lb 

single-unit type 104.0 106.4 111.6 109.3 
Vibrating roller, 8,620-lb single-drum 

towed-type, 119 lb per in. of width of roll 107.1 109.2 113.2 112.4 
^Percent of British Standard maximum dry unit wei^t. The British test is generally similar to AASHO T 99 Method C. 
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types of soils. Table 43 shows that for the heavy clay and the conditions of the tests 
there is a difference between the lowest value (104.0 percent) and the highest value of 
maximum dry unit weight (110.9 percent) of 6.9 percent relative compaction. The very 
heavy high tire pressure pneumatic-tire roller produced the highest degree of com
paction (110.9 percent). The relatively lightweight clubfoot-type sheepsfoot roller 
yielded 108.1 percent compaction. It is possible that by adjusting the size of the tam
per foot and the unit contact pressure of the tamper foot that i t could be made to yield 
a value equivalent to that produced by the pneumatic-tire roller. It is also possible 
that a vibrating roller loaded to a greater weight could also have produced results com
parable to those produced by the heavy pneumatic-tired roller. Thus, while for the 
ratings of rollers used, the sheepsfoot and pneumatic-tired types yielded the greatest 
unit we^hts, the evidence indicates that similar unit weights could have been produced 
by use of heavier smooth-wheel and vibrating-type roUers. Had those data been avail
able, decisions as to the "most suitable" type and ra t i i ^ could be made on the basis 
of uniformity of compaction and o u ^ t In cubic ysLvds per hour. This would involve l i f t 
thickness and number of passes. 

An analysis of the unit weights attained by the various compactors indicated in Table 
43 on the sandy clay shows that althoi^h the heavy pneumatic-tired roller and the v i 
brating roller produced the greatest unit weights, i t is possible that the maximum unit 
weights produced by the other three types of compactors could have been increased by 
employing a heavier smooth-wheel roller, a more appropriate tamping foot size and unit 
pressure for the sheepsfoot roller, and possibly by a more suitable ra t i i ^ of base-plate-
type vibrating compactor. The foregoing statement is based on the relatively small 
differences between extremes in maximum dry unit weight attained by the various com
pactors (109.5-106.4 pcf = 3.1 pcf). In other words, the types of roller is not nearly 
so critical for the sandy clay as for the other soil types. 

For the well-graded sand the vibrating compactors were markedly superior in at
taining high unit weight and in compacting thicker l i f t s . The vibratory compactors 
were also superior in compactii^ the gravel-sand-clay. A slightiy heavier smooth-
wheel roller may have attained greater unit weight on both the sand and gravel-sand-clay 
but stage compaction may have been necessary to develop soil strength to support the 
heavier rollers. 



Control of Compaction During Construction 
THE ENGINEER is charged witii determining i f a construction satisfies the plans and 
specifications that state the requirements for compaction (including moisture control). 
There are three methods in use for stating minimum (and in some cases also maximum) 
requirements for compaction. They are: ( l ) controlling soil dry unit we^ht, &) con
trolling compaction effort, and (3) a combination of (1) and (2). Each of the methods can 
be made to produce compaction that Is equally satisfactory. Each has advantages and 
disadvantages. Each requires different procedures for the engineer to insure that the 
quality requirements intended by the plans and specifications are satisfied. Thus, each 
requires different methods of administration. 

For Method (1) uniform and specific procedures for inspection, sampling and testing 
can be written, which, when followed, make i t possible to distinguish work of accept
able quality from work that does not meet requirements. Method (2) places on the 
engineer the fu l l burden of determining both minimum and maximum requirements for 
compaction. He may or may not employ tests to measure unit weight or moisture con
tent depending on the number of and quality of his personnel, his background of ex
perience, and knowledge of compaction equipment and its potentials. In any instance, 
control of quality may involve both testing and inspection judgment. For this reason 
a large part of this bulletin is devoted to the presentation of test results from full-scale 
field compaction experiments. I t is hoped that these results wi l l benefit the engineer 
assigned the task of control of compaction, irrespective of the nature of the plans and 
specifications for compaction. A few exemplary items that concern aids to judgment 
are discussed under "Checking Construction Operations." Test methods employed are 
discussed under "Checking Compaction Results." 

CHECKING CONSTRUCTION OPERATIONS 
Inadequate or non-uniform compaction results from (a) an Insufficient number of 

compactors for the excavating, hauling and spreading equipment; (b) improper type; 
or (c) improper size and rating of compactors, as well as improper operation of com
pactors. Familiarity with the compaction characteristics of the compactors and ttie 
output of al l equipment on various soil types may forewarn the engineer of inspection 
and testing problems that may arise. 

For example, for a given type of sandy soil and three different compaction speci
fication requirements, two or possibly three types of compactors may each individually 
produce adequate results economically. For intermediate requirements, perhaps only 
two types of compactors yield adequate unit weight. Very high unit weight requirements 
may be obtained only by vibratory compaction. The contractor may find i t economical 
to employ stage compaction using two types of equipment or two ratings of a given type 
to attain adequate compaction. For example, i f this existing equipment includes light
weight (low tire pressure) and heavy weight Oilgh tire pressure) pneumatic-tire rollers, 
he may choose to employ stage compaction. In doing this he would use the near maxi
mum tire pressure that the soil would support in the lightweight smaU-wheel roller to 
increase the unit weight of the soil until i t would support the heavy roller with higher 
tire pressure and larger tires with which he would obtain the specified high unit weight. 
The use of this method would involve l i f t thicknesses different than normally used and 
also would involve differences in methods of insfpection and testing. 

The nature of dumping and sfpreading operations may have much influence on attain
ment of adequate compaction and equipment output; and, may also influence ttie methods 
used in checking construction operation. Dumping in windrows, piles, or l i f t s results 
in three different degrees of exposure (surface area). U, for example, the time period 
between dumping and compacting is long, sufficient evaporation may take place in a 
clay soil to result in inadequate and non-uniform compaction. If the soil contained 
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adequate moisture content when dumped and was spread and compacted immediately, 
costiy waterii^ and processii^ may have been unnecessary and unit weight attained 
with much greater ease. 

Because of its strong effect on avenge unit weight for the fu l l thickness of the l i f t , 
and on the nature of the unit-weight gradient, l i f t thickness is usually specified. When 
unit weight is specified and l i f t thickness is not specified and rather large l i f t thickness
es are employed, there may arise question concerning interpretation of the unit-weight 
specification. Also the use of great depths in which the method of compaction results 
in rather flat density vs depth gradients may necessitate testing for unit weight at var i 
ous depths requiring a method of testing that becomes increasingly more difficult as 
the depth increases. That is particularly true for non-cohesive soils. 

If unit weight is not employed as a measure of quality of compaction and measure
ments are not made of other qualities, there remain few methods for checking con
struction operations that wi l l give positive evidence whether or not compaction is ade
quate. Simple observation of the number of passes in scheduling roller travel is one 
method that can be depended on i f size, rating and speed of the compactor, and moisture 
content are within desirable ranges. 

It should never be forgotten that for a road otherwise adequately designed, the 
smoothness of the r i d i i ^ surface during its useful l ife bears a strong relation to uni
formity of compaction. Degree of coverage is proportional to number of passes except 
for unusual cases of "tracking" by rollers as, for instance, certain sheepsfoot rollers 
have tamping foot spacing that results in the tamping feet finding the same impressions 
left by previous trips. 

Some soils, when compacted to satisfy compaction requirements, for example to 
95 percent of AASHO T 99 maximum unit weight, are not sufficienUy stable to carry 
large capacity loaded hauling units. An example is an organic silt. When material 
of that nature is overstressed as indicated by cracking and the formation of waves 
ahead and behind a roller, i t is difficult to estimate from visual inspection the effect 
of overstressing on unit weight. This should in most instances involve extra testing 
as proof of the effectiveness of the method finally employed to compact i t satisfactorily. 

Among the many problems involving moisture content is that of placing, compacting 
and hauling over excessively wet soils that may be placed at unit weights that satisfy 
the specifications. If stability is also a problem, these soils must be relegated to a 
use where their stability is not critical. D r y i i ^ has been done successfully by the use 
of kilns similar to those used in drying aggregates. However, most dr3ring has been 
by exposing the greatest sur&ce area possible by windrowing, then mixing and re-ex
posing the soil. 

Another method that has been used successfully in many instances is alternate layer 
construction, where a layer of wet soil of optimum thickness for both compaction and 
stability (for example, 12 in. deep) is covered with a layer of dry or otherwise stable 
soil. This layer should also be of a thickness that permits its satisfactory compaction 
plus the compaction of the underlyii^ wet layer with minimum reduction in strei^th 
due to manipulation of the wet layer. The adjustment of the thicknesses of these layers 
can, at times, be made to yield results better than expected by the uninitiated. 

The mixing in of stable soils with wet soils (for example, sandswithwet silts and 
silty clays) can also be used. Wet soils can often be placed in the outer part of the 
embankment where they wUl not endanger the stability of the roadbed section and where 
they wiU dry sufficientty to attain the necessary stability before the embankment is built 
to fu l l height. 

Soil compacted at moisture contents sufficientty wet of optimum to produce sfpringing 
may in some instances markedly increase in stability over night or in a few days as 
air is released from the f i l l and pore pressure is reduced. The placement of special 
materials (for example, boulders and rock slabs from layers of limestone interbedded 
with shales) can do much to aid in controllli^ compaction, especially in checking re
sults. 

The engineer and those of his staff who inspect compaction can well be on the alert to 
discover areas of low unit weight. First, i t is useful to have a policy regarding f r e 
quency of testing for dry unit weight after i t has initially been established that the 
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compactor can satisfy specification requirements. This policy can include minimum 
frequency of testing for each element of the road structure; that is, the embankment, 
the subgrade (to adequate depth), the backfill, the base courses and other elements. 
This includes testing at locations of imbedded instrument installations and other special 
cases where unit weights are needed for evaluation purpose. This policy (for example, 
for embankments) may require a minimum of one test for each 1,000 cu yd of com
pacted soU, or for each 3,000 or 5,000, etc., cu yd depending on needs. The policy 
may then leave i t to the judgment of the inspector to decide when and where those and 
additional tests are to be made. He may employ a Proctor Needle, moisture tests, 
and other methods to aid his ju^ment. 

Because his problem is in all instances to detect insufficient compaction and in some 
instances also to detect non-uniform or excess compaction, he is constantly observing 
areas where compaction may be of doubtful quality. Some of these areas may be where: 

1. Oversized rock is contained in the f i l l ; 
2. Frozen materials were placed; 
3. Material differs markedly from normal materials; 
4. Improper type and rating or compactor was employed; 
5. Compactor may have lost ballast; 
6. Compactors have been turned at end of trip; 
7. Junctions occur between tamped, and rolled or vibrated soils; 
8. Embankment operations are concentrated; 
9. Dirt-clogged rollers (sheepsfoot type) were used; 
10. An insufficient number of passes were applied; 
11. Lift thickness was excessive; or 
12. Moisture content was insufficient or in excess. 

CHECKING COMPACTION RESULTS 
Field compaction results are normally specified in terms of unit weight and moisture 

content. Various means are used to specify the degree of compaction required. These 
include percent compaction (relative compaction), percent density, compaction ratio, 
relative density, percent porosity, and percent air voids. To check compaction re
sults, however, the followii^ four basic steps are necessary: 

1. Representative sampling; 
2. Determination of in-place unit weight and moisture content; 
3. Determination of desired or control unit weight and moisture values; and 
4. Comparison of in-place values with control values. 

Step (3) may seem out of order because many organizations perform compaction 
tests for unit weight control values prior to construction. The problem remains, how
ever, of Identifying the soil on which the in-place tests were made so that the proper 
values are used. The most foolproof way of determinii^ these values is to use the 
material from the test hole and perform a compaction test on that material. 

If moisture content-unit weight curves are available for the local soils, the soil 
tested must then be identified so the proper curve is used in determining the control 
unit weight and moisture content. One of the best methods for identifying the soil Is 
to perform a one-point compaction test. The method consists of compacting the soli 
in a standard 1/30-cu f t mold determining the wet unit weight and moisture content, 
plotting these two values on the set of moisture content-unit weight curves for local 
soils, and observing which compaction curve the data f i t . For example, suppose the 
curves shown in Figure 83 represent fee moisture content-unit weight relationships 
for three samples taken from one borrow pit. If the field moisture content and the 
wet unit weight of the recompacted sample plot as point A, the soil Is Identified with 
sample No. 2 (Fig. 83). 

The soil can also be identified by its penetration resistance and wet unit weight 
(as recompacted in a standard mold). This is typified by the Ohio (19) and Wyoming 
(52) methods. Another method, devised by Humphres (102) for samples of granular 



material, identifies the mixture and the 
proper control unit weight by the percent
ages of coarse and fine aggregate. Pos
sibly the simplest method involves the 
use of glass jars containing local soil 
samples at optimum moisture. The in
spector can compare the appearance and 
the "feel" of the sample with the standard 
soils. The difficulty arises when the 
sample is different from Uie standards. 

Before comparing in-place unit weight 
and moisture content values with control 
values, i t may be necessary to correct 
for coarse aggr^ate. This correction 
may be necessary when the in-place ^m-
ple contains coarse aggr^ate sizes ot 
percentages not represented in the con
trol compaction tests. Standard methods 
(AASHO Designations: T 99 and T 180 and 
ASTM D 698 and D 1557) provide for per
forming the compaction test on the portion 
passing the No. 4 or the %-in. sieve. 
(Note that Methods C and D of the standard 
compaction tests provide for replacing the 
portion retained on the %-in. and passing 
the 2-in. sieve with an equal weight of 
material between the %-in. and the No. 
4 sieves. This procedure is intended to 
provide unit weight and moisture content 
values applicable to the whole material.) 
Corrections or calculations can be made 
either (a) to determine the in-place unit 
weight and moisture content of the fine 
fraction for direct comparison to compaction test results, or (b) to determine the de
sired or control unit weight and moisture content of the whole material so that in-place 
values of the whole material can be checked. These are discussed under "Correcting 
for Coarse A^regate Content." 
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Figure 83. Typical wet and dry unit 
weight curves of three s o i l samples for 
use I n f i e l d control of compaction. 
(Point A represents the moisture content 
and wet \mlt weight of a disturbed test 
sample taken from the caii;>acted earthwork 
and recompacted In the standard mold.) 

Sampling 
The number of samples required for adequate control depends largely on local con

ditions and is a matter for the engineer or the inspector to determine. In general, 
unit weight tests should be made as often as possible durii^ the initial stages of con
struction to determine the adequacy of the contractor's methods and to familiarize the 
inspector with the soils. Fewer tests may be required if the soil and moisture content 
are uniform and the contractor's work is satisfactory; more frequent tests may be re
quired if the opposite is true. 

Unit weight and moisture samples should represent conditions for the entire l i f t 
thickness. The size of sample necessary for representative sampling depends on the 
l i f t thickness and size of aggregate. If the entire depth of l i f t cannot be sampled due 
to limitations of the sampling equipment (as is the case with drive tube samples and 
nuclear surface gages), additional deeper samples should be taken or a study made 
to determine how unit weight varies with depth. The absolute minimum diameter of 
unit weight test holes in fine-grained soil should be 2 in . , a 4-in. diameter is prefer
able; for coarse-grained material, the minimum diameter should be three times the 
maximum size aggregate. For example, if the maximum size aggr^ate is 2 in. , the 
hole should be 6 in. in diameter. Generally, the larger the test hole, the more accur
ate is the unit weight determination. 
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The minimum size moisture sample will also depend on the gradation of the materi
al. Minimum samples of 100 grams are recommended (122) for fine-grained soils and 
500-gram samples for material with a maximum size of " ^ n . A su^ested rule is: 
sample weight in grams = 1, OOOd', where d is the diameter of the largest size particle 
in inches. 
Methods for Determinii^ Moisture Content 

There are several metiiods suitable for determining soil moisture content in the 
field. These methods are given in Table 44 with a summary of their principal charac
teristics. 

Dryii^ for Moisture Loss. —The standard method for determining soil moisture con
tent in the laboratory consists of diTing the soil sample to constant weight in an oven at 
110 C (230 F); then dividing the loss in weight by the dry weight of the soil. 

Moisture content = Weight of wet soU ; Weight of dry soil 
Weight of dry sou 

or 
. Weight of wet soil 
" Weight of dry soil 

To express moisture content in percent, the value determined must be multiplied by 
100. 

Although temperature-controlled ovens are currently available on some construction 
jobs, they require 4 to 12 hours for drying; tills may be excessive for close control of 
compaction. 

Small electric forced-draft heaters, as shown in Figure 84, are available, and are 
practical for use in field laboratories. This type is temperature-controlled and will 
dry 50-gram samples in 30 mln. The necessity for an electric power source has 
limited its use in the field (35). 

TABLE 44 
A SUMMARY OF CHAHACTEMSTICS OF METHODS FOR DETEIIMINIMG MOISTURE CONTENT m THE FIELD 
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Soil samples can be dried in about 45 
min in an open pan over a stove (26). This 
method is satisfactory only if the operator 
is cautious in keeping the temperature 
under control and does not overheat the 
soil. The use of two pans, one inside the 
other, has proven useful in preventing 
hot spots. 

The alcohol-burning method (17, 26) 
consists of mixing sufficient denatured 
grain alcohol with damp soil to form a 
slurry in a perforated metal pan, igniting 
the alcohol, and allowing it to bum until 
consumed. Soil temperatures are only 
moderately high (130-160 C) so that if 
properly done, this method will produce 
results equivalent to careful laboratory 
testing. Time required is 10 to 35 min. 
The suggested procedure is as follows: 

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

2. Obtain representative sample of 
soil. 

3. Place sample in perforated pan; 
weigh and record weight. 

4. Place perforated pan in larger pan 
and stir alcohol into the soil sample with 
a glass rod until the mixture has the con
sistency of a tiiin mud or slurry. Clean 
rod. 

5. Ignite the alcohol in the outer pan and in the sample and bum off all alcohol. 
6. Repeat the process three times, or until successive weighings indicate no re

duction in weight, each time burning off all alcohol. 
7. Weigh perforated pan and dry soil; record weight after final burning. The 

weight of dry soil equals this weight minus weight of perforated pan and filter. 
8. Calculate moisture content as shown previously. 

Figure 8k• Small forced draft oven. 

Proctpr Penetration Resistance. —The Proctor penetration resistance method con-
si sts'orTaTtoEngX'ioiriaHpIeTro the rolled earthwork, (b) compacting it into a 
standard compaction mold, (c) weighing to determine the wet unit weight of the soil, 
(d) measuring the penetration resistance of the soil in the mold with the soil pene
trometer (Fig. 85), and (e) determining the moisture content from a previously es
tablished chart that relates wet unit weight, penetration resistance, and moisture 
content. These steps take about 10 min and the results are sufficientiy accurate for 
most field purposes. The method is suitable only for fine-grained soils, however, 
because coarse sand and gravel may cause erroneously high resistance readings. 

The chart relating wet unit weight, penetration resistance, and moisture content 
is normally prepared from the results of pre-constmction, compaction and penetration 
tests. During compaction tests, penetration resistance measurements are made on 
each compacted specimen. After each compacted specimen is weighed for wet unit 
weight determination, the penetration needle (Fig. ,85) is pressed into the soil at a 
uniform rate of % in. per second to a depth of 2/2 in. The desired maximum resistance 
generally occurs as the needle enters the top of the middle layer, at a depth of about 
1% in. Until recentiy, the depth of penetration was usually specified as 3 in. (27, 11), 
but the trend has been to reduce this to 2% in. (119) to prevent penetration into the 
bottom layer. Typical data from tests on one soil are plotted in Figure 86. 

To make the data more usable in the field for moisture determination and for soil 
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identification, a plot similar to Figure 
87 is generally made. If, for example, 
the wet unit weight of a sample recom
pacted in a compaction mold is 129.4 pcf 
and the penetration resistance is 950 psi, 
these data can be plotted as point A and 
the moisture content read directiy as 
13.8 percent. The chart can also be used 
to determine the optimum moisture con
tent and maximum unit weight of the soU 
tested. This is done by sketching in a 
compaction curve passing through point 
A and intersecting the line of optimum 
conditions at point B. Hie moisture 
content at point B is optimum; maximum 
dry unit weight is the wet unit weight at 
point B divided by one plus optimum. 

The use of typical unit weight and pene
tration resistance curves by Ohio and 
Wyoming is discussed under "Use of Ohio 
and Wyoming Typical Curves." 

POINT 
14 18 22 
Moisture Content, percent 

Figure 85. S o i l penetrometer (Proctor 
type) (26). 

Figure 86. : i ^ i c a l unit weight and pene
tration resistance curves (26). 
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Other Methods for Determinii^ Moisture 
Content. —There are other suitable meth
ods for determining moisture content in 
the field and these are described briefly. 
One involves distillation with toluene for 
actual measurement of the water con
tent; others are based on the correlation 
of sample moisture content with calcium 
carbide "pressure," calcium carbide "loss 
in weight," compacted wet unit weight, 
specific gravity of damp soil, specific 
gravity of alcohol-water solution, and re
fractive index of dioxan-water solution. 
Two other methods are discussed under 
"Nuclear Test Methods" and "Hilf's Meth
od for Fine-Grained Soils." 

The distiUation method (116, 14, 22) 
for determining moisture content consists 
of adding toluene (or xylene) to the soil 
sample, heating the mixture to drive off 
the water and toluene, condensing the va
por and collecting the distillate. The 
water is the heavier of the two liquids and 
can be measured directly in the collection 
tube. The toluene floats on the water and 
is recirculated to the still where it pre
vents the temperature of the mixture from 
exceeding its own boiling temperature, 
110.6 C. The method is accurate but 
takes about 45 min. The need for a source 
of running water to cool the condenser 
generally limits the method to well-fur
nished field laboratories. 

The calcium carbide "pressure" meth
od (58, 35) for determining moisture content consists of mixing measured quantities of 
damp soil and powdered calcium carbide in a closed chamber (Fig. 88) and measuring 
the pressure developed by the formation of acetylene gas. (Calcium carbide and water 
combine to form acetylene gas and calcium hydroxide.) The pressure developed is 
directly related to the amount of water entering into the reaction. If all of the water 

in the soil does not enter into the reaction, 
as might happen with a heavy clay, the 
pressure does not accurately measure 
the moisture content of the soil. The 
"pressure" method requires 5 min or 
less and is suitable for most soils. For 
heavy clays, some mechanical means for 
breaMi^ up the soil lumps is required; 
two steel balls have been added to the 
apparatus in Figure 88 for this purpose. 
With this modification, the moisture con
tents of clay soils, with P. I. values as 
high as 40, have been determined (130) 
within 3 percent of the oven-dried value 
at about optimum moisture content. The 
small chamber volume of commercial 
devices restricts sample size and makes 
them unsuitable for representative sam
ples of coarse granular material. 

Figure 8 7 . Moisture, unit weight and 
penetration resistance curves from a spe
c i f i c project for use i n compaction con

t r o l . 

Figure 8 8 . 
vice for 

Calcivun carbide pressure de-
determining moisture content. 
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The standard sample size for the device in Figure 88 is 26 grams. 
The calcium carbide "loss in weighf' method (116) differs from the "pressure" 

method in that gas formed during the reaction is allowed to escape. The amount of 
water entering the reaction is determined from the loss in weight of the total mixture. 
The relatively simple apparatus needed for this test makes this method more suitable 
for large samples than the "pressure" method. No commercial apparatus for this 
test is known to be available. 

The compacted wet unit weight method (34) for determining the moisture content of 
a soil sample is satis&ctory if the soil can be positively identified and the wet unit 
weight compaction curve for the soil is available. The method consists of taking a 
sample from the rolled earthwork, recompacting i t into a mold, weighing the mold and 
soil to determine the wet unit weight, and plotting the wet unit weight on the compac
tion curve. The moisture content can be read off directty. For example, suppose the 
wet unit weight curve in Figure 86 applies and the recompacted wet unit weight is 120 
pcf. The moisture content can be read directiy as 18.1 percent. 

The pycnometer or specific gravity method for determining moisture content con
sists mainly of measuring the specific gravity of the damp soil sample and comparing 
this value to the specific gravity of the dry soil, which was previously determined in 
tiie laboratory. This method, of course, depends on positive identification of the soil 
in the field. The method takes about 10 min and has been shown ^ 31, 39) to be 
practical for use in Hie field. The Texas method (68) eliminates errors due to bubbles 
and froth in the P3rcnometer by applying 1,200 psi to the system. 

The alcohol solution method for determining moisture content consists of mixing set 
amounts of alcohol and damp soil, measuring the specific gravity of the alcohol-water 
solution with a hydrometer, and observing the corresponding moisture content on a 
chart relating specific gravity of alcohol-water solutions to percentage water. The 
method takes 5 to 10 min and has been shown (50) to be sufficientty accurate for field 
use. 

The refractive index method for determining moisture content consists of mixing 
set amounts of dioxan and damp soil, filtering off a few drops of dioxan-water solution, 
measuring the refractive index and observing the corresponding moisture content on a 
chart relatii^ refractive index of dioxan-water solutions to percentage water. The 
method has had very limited use but is rapid (about 10 min), and has been shown (116) 
to be very accurate. 

TABLE 45 
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ClttraGtensUcs MBhirtwd MeSioda [n which Teat Hole Vohime to Measured by 

OU Replacement Water Balloon 

Undistuitaed Methods in Which Gtample Is 
Removed a.m & Nondestructive 

Nuclear (Sur-
bce Tvpe) 

Drive &itqile Block ftuuple 

Nondestructive 
Nuclear (Sur-

bce Tvpe) 
Rtst to very fast Slow Very fast 

No No Yea 

No Yes Yes 
Y«8 Yes Yes 

Not oeceBBrj Not necesary Hough suriaces 
leveled with and 

1 Use 3- to 4-in dia - 1 Do not use 1 aiouldbe used 
meter samplers unless sam only by safe-
in very dense and ple can be ty-tiained 
coaraer-gnuned removed operators 
soil Intact 2 Check aivara-

2 bsert sampler um' tus often 

Speed Model 
SuitataiUty wifli 

Granular material without 
cohesion* No 

Granular nuterul with 
cohesion Yes 

Fine-grained cohesive soils Yes 
Applicability to initial read

ings on r o u ^ granular 
b u t u l i adlngpoai 

Precautions necessary 

cohesive material, Cotf-

i . Use clean dry a n d 
2 Calibrate sand often 
3 Avoid vibration 
4 Use large-diameter holes 

holes In material with 
coarse aggregate 

5 Do not U K with open-grad
ed aggregate m which 
and might be lost by 

Moderate to fast 

leon Imtlalreadingnotpractical Iratial readii« a 

1. Use level smooth testslte 1 
2 Do not use with cqien-gnul-

ed or pervious granular 
material in vduch oil 
might be lost by seepage 

Pour oU quickly 2 

U K l a^e diame
ter hole in ma
terial with 
coarse aggre
gate 

Apply sufficient 
pressure to water 
to force balloon 
to bt test hole, 
but not distort 
hole 

Prevent entrap
ment of air in 
impervious ma
terials 

Balance vertical 
preswre on base 
plate and pressure 

Sample size Umlted by 

Chief ai 

Chief dlBBdvantBgee 

Cone size, sand supply 

Simplicity, nntnesB 

Unit weight varlablUty, 
possible Inaccuracy in 
coarse granular ma
terial 

101. 89. 114 

Oil supply 

EkmpUcity 

Balloon s i » , fhild 
reservoir 

Skmplicity, speed 

bnvUnghibe 

SimplictQr, speea 

Nothing Apparatus 

Large amples Speed 
with coarse ag-

S l n ^ s B Initial high cost, 
apparatais and 

stage 
« 124. 128. 103. 125 

Exclude closely-graded or well-graded material with sufficient moisture for apparent cohesion 
bConsiste mainly of adding thin leveUng course {W) 



121 

lilany other methods have been used in determining moisture content in the field 
and are described in the literature. These include electrical resistivity, elec
trical capacitance, the Tumbull Drop Test (Australia), temperature rise on addition 
of sulfuric acid, and several others. Because tiiey have been used on a limited scale 
they are not described here. 
Methods for Determinli^ Unit Weight 

There are several methods currently being used for measuring the in-place unit 
weight of the compacted earthwork. Those most commonly used are given in Table 
45 with their characteristics. All of these methods are satisfactory for cohesive fine
grained soils; some are also satisfactory for coarse-grained materials. 

Disturbed Methods. —Disturbed sample methods are applicable only with materials 
in which a hole can be dug and its shape retained. The methods generally consist of 
five basic steps: (a) leveling the test site and/or making an initial "zero" reading; (b) 
digging a hole in the compacted earthwork; (c) weighing the material removed; (d) mea
suring the volume of the hole; and (e) calculating the wet unit weight by dividing the 
weight of damp soil by the volume of the hole. The dry unit weight is determined by 
dividing the wet unit we^ht by one plus the moisture content (expressed as a decimal). 

The volume of the hole can be determined by filling i t with dry sand, oil, water or 
any suitable material of known unit weight, then dividing the weight of material used to 
f i l l the hole by its unit weight. For example, putty has been used (115). The volume 
of the hole can also be determined by filling it with plaster of Paris, then removing 
the hardened cast and measuring its volume directly in an overflow volumeter. 

Standard methods for making in-place unit weight tests with sand and oil are de-
scriped in AASHO test designations T 147-54 Method A and T 181-57. Two suggested 
methods for in-place unit weight tests using water balloons are given in "Procedures 
for Testing Soils," ASTM, pp. 432-441 (1958). The sand cone, the oil replacement 
and the water balloon methods have features which limit their usefulness. The methods 
can be used satisfactorily, however, if their limitations are recognized and proper 
precautions observed. 

The accuracy of the sand cone method is limited mainly by the variability in unit 
weight of the sand and its inability to completely f i l l the test hole. The unit wei^t of 
the sand deposited in the test hole is affected by the height from which the sand is 
poured, the amount of vibration present, the moisture content of the sand, the tempera
ture, and the amount of extraneous soil mixed in with the sand. The ability of the sand 
to completely f i l l the hole is limited by its angle of repose. 

The following precautions should be taken to insure accurate results: 
1. Provide a means for depositing sand in the test hole that will be uniform for 

different operators. The use of a sand cone as shown in Figure 89 has given good re
sults (101). 

2. Use clean dry sand that is uniform in size distribution. Standard Ottawa sand, 
all of which passes the No. 20 sieve and is retained on the No. 30 sieve, has given 
good results. Some operators have found screened concrete sand to deposit to uniform 
unit weight. 

3. Calibrate sand frequentty to determine its weight per cubic foot under varying 
temperature and humidity conditions. A minimum of twice a day is recommended. 

4. Use large-diameter test holes in material with large aggregate to minimize the 
possible error due to the inability of the sand to surround projecting stones or to f i l l 
large cavities in the sides of the hole. 

5. Prevent any jarring or vibration from settiing the sand in the test hole during 
measurement or in fte container during calibration. Staying 30 f t away from operating 
equipment is usually sufficient. 

6. Do not reuse sand contaminated with soil or water. 
7. Do not use the sand replacement test with open-graded a^regate in which sand 

might be lost by seepage into the spaces between particles. 
8. Do not use with very wet pervious material in which bulking of sand due to ex

cessive moisture content is likely. 
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The accuracy of the oil replacement 
method is limited mainly by the permea
bility of the material tested and the abili
ty of the operator to level the test site. 
Variations in the unit weight of the oil 
due to temperature changes and different 
amounts of contained air also affect the 
accuracy of this method. 

The following precautions should be 
taken to insure accurate results: 

1. Calibrate the oil in a container of 
the same shape and approximate volume 
as the testhole. Pour the oil into the con
tainer at the same rate as used in the 
field. 

2. Level the test site so that the ex
cavated hole can be poured brimfull of oil. 
A bar level can be used as a guide. 

3. Pour the oil quickly into the hole 
to minimize the tendency for loss by seep
age and to allow the same small amount of 
time for dissipation of air bubbles formed 
in the oil during pourii^ as was allowed 
during calibration of the apparatus. 

4. Do not use with dry or open-graded 
aggregate in which oil might be lost by 
seepage. 

5. Use free-flowing oil: SAE 30 to 40 
in warm weather, SAE 20 weight in cold 
weather. 

The accuracy of the water balloon meth
od is limited mainly by the ability of the 
balloon to fit the hole. This, in turn, is 
influencedby the stiffnessof the balloon, the 
fluid pressure inside the balloon, the shape 
of the hole, and the quantity of air trapped be
tween the balloon and the sides of the hole. A 
typicalwaterballoonisshowninFigure 90. 

The following precautions should be 
taken to insure accurate results: 

Sand-cone used i n sand-re-
method of determining unit 

weight (101). 
1. Use appropriate-size device so that Figure 8 9 . 

balloon is about the size of the hole re- placement 
quired. 

2. Use large-diameter holes in ma
terial with coarse aggregate to minimize 
error due to poor fit along sides. 

3. Use sufficient fluid pressure to force 
the balloon to fit the hole, but not so much that the hole is distorted or the base plate is 
lifted off the ground. A pressure of 3 to 7 psi is recommended. The device shown in 
Figure 91 includes a pump and pressure gauge. 

4. Prevent entrapment of air between the balloon and the hole in impervious ma
terial. Strii^s have been used (101) with success. The Washington Densometer (Fig. 
92) fills the balloon from the bottom up, thereby flushing the air out to the surface. 

5. Balance the vertical pressure on the base plate against the fluid pressure to 
prevent caving the hole in or blowing the balloon out. 
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Figure 91. Water balloon with b u i l t - i n 
pump and pressure gage (courtesy Ralnhart 

Company). 

Figure 90. Typical "water balloon" de
vice for measuring volume in determining 
unit weight showing the component parts 

of the device (101). 

Undisturbed Methods. -Undisturbed 
sample methods consist of removing the 
sample with as litUe disturljance or dis
tortion as possible, then determining the 
unit weight of the sample from its weight 
and volume. Standard procedures for 
making in-place unit weight tests by the 
drive sampler and the block method are 
given in AASHO test designation T 147-54, 
Method B. 

The drive sampler method is suitable 
for fine-grained soils-clays, silts, and 
fine sands. The method consists of pushing a short sampling tube into the soil, with
drawing the tube with sample, trimming sample flush with ends of tube, weighii^, then 
calculating the unit weight of the soil by dividing the net wei^t of the sample by the 
volume of the tube. Its accuracy is limited mainly by the amoimt of distortion (com
paction of loosening) of the sample caused during drive sampling. In general, the unit 
weight of loose to medium dense soils tends to be increased and the unit weight of very 

Figure 92. Washington densometer (101). 
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dense soils tends to be loosened (48). Advance trimming may be used in dense soils 
to &cilitate driving and to reduce sample disturbance. 

The block sample method is suitable for any material that will remain intact during 
samplii^. The method briefly consists of cutting out a block of soil, coating it with a 
known amount of paraffin, weighing to obtain the net weight of the sample and immersing 
in an overflow volumeter to determine the net volume of the sample, then dividing 
through for the unit weight. 

Nuclear Test Methods 
Nuclear test methods for measuring in-place soil-moisture content and unit weight 

are yet in the development stage. They have received much attention since about 1949 
when researchers at Cornell University developed the first probes (54, 67). Nuclear 
methods for measuring in-place unit weight consist of directing gamma rays of known 
intensity into the soil material and measuring the intensity of gamma rays reflected 
back. As the unit weight of soil materials increases, the reflected intensity of gamma 
rays decreases. Nuclear methods for measuring in-place moisture content consists 
of directing "fastf' neutrons of known intensity into the soil material and measuring the 
intensity of "slow" neutrons reflected back. "Fast?' neutrons are slowed mainly by 
elastic coUlsions with hydrogen atoms; the number of "slow" neutrons detected (near 
the source of "fasf' neutrons) is indicative of the moisture content of the soil material. 
Some commonly used sources of gamma rays are radium, cobalt 60, and cesium 137; 
the most commonly used source of "fast?' neutrons is a radium-beryllium mixture. 

There are two basic ^ e s of nuclear devices: the probe, which is designed to be 
lowered into the ground, and the surface gage. Moisture and unit weight probes are 
lowered to the desired depth in tiie soil through access tubes driven into the ground and 
are particularly suited for making measurements at various depths and for making re
peated or periodic measurements at the same points. Surface gages are placed on the 
ground surf^e and are chiefly used in compaction control. One type of surface gage is 
shown in Figure 93. The operators, shown in the Figure, are beside the scaler (elec
tronic counter) which is used to determine the average intensity of gamma rays for 
unit weight, or "slow" neutrons for moisture content. These measurements are made 
during a time interval of 2 to 5 min. 

At present, nuclear apparatus, mainly surface gages, are being investigated by at 
least 8 highway organizations, l^e Michigan Highway Department, as an example, 
designed their own gage and have made extensive check tests on in-place unit weight 
and moisture determinations on regular construction projects. They report (124) that 
the results are encouraging, but will continue to use the apparatus on an experimental 
basis. 

The principal advantage of using nuclear surface gages is speed. In-place unit 
weight tests can be run in about one-fifth of the time required for conventional dis
turbed-sample methods. In addition, testing can be done without disturbing the soil 
structure, the methods are applicable to a wide range of materials, even frozen ground, 
and test results are subject to littie variation due to operator differences. 

The principal disadvantages of current equipment are high initial cost and uncertain 
accuracy. The accuracy of the apparatus seems to be debatable; the published data are 
inconclusive. Claims of accuracy in unit weight measurements vary from plus or minus 
0.5 to5.5pcf (88). 

In October 1959, Pocock, Smith, Schwartje and Hanna (124) reported on the per
formance of the conobination moisture content-unit weight gage developed in Michigan. 
They analyzed data from one road project that included 159 nuclear unit weight and 172 
nuclear moisture determinations and corresponding check tests by conventional meth
ods (water balloon used for unit weight, open-pan method used for moisture content). 
An analysis of the data showed that 95 percent of the nuclear unit weight determinations 
were within 5 pcf of the values by conventional methods; 95 percent of the nuclear 
moisture measurements were within 2.6 percentage points of the values determined by 
conventional methods, in-place unit weights ranged from 110 to 140 pcf; moisture 
contents ranged from about 4 to 17 percent. 



Figure 9 3 . Nuclear surface gage for mea
suring in-place unit weight (covirtesy 

Michigan State Highway Department). 
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In January 1960, Phillips, Jensen and 
Kirkham of Iowa State University reported 
(128) the results of a study to determine 
the reproducibility of the Nuclear-Chicago 
apparatus. Tests were run on plots of 
Colo clay compacted to three different unit 
weights. The analysis of nuclear unit 
weight measurements showed that 68 percent 
of the values were within 3.5 pcf of the 
mean unit weight values. Corresponding 
unit weight determinations by a drive samp
ler showed at least as much variation. 

In June 1960, Carey, Shook, and Rey
nolds of the AASHO Road Test staff re
ported (128B) on the performance of two 
nuclear gages. They found that in closely 
controlled laboratory tests, the nuclear 
gages were equally as accurate in deter
mining unit weight values as the 6-in. water 
balloon method used. In summarizing the 
results of their field experiment, however, 
they reported that the relative accuracy of 
the nuclear gage, the sand cone, and the 
water balloon could not be established be
cause the true unit weight of the material, 
at each test point, was unknown. 

This statement, that the true unit weight 
of the material at each test point was un

known, applies generally to all the field results cited. The results of tests made at 
different points in the field are affected by the natural variability of the soil and of 
the compaction process. 

In addition, comparisons of field measurements by nuclear and conventional meth
ods are affected by the inaccuracies of the conventional methods and the differences in 
sample size or samples tested. It is known, however, that the accuracy or usefulness 
of current surface gages is limited by the following features: 

1. Moisture determinations are influenced by hydrogen atoms in certain clays that 
are not normally driven off at 110 C; therefore, the gage indicates higher moisture 
contents in some materials than the standard method does. 

2. Unit weight determinations are affected by the chemical composition of the ma
terials being tested. Iron oxide, for example, would tend to make the unit weight 
measurements low; water in the soil tends to make them high. 

3. The operator cannot control the depth and/or volume of soil being tested for 
moisture contentandunitweight. The sample size depends on the dimensions of the gage and 
the moisture content and unit weight of the soil. In unit weight tests, the depth sampled 
decreases as unit weight increases; maximum depth with currentiy available apparatus 
is 4 to 6 in. Moisture sample size decreases with increasing moisture content; maxi
mum depth of sample with current equipment varies from 5 to 15 in. (103). 

4. Unit weight determinations are sensitive to air gaps between the gage and the 
ground surface. Tests by the Bureau of Public Roads (131) indicate a 1/100-in. air 
gap will reduce the measured unit weight 1 pcf. 

5. Other sources of error include the non-uniform disintegration of the radioactive 
material, reflection from nearby objects of stray radiation that escapes through the 
top and sides of the gage, and variability in counting time. 

Another feature that is a disadvantage is the possibility of excessive radiation ex
posure of operating personnel. The recommendations of the National Committee on 
Radiation Protection which are followed by the Atomic Energy Commission should be 
employed as guides in the use of radioactive materials. 
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Correcting for Coarse Aggregate Content 
Compaction test results may not be directty applicable to checking compaction in the 

field if the rolled earthwork contains coarse aggregate sizes or percentages different 
from those tested in the compaction test. A correction or adjustment may be necessary 
to account for coarse aggregate content. 

Some effect of coarse aggregate content on the compaction of soil-aggregate mixtures 
is shown In Figure 9. The data were obtained from compaction tests, similar to AASHO 
T 99 Method C, in a 1/30- cu f t mold using a constant compactive effort. They show 
tiiat 

1. The unit weight of the whole material increases with increasing coarse aggre
gate content up to a maximum value at some optimum gradation. At higher percentages 
of coarse a^regate the over-aU unit weight decreases; at these higher percentages 
there may be insufficient fines to fiU the voids between the aggregate. 

2. The unit weight obtained in the fine fraction is gradually reduced as coarse ag
gregate content Increases up to 25 to 40 percent. At higher percentages, the unit 
weight of the fine fraction decreases rapidly. 

3. The addition of graded aggr^te reduces the compaction of the fine fraction 
much more rapidly than does the addition of single-sized aggregate. 

The effect of the maximum size of aggregate on Hie unit weight of the whole material 
appears to be small. Using single-size coarse aggregates, It^dison (28) found that 
the size used made no difference in the 
unit weights obtained in the silty-clay-ag-
gr^ate mixtures. For example, the up
per dashed curve in Figure 9 fits his re
sults using 1-in. to 'A-ln. coarse ag-
er^ate and, also, i t fits his results using 
Ti-in. to %-ln. and %-ixk. to Vs-in. coarse 
aggregate. Using graded aggregate to 
determine the effect of maximum size, 
the Civil Aeronautics Administration (64) 
tested crushed limestone, slag, and gra
vel with maximum aggregate sizes % in. 
and 1% in. (Fig. 94). The unit weights 
obtained on the two sizes of limestone 
and slag were about the same. Unit 
weights of the 1/i-in. maximum size 
gravel, however, were considerably 
greater than the %-in. maximum size 
gravel. The difference is due partly to 
the higher specific gravity of the " l ^ - l n . 
to y4-ln." fraction » . 70 vs 2.56). Tests 
by the Bureau of Reclamation (97) showed 
that the unit weights obtained for clayey 
gravel with 3-in. maximum size were 
somewhat greater than those obtained for 
clayey gravel with %-in. maximum size 
gravel; the difference due possibly to 
better total gradation and less particle 
interference. 

The optimum moisture content of the 
whole material is reduced as the percent
age of coarse aggregate increases. 

To account for coarse aggregate con
tent, a correction can be made either (a) 
to the field measurements or (b) to the 
laboratory test results. 

40 60 80 
Percentogs Retained on No 4 Sieve 

Figure 9h, Effect of maxlmxan size aggre
gate on naxmuin unit weight of graded ma

t e r i a l s (6k). 
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When construction specifications make reference to the results of the standard test; 
that is, that the rolled earthwork should be compacted to at least 95 percent of the max
imum unit weight determined by the standard compaction test (AASHO T 99 T 180), then 
the first type of correction is indicated. 

Correcting Field Measurements for Coarse Aggregate Content. —Correcting field 
measurements for coarse aggregate content is aimed at determining the in-place unit 
weight and moisture content of the fine fraction for direct comparison to compaction 
test results. At least three methods of correction can be used for determining the in-
place unit weight and moisture content of the fine fraction and are applicable to ma
terials that contain up to about 60 percent coarse aggregate, as long as there are suf
ficient fines to f i l l the voids in the coarse aggregate. 

It should be realized, however, that compaction of the fine fraction is reduced some
what by the presence of coarse aggregate. The field compactive effort which is suffici
ent to obtain 95 percent of maximum dry unit weight in a fine-grained soil will not 
generally be sufficient to obtain the same unit weight in that fine-grained soil in a soil-
^gregate mixture with appreciable coarse aggregate. If the in-place unit weight tests 
are used as a measure of uniformity of compactive effort, then some decrease in unit 
weight of the fine material should be expected and allowed for in soil-aggregate mix
tures. However, because the stability of the fine fraction may greatiy influence the 
stability of the whole material at coarse a^regate contents less than about 60 percent, 
higher field compactive efforts may be necessary for design purposes. 

Three methods of correction for determinii^ the in-place unit weight and moisture 
content of the fine fraction are presented as follows: 

The first and simplest method consists of measurii^ direcUy the in-place unit weight 
and moisture content of the fines. The coarse aggregate or stones in the material re
moved from the test hole are put back in the hole, then the fines remaining are weighed 
and the net volume of the test hole is determined. The oil replecement method is suit
able for measuring the volume of the hole with stones in the bottom. If a can and spout 
are used in the sand replacement method, the stones can be returned to the hole durii^ 
pouring. Generally, the sand replacement and water balloon methods are not satisfac
tory for measuring the net volume of the test hole when the stones are piled on the 
bottom. 

The second method is similar to the first in that the coarse aggregates are separated 
from the material excavated. The weight of the fines are determined direcUy; the net 
volume occupied by the fines is determined by subtracting the volume of the coarse 
aggregate from the total volume of the test hole. The volume of the coarse aggregate 
can be determined directiy by using an overflow volumeter (see AASHO Designation 
T 147-54) or indirecUy by dividing the weight of coarse aggr^ate by its unit weight 
(specific gravity x 62.4). For wet unit weight calculations, use bulk specific gravity 
(saturated surface-dry basis); for dry unit weight calculations, use bulk specific gravity 
(oven-dry basis). The moisture content of the fines can be determined by direct samp
ling of the fines. 

The third method for obtaining the in-place unit weight and moisture content of the 
fines requires the following determinations: (1) unit weight and moisture content of 
whole material, (2) percentage of coarse aggregate, and (3) bulk specific gravity of 
the coarse aggregate. The unit weight of the fine fraction can be derived from the 
basic equation that states the total volume of material equals the sum of the volumes 
of the fine fraction (including all voids) and coarse fraction (with no voids): 

W. ^PfW PcW_ (1) 
Vd yt yc 

in which 
W = oven-dry weight of whole material, lb; 
P. = percentage by weight of fine material (passii^ the No. 4 or 'A-in. sieve) 

in the sample, expressed as a decimal; 
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P = percentage by weight of coarse aggregate (retained on the No. 4 or 'A-in. 
sieve) in the sample, expressed as a decimal; 

Yd = dry unit weight of the whole material, pcf; 
"Y f = dry unit weight of the fine material (passing tiie No. 4 or V 4 -in. sieve), 

pcf; and 
= Gg X 62.4 = bulk specific gravity (oven-dry basis) of the coarse aggregate, 

pcf. 
Solving for gives: 

'd'c f 
'c-^d^c 

If, for example, 
V = 127 pcf 

=2 .39 x 62.4 = 149.2 pcf 

Pj = 0.65 

P ^ = 0 . 3 5 

then the dry unit weight of the fine fraction (7f) is equal to 

y _ J ^ c ^ f _ . (127)(149.2)(0.65) ^ 
" 7c - YdPc "149.2 - (127)(0.35) -H^-Spcf. 

The moisture content of the fine fraction can be determined from the fundamental 
equation that states the total weight of water in the whole material is equal to the sum 
of the weights of water in the fine and coarse fractions or: 

Ww = PjWWj + PgWw^ (3) 

in which 
w = moisture content of whole material, expressed as a decimal; 
w. = moisture content of fine fraction (material passing flie No. 4 or %-in. 

sieve) expressed as a decimal; and 
w^ = adsorption of moisture by coarse aggregate (material retained on the No. 

4 or %-in. sieve) expressed as a decimal. 
Solving Eq. 3 for moisture content of the fine fraction (wj) gives 

- 1 = - ^ (4) 

If, for example. 

Pf 

w = 0.08 

p 
c 

= 0.35 

Pf = 0.65 

^c = 0.03 

the moisture content Wj = - (0^35)(0.03) ^ Q ^ ^ percent. 

For some projects i t may be desirable to compute the moisture and unit weight re
lationships between total samples and fine fractions for a wide range in percentages of 
coarse aggr^te and construct families of curves so values may be read directly from 
charts. Such charts were prepared by Shockley (38) with fine fraction defined as 
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Binder Is Fraction of Total 
Sample Passing ^ In. Sieve 

I I I I 
Values Assumed for Rock 

3% Absorption 
^46BulkSp.Gr . 

no 120 130 140 
Dry Unit Weight of Binder, pcf 

Figure 95. Chart for determining relationship between unit weight of fraction pass
ing the J - i n . sieve and the total sample (38). 

material passing the /4-in. sieve. These charts are reproduced here as Figures 95 
and 96. The curves are for coarse aggregate having a bulk specific gravity (saturated 
surface-dry basis) of 2.46 and an absorption value of 3 percent. (It should be noted that 
dry unit weight calculations require the use of bulk specific gravity (saturated surface-
dry basis) by one plus ttie absorption.) The use of the curves is illustrated by the 
following example: 

= 120 pcf 
P^ = 0.50 

w = 0.15 

To determine (A) the unit weight of the minus %-in. material use Figure 95. Enter 
the scale on the left side of the chart at 120 pcf and continue across to the Intersection 
with the 50 percent plus %-in. material line. From that point read directiy down to 
the bottom of the scale to 100 pcf which is the unit weight of the minus %-in. material 
desired. 

To determine (B) the moisture content of the minus %-in. material use Figure 96. 
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 %-in. material line. From that 
point read directiy down to the bottom of the scale to 27 percent, which is the moisture 
content of the minus %-in. material 

Correcting Laboratory Test Results for Coarse Aggregate. — Correcting laboratory 
test results for coarse aggregate is intended to determine the proper unit weight and 
moisture content of the whole material (including coarse a^r^ate not tested) for 
direct use in the field. 
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Water Content Ratios Are Independent 
of Unit Weights of IMoteriols 

3% Absorption Assumed for RocK 

20 25 30 
Water Content of Binder - Percent 

ilgure 96. Chart for determining relation between water content of portion passing 
In. sieve and total 8aiq)le (38) • 

Performing a compaction test on the whole material is the most direct method for 
obtaining the maximum unit weight and optimum moisture content of the whole material. 
Unfortunately, the relatively small compaction molds used in the standard tests limit 
the maximum aggregate size. The tests sfpecify %-in. maximum although larger sizes, 
up to 1% in., may be tested satisfactorily in the 6-in. mold. 

K the entire sample cannot be tested, the best approach is to test as much of the 
material as possible. Methods C and D of the standard compaction tests provide for 
testing th^ soil material passing the %-in. sieve. These methods also provide for 
replacing the coarser material (retained on the %-in. and passing the 2-in. sieve) with 
an equal weight of material between the Vi-in. and the No. 4 sieves. As pointed out 
previously, the maximum size coarse aggregate appears to have littie effect on the 
maximum unit weight obtained. 

Case 1. Where the fine fraction is sufficient in quantity to fiU the voids in the 
coarse fraction. 

The theoretical unit weight of the whole material can be calculated for coarse ag
gregate contents up to about 60 percent-or as long as there are sufficient fines to fill 
the voids in the coarse aggregate. The formula for the theoretical unit weight is based 
on Eq. 1 and can be written: 

A number of organizations use this formula or some revision of it to calculate the 

(5) 
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maximum unit weight of the whole material. Tn such cases, the maximum unit weight 
of the fine fraction is substituted for Yf• The value of is Gg x 62.4 as previously 
used (Gs = bulk specific gravity, oven-dry basis, for dry unit weight calculations). For 
example, if the whole material contains 35 percent coarse aggregate (material retained 
on the No. 4 sieve), the maximum unit weight of the fine fraction is 120 pcf, and the 
bulk specific gravity (oven-dry basis) of the coarse aggregate is 2.39, the maximum 
unit weight of the whole material is 

Vc 
Vc-^Vf 

(120)(2.39)(62.4) 
(l20)(0.35) + (a.39)(62.4)(0.6S) = 128.8 pcf 

Values of Vd, determined by the theoretical unit weight formula (Eq. 5), for gravel 
mixtures are plotted in Figure 97 together with compaction test results obtained by the 
Civil Aeronautics Administration (64). It is apparent tliat the the theoretical luiit weight 
formula (Eq. 5) gives excessively h^h values for the material tested. Hie unit weight 
of the fine a^regate was calculated by Eq. 2 and is also plotted. The theoretical unit 
weight formula will, of course, give the correct unit weight of the whole material only 
when the fine fraction is compacted to its maximum unit weight, when the coarse ag
gregate does not interfere with compaction of the fine aggregate. 

The theoretical unit weight formula should apply reasonably well to so i l -a^r^te 
mixtures with single ,size coarse aggregate up to about 30 percent inasmuch as, from 
the evidence in Figure 9, very littie reduction in unit weight of the fines occurred up 
to that point. For graded coarse aggregate mixtures, the theoretical unit weight 
formula appears to indicate h i ^ values for even small percentages of coarse aggre
gates. 

Other tests by the Civil Aeronautics Administration (CAA) on crushed limestone 
(Gs = 2.65) and slag (Gg = 2.58) with 1%-in. maximum size aggregate gave similar 
results to the gravel and prompted them to revise the theoretical unit weight formula 
to: 

7, = P j 7 f . 0 . 9 P V , (6) 

Figure 98 shows how well the theoretical 
and the CAA formulas predict the unit 
weight of the graded limestone, gravel, 
and slag. 

It should be recalled that all the data 
shown have been obtained in the labora
tory with constant compactive effort. 
Local field compaction data should be 
developed to certify the applicability of 
the theoretical unit weight formula. With
out such certification, note that it agrees 
best with test results when the coarse 
aggregate content (or material not tested) 
is least. When there are insufficient 
fines to fill the voids in the coarse ag
gregate, at about 60 percent or more 
coarse aggr^ate, the unit weight formu
las are not applicable. 

Case 2. Where the fine fraction is 
insufficient to fill the voids in the coarse 
fraction. 

Embankment, subgrade, and base 
course materials occur in which the 
minus No. 4 material is not sufficient 
to fill the voids in the plus 4 material. 

1 1 

T h e o r e t i c a l 
/ u n i t w e i g h t c u r v e 

U n i t w e i g h t o f \ 
w h o l e m o t e n a l , \ 

man size 1 ^ in ^ 

N 

U n i t w e i g h t o f ^ 
m i n u s 4 m a t e r i a l ^ 

\ 
_ \ 

\ 
\ 
\ 

1 1 
\ 
1 1 

2 0 4 0 6 0 8 0 

Pe rcen t R e t a i n e d on No 4 S ieve 

Figure 97. Effect of coarse 
content on the naximuin unit weight of 
gravel mixtures coinpacted i n a 6-in. 
mold, k.6 i n . high (partly from (61;)). 
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Missouri (94) has developed a method for 
determining the unit weight of crushed 
rock base course material in such cases. 
Studies indicated that the average weight 
of coarse aggregate (retained on a No. 4 
sieve) that could be compacted into a 
cubic foot was equal to 58 percent of the 
weight of a solid cubic foot of the same 
kind of rock. The average void content 
in the coarse aggregate was 42 percent. 

To obtain the unit weight of the whole 
material when the fine aggregate is in
sufficient to fill the voids in the coarse 
aggregate, the following formula may be 
used: 

_ (0.58)(Gs)(62.4) _ 36.2 Gs (7) 

in which 
Gg = bulk specific gravity (oven-

dry basis) of the coarse aggregate, 
P = percentage of coarse aggre

gate, e:q>ressed as a decimal. 

For example, 

given: G^ =2.57 
P =0.65 c 

the unit weight of the whole material is 
_(36.2)(2.57) 

^d 0765^ 

L i m e s t o n e 

Grovf l 

P e r c e n t a g e R e t o i n e d on No 4 Sreve 

= 143.2 pcf. 

Figure 98. Effect of coarse aggregate 
content on the maximum unit weight of 
crushed limestone, gravel, and crushed 
slag mixtures compacted in a 6-in. mold, 

h.6 i n . high ( 6 i i ) . 

Missouri has developed a chart (Fig. 99) for determining the unit weight of crushed 
rock mixtures for Cases 1 and 2—for percentages of fine aggregate from zero to 100 

K, for example, the compacted dry unit weight of the minus No. 4 material is 
130.4 pcf, the bulk specific gravity (oven-dry basis) of the coarse aggregate is 2.57 
and 47 percent passes the No. 4 sieve, the following steps lead to the unit weight of 
the whole material: 

1. Plot 2.57 specific gravity on the left vertical scale. This corresponds to 160.4 
pcf. 

2. Plot 130.4 pcf on the right vertical scale. 
3. Calculate the third point which is the over-all unit weight for a 50-50 mixture 

by means of the theoretical unit weight formula. 

Vc (130.4)(160.4) , .„ - . 
(130.4)(0.5)+(160.4)(0.5) = ^^ .̂9 pcf. 

4. Plot 143.9 pcf on the 50 percent line and draw a smooth curve to connect the 
three points. 

5. Note the point at which the 2.57 specific gravity curve intersects the above 
curve. This is the percentage of minus No. 4 material which exactiy fills the voids 
in the coarse aggregate (37.2 percent). 

6. Inasmuch as the percentage of fine aggregate, 47 percent, in the sample exceeds 
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this, follow the horizontal curve to the right to the percentage found in the sample 
and read the weight of total material from either vertical scale (144.8 pcf). 

K the percentage of fine aggregate had been less than 37.2 percent, for example 35 
percent, then the weight of the total material can be found by following the 2.57 specific 
gravity curve downward to the percentage found in the sample (35) and reading the weight 
of the total material from either vertical scale (143.2 pcf). 

Another method for determining the maximum unit weight of coarse aggregate mix
tures is described under "Humphres' Method for Granular Soils." 

Proof-Rollii^ or Test-Rolling 
A standard definition for the terms proof-rollii^ or test-rolling does not exist. 

Proof- or test-rolling infers the use of a roller to test the degree of compaction at
tained compared to that which is specified, or to test the adequacy of compaction in 
comparison with the results attained by the use of a roller of a given type and rating. 
Proof-rolling to date has usually involved the use of heavy to moderately heavy wheel 
load pneumatic-tire compactors to test the effectiveness of rolUi^. It has been em
ployed on embankments, in cut section, on subgrades and on base courses. 

Proof-rollii^ or test-rolUi^ may consist of: 
1. The application of relatively few passes of a heavy roller on a compacted em

bankment to 
(a) Check the results of normal compaction; 

Z . 6 5 i 

2 . 5 0 ^ 

2.30 ^ 

Z . 0 5 H 

2 0 0 J 

Percent Passing N a 4 Sieve 

Test data thot must be known; 
5p gr + No 4 m a l e n a l 
W1 per eu f t - No 4 motor lol 
Porcont possing No 4 

To use ctiort-
Locote sp gr of + No 4 m o t o r i a ! on l o f t v e r t i c a l s ca l e 

to wt per cu f t of No 4 o io t e r i a l on r i g h t v e r t i c o l scale 
3 C o l c u l o t e t h i r d point f o r 5 0 percent pass ing No 4 s ieve (see t ex t ] 
4 Connect the three points by o smooth curve 
5 Curve in te r sec t s opp l i cob le sp gr curve at pe rcen t -No 4 w h i c h just f i l l s voids in + N o 4 
S If percent-No 4 in unit weight sample is more than the above percentage follow weight curve 

ght to proper - No 4 content and read f r o m v e r t i c o l scale the combined wt per cu f t 
7 I t percent - N o 4 i n dens i ty somple is less than pereenfoge in step No 5 f o l l o w sp gr curve 

down to proper - N o 4 content and read f rom v e r f i c o l scale the combined wt oer eu f t 
The we igh t m step No 6 or s j e p Ho 7 is t h | s top 

Figure 99. Chart of weight per cubic foot for crushed rock (9li). 
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(b) Locate areas that were missed or received insufficient coverage during normal 
compaction; 

(c) Correct compaction deficiencies in areas where the existing compaction is in
adequate but where the moisture content Is proper for adequate compaction; 
and 

(d) Locate areas of low bearing capacity due to excess moisture content. 
2. Exploratory testii^ of subgrade in cut sections, as a means for locatii^ 

(a) Undesirable soils not exposed during excavation; 
(b) Areas or zones of excessively wet soils not e3Q)osed during excavation. 

3. Testing of subbases and base courses by the use of a relatively small number 
of passes of a heavy roller or the testing under a large number of passes simulating 
that which in the past has been termed "accelerated traffic" testing. The latter may be 
done by rolling directiy on the base or subbase or on a bituminous surface of lesser 
thickness than that employed in the final construction. 

Proof-rolling as discussed further does not include details of its use as mentioned 
under Item 3. 

Compaction, shoving, or excessive deformation under the proof-roller is evidence 
of low unit weight, excessive moisture, or unsuitable material. 

Very large compactors, as shown in Figure 119 are used in proof-rolling to obtain 
deep stress penetration to test conditions to a depth of 3 to 6 ft. Tire pressures for 
pneumatic-tired rollers generally range from 50 to 120 psi. Contact pressures, as 
well as those applied at various depths, should not be so high as to overstress the 
satisfactory material. The number of passes necessary in proof-rolling depends on 
the material tested and the stability requirements. Only one pass may be necessary 
to check out a 5-ft embankment, but several passes may be required over each of the 
subbase and base courses. 

Proof-rolling is useful in checking compaction of earthwork and in correcting com
paction deficiencies only when the moisture content is satisfactory. If the moisture 
content of the earthwork is appreciably dry of optimum, proof-rolling may be of littie 
value in detecting or correcting inadequately compacted material. As reported by 
TurhbuU and Foster (132); "If the moisture content is on the dry side of the proper 
range for compaction, proof-rolling gives a false sense of security because the layer 
looks firm and hard; but as the moisture increases [duringthe service life of the 
structure] the layer will either lose strength drastically or will compact further under 
traffic." 

The effect of moisture content on the usefulness of proof-rolling can be Illustrated 
somewhat by Figure 100 which shows a proof-roller compaction curve for a specific 
soil. The compaction curve defines the upper limit to which proof-rolling can in
crease the unit weight of the soil. Points A, B and C represent three moisture content-
unit weight conditions of the soil at the time of proof-roUing; the unit weight is the 
same in all three cases and is less tlian the minimum required for satisfactory com
paction. (1) The moisture content at point A is too dry for proof-rolling to obtain 
the minimum unit weight required. Compaction will, however, appear satisfactory 
under the proof-roller. (2) The moisture content at point B is satisfactory and proof-
rollli^ will Increase the unit weight of the soil to a value above minimum required. 
Proof-rollli^ at optimum moisture content will also increase the unit weights of soils 
that have unit weights equal to or that slightiy exceed minimum requirements. Con
struction compaction may appear Inadequate in both cases, because additional com
paction is achieved under proof-rollli^. One method for evaluatii^ the results of 
proof-rolling In such cases is to compare the compaction obtained by the proof-roller 
at points of known unit weight with adjacent areas. (3) The moisture content at point 
C is too wet. Additional compaction will be achieved, but shoving or shearing will 
occur which will weaken the soil. This material will appear unstable and should be 
dried to a satisfactory moisture content before being recompacted. If the unit weight 
represented by point C had been equal to or greater than the minimum required, the 
results would have been the same. 

Care should be taken to prevent overstressing soils that are inherentiy weak. 
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Some materials, like silt, may be suffi
ciently stable for design traffic loads when 
properly compacted, but under the higher 
stresses of proof-rolling, may shove and 
lose strength. If this occurs, complete 
removal and careful recompaction of the 
material to its original condition of maxi
mum bearing capacity is necessary. 

Care should also be taken to prevent 
overcompactton of expansive subgrade 
soils which may make them more subject 
to detrimental swell. 

Proof- or test-rolling provides the 
engineer a means for testing the entire 
roadway rather than a few selected spots; 
it reduces the amount of interpolation tliat 
is normally required in analyzing test data. 
Use of the Ohio and Wyoming Typical 
Curves 

The Ohio and Wyoming State Highway 
Departments Methods permit the use of one-point compaction tests in toe field. Refer
ence is made to typical moisture content-unit weight curves to identify the soil tested 
and to determine the maximum unit weight and optimum moisture content of the soil. 

The Ohio method was developed by Woods and Litehiser (19̂  127A). They found 
that moisture content-unit weight curves have characteristic shapes, the curves for 
the higher-weight materials assuming steeper slopes and their maximum unit weights 
occurring at lower optimum moisture contents. Most soils having the same maximum 
weight per cubic foot have similar moisture content-unit weight curves. 

The original set of 9 typical curves was based on the results of 1,088 Ohio soil 
samples. The samples tested were placed in groups depending on their wet-weight 
peaks. As additional tests were made, additional typical curves were added. The 
set in current use, based on 10,000 tests, is shown in Figure 101. 

In determining the curve for use with a given soil, the following steps are required: 
(1) compact the soil into the compaction mold in the standard manner; (2) determine 
the wet unit weight and penetration resistance; (3) on the set of typical unit we^ht 
curves ( F ^ . 101) draw a horizontal line at fiie wet unit weight value and on the typical 
penetration resistance curves draw a horizontal line at the penetration resistance 
value; (4) note all possible typical curves from which the moisture contents (determined 
by intersection with the horizontal lines drawn in step (3)) most nearly coincide. The 
curve for which the moisture contents nearly coincide, is the curve which most nearly 
approaches the true curve for the material. 

For example, let 122 ixsf equal the wet weight and 800 psi equal the penetration 
resistance of the soil compacted in the compaction mold. Tabulating the moisture 
contents at which the various wet weight curves cross the 122-pcf line and the 800-psi 
penetration line in Figure 107 gives: 

Curve Moisture Content 
at 122 pcf 

Moisture Content 
at 800 psi 

Percent Percent 
P 17.5 18.4 
Q 19.5 19.3 
R 22.5 20.5 

An examination of these values indicates that a moisture content of 19.3 to 19.5 percent 
denotes curve Q as the one which most nearly fits the soil in question. 
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Max Dry Wt. 
pcf 

141.8 
139 
136.3 
134.1 
132 0 
129.3 
126.6 
124 2 
121 7 
19 3 

117 0 
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99 9 
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Figure 101. Ohio typical moisture content—wet unit weight and penetration curves 
(courtesy Ohio Department of Highways) (19, 127A). 
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Wyoming (52) adopted 17 of the Ohio curves, modified them for application to Wyom
ing soils and aHded 3 more. It was soon noticed that the moisture content, determined 
by drying, did not check the moisture content indicated on the standard typical curve 
chart. The difference In moisture content would, of course, change the corresponding 
dry weight. 

Soils with the same maximum dry unit 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 unit weight and optimum moisture content unless the penetration reading 
and wet unit weight determinations were made at nearly optimum. To correct for these 
differences, two additional sets of typical curves were prepared. One of these had 
flatter-than-normal forward slopes, type A, and the other had steeper than normal 
forward slopes, type C . Figure 102 shows three typical curve slopes on the dry side 
of optimum for soils which have the same maximum unit weight and optimum moisture 
content. The differences in moisture content were accounted for by a special moisture 
graph placed above the wet unit weight and penetration-resistance curves. 

After a sufficient number of four to six-point curves have been determined by test 
to establish the type of curve (A, B, or C), tiie number of points noay be reduced to 
one to three and the correct curve used for associating the penetration resistance and 
wet unit weight to obtain the correct dry unit weight. 

It was found from the typical curves that the amount of field moisture required to 
secure the same percent of compaction with the roller varies with the curve type, that 
is, it is necessary to work in a 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 
havii^ a contact pressure of 325 psi to obtain 90 to 95 percent of maximum dry unit 
weight in the field when the moisture is well distributed through the soil and lifts are 
5 in. or less loose depth. 

Determination of the minimum moisture content is done by (a) determining the curve 
type, (b) selecting the percent of maximum dry unit weight which will define minimum 
moisture content requirements, and (c) plotting the dry unit weight thus obtained (Fig. 
102) on the dry unit weight curve. The vertical line through that point (Fig. 102) in
dicates the minimum moisture content. The 95 percent-unit weight point is plotted on 
this line of minimum moisture content. 

The working moisture content is the average of the minimum and optimum moisture 
contents. The working range is between the two values as is indicated in Figure 102. 

The Humphres' Method for Granular Soils 

The Humphres' Method (102) consists of establishing the maximum obtainable (ob
tainable with current construction equipment) unit weight of a granular material for 
different percentages of fine aggr^ate (portion passing the No. 4 sieve). The method 
is intended for use with ballast, base course, and surfacii^ materials with specified 
gradations. Hie maximum unit weight curve developed, which relates maximum unit 
weight and percentage of fine aggregate, can be used by the compaction inspector to 
determine the proper "control" unit weight of material whose gradation fluctuates be
tween fairly wide specification limits. To determine the proper "control" value, the 
inspector need only determine the percentage of fine aggr^ate in his sample and refer 
to the maximum unit weight curve for the material sampled. 

To establish the maximum unit weight curve, for one material, the following 12 
steps are necessary: 

1. Oven-dry a representative sample of the granular material at 110 to 120 F . 
2. Divide sample into two parts: coarse aggregate, retained on No. 4 sieve; fine 

aggregate, passing No. 4 sieve. 
3. Determine the maximum compacted dry unit weight of each part by using a com- • 

bination of vibratory and static loading. (The vibratory spring load compactor unit 
described by Hunphres (102) and used to determine maximum unit weight is described 
in detail in HRB Bulletin 159 (1957). Other methods of vibratory compaction (118) 
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Figure 102. Sample of Wyoming control curves and r o l l e r compaction curves for three 
Wyoming s o i l s (52). 
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that yield comparable unit weights can also be used in determining maximum unit 
weight.) The maximum compacted dry unit weight of the fine aggregate will be repre
sented by the symbol Yf*̂  (for •Yfine*^°™P*^t^) and the maximum compacted dry unit 
weight of the coarse aggregate by -yĉ  (for Ycoarse'̂ °'"P**^*®**)-

4. Determine the loose dry unit weight of each part (y^- "if}) by gentty pouring each 
through an appropriately-sized funnel into a container of known volume, welghir^, 
and calculating dry unit weight. The following size of sample, pouring device and 
volume of measure based on maximum particle size may be used (111); 

Max Size of 
Sou Particle (in.) 

Size of 
Sample (lb) 

Pouring 
Device 

Volume of 
Measure (cu ft) 

150 
150 
100 
25 
25 

Shovel 
Scoop 
1%-in. spout 
1-in. spout 
%-in. spout 

5. Determine the solid unit weight of each part (Yf̂ ; Yc^)- First determine the 
specific gravity of each (for fine aggregate, test ASTM D 854-52 or AASHO T 100-54; 
for coarse aggregate, apparent specific gravity ASTM C 124-42 or AASHO T 85-45), 
then multiply each specific gravity by 62.4. 

6. Plot the three unit weights, loose, compacted, and solid, for the coarse aggre
gate and the fine aggr^ate on a chart (as in Fig. 103) relating unit weight to percentage 
of fine aggregate. The three unit weights for coarse aggr^ate are plotted on the left 
side of the chart on the zero percent 
vertical line. The tiiree unit weights for 
the fine aggregate are plotted on the right 
side, on the 100 percent vertical line. 

The data used in the example in Figure 
103 are, as follows: 

Coarse a^regate: 
Y„^=(2 . 73)(62.4) = 170.3 pcf 

= 107 pcf 
1 = 89 pcf 

Fine aggr^ate: 
YjS = (2.71)(62.4) = 169.0 pcf 
YfC = 132 pcf 
Yfl = 84 pcf 

7. Determine sufficient points to 
plot each of the curves A, B, C , 
. . . . H , as shown in Figure 103, with 
the aid of the nomographs in Figure 
104 and 105 or by using the following 
equations, and plot the curves. These 
curves will be used as guides in es-
tablishli^ the maximum unit weight 
curve. The equations for each curve, 
A through H, are as follows: 

1 0 0 % c o a r s e 
- ^ ^ g g r e g o t « 

1 0 0 % l i n e 

a g g r e g a t e 

P e r c e n t P o s s i n g No 4 Sreve 

Figure 103. Saii5)le theoretical curves for 
various combinations of coarse and fine 
aggregate and for solid, compacted and 
loose unit weights (after Humphres) (102). 
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p = v o l u e s o n top u s e d f o r C u r v e s A a n d B 

p = 6 0 p = 5 0 P = 4 0 p = 2 0 

t-lHma 
CurviA ISO 

Fit 109 

P = 0 0 

p = 6 0 

Figure lOU. Nomograph for determining 
unit weight values (Yp) for curve A, B, 
C, or D for differeht values of p, the 
percentage passing the No. i; sieve (after 

Humphres) (102). 

5 0 4 5 4 0 3 5 3 0 2 5 2 0 15 10 ( f o r c u r v e s E a n d F ) 
6 0 5 6 6 0 6 5 7 0 7 6 8 0 6 5 9 0 ( f o r c u r v e s 6 o n d H I 

p - P e r c e n t a g e P a s s i n g No 4 S i e v e 

Figure 105. Nomograph for determining 
unit weight values (Yp) for curve E, F, 
G or H for different values of p, the 
percentage passing the No. li sieve (after 

Hunphres) (102). 

Curve A: 

^P = 

in which 

P 

(iSo)^c^^(feS> 
(Theoretical unit weight formula) 

•• percentage of fine aggregate; 
•• unit weight of combination with p percent fine aggregate, pcf; 

Y(.® = solid unit weight of coarse aggregate, pcf; and 
Yf*̂  = compacted unit weight of fine aggregate, pcf. 

For example, the ordinate (Yp) on curve A (Fig. 103) for a given mixture (with 20 
percent fine aggregate, Yc® - 170 pcf and Yf*̂  = 132 pcf) is 

^20 ~ 
(170) (132) 

Ygo = 160.8 pcf 

(170)(132) 
2ni70) + (0.8)(132J 

Curve B: 
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Curve C: 

Curve D: 

Vp-
(ife)(v/)-(>-A)(V) 

V „ ' Y , ' 
ltp= 

(&)('c>(i-i8B)py 
Curve E: c 

''c 

Curve F: 

7„ = 
P 1 

^ 100 

Curve G: c 
'f 

^ 100 

Curve H; 1 
^f 

" i r„ = 

^ Tok 

8. Label intersections of the curves (as shown in Figure 106) as follows: Curves 
B and E intersect at point a, G and D at b, A and D at c, B and D at d, A and F at e, 
and C and H at f. 

9. Calculate the coordinates of point r (Fig. 106) between points Y ^ and e as shown 
in the following equation and plot point r. ^ 

Pj. = 0.5pg 

^c' ê "r 0.57„^ + 0. 
C 6 

in which 
p^ = percentage of fine aggregate in mixture represented by point r, 
Pg = percentage of fine aggregate in mixture represented by point e, 
•ŷ  = unit weight of mixture represented "by point r, pcf, 
y = unit weight of mixture represented by point e, pcf, and 
Y ^= compacted unit weight of coarse aggregate, pcf. c 

If, for example, p = 41.5 percent, Y = 152.0 pcf, and y = 107.0 pcf. 
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p- = -(0.5)(41.5) = 20.75 percent 

Y_ = (107)(152) 16270 
r " (0.5X107) + (0.5K152) " 53.7 + 76 " 

125.6 pcf. 

10. Draw a smooth curve from Yg*̂  
through point r to e; label intersection 
with curve B, point o. 

11. Draw straight lines ab and de and 
label their intersection point m; draw 
straight lines ac and df and label their 
intersection n. 

12. Draw the maximum unit weight 
curve through Yc'̂ i r, o, m, n, and Yf̂  
as shown in Figure 107. Hiis maximum 
unit weight curve shows how the maximum 
obtainable dry unit weight of a particular 
material varies with the percentage of 
fine aggregate in the mixture. Li Figure 
107 it can be seen tbat for the sample 
material, the maximum unit weight in
creases rapidly as the fine a^regate con
tent increases from zero to about 35 
percent of the mixture. For the higher 
percentages of fine aggr^ate, fluctuations 
in gradation would have less effect on 
maximum unit weight. 

P e r c e n t P a s s i n g No 4 S i e v e 

figure 106. Determination of points ( r , 
o, m, n) for maximun unit weight curve for 
mixtures of sample materials (after Hum

phres) (102). 

= 120 h 

Figure 
curve 

Percen t P a s s i n g No 4 S ieve 

107. Derived maximum unit weight 
for mixtures of sample materials 

(after Hunphres) (102). 

The HUf Method for Fine-Grained SoUs 
The Hilf or Bureau of Reclamation 

method (99, 126) for rapid compaction 
control consists basically of a 3-point 
compaction test performed in the field. 
The method is best suited to fine-grained 
soil because the compaction test is per
formed on minus No. 4 material. Hie 
Bureau of Reclamation laboratory com
paction test employs a %o-c\i ft mold. Soil 
is compacted in 3 layers by 25 blows per 
layer of a 5.5-lb rammer falling 18 in. 
This produces a compactive effort of 12, -
375 ft lb per cu ft which is equivalent to 
the compactive effort of AASHO Designa
tion: T 99-57 method A {4-in. Vso-cu ft 
mold, material passing No. 4 sieve, 3 
layers, 25 blows per layer of 5.5-lb ram
mer falling 12 in.). Hie method does not 
require water content determinations and 
can be completed in one hour or less. 
Using this method, the inspector in chaise 
of compaction control can determine the 
exact percentage of standard maximum dry 
unit weight and a close approximation of 
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the difference between optimum water content and the in-place water content. 
The details of the method are given in the following 7 steps: 
1. Perform a field unit weight test to determine the in-place wet unit weight of the 

soil. This value will be used later. 
2. To determine the first of three points for a compaction curve, compact a sample 

of In-place material, passing a No. 4 sieve, at field water content. On a chart (as in 
Fig. 108) plot the wet unit weight on the zero vertical line. Label this point A. 

3. To determine point B, take a 7.5-lb sample of in-place material at field water 
content, add 0.15 lb of water (2 percent of the wet weight of the 7.5-lb sample), com
pact, determine the wet unit weight, divide this value by 1.02 to obtain the converted 
wet unit weight and plot as point B on the +2 percent vertical line. Converted wet unit 
weight is the wet unit we^ht divided by 1 + z, in which: 

_ weight of water added to sample 
^ ~ wet weight of sample 

4. Determine point C by one of the following methods, whichever applies. B point 
B has a greater unit weight than A, take a 7.5-lb sample of in-place material at field 
water content, add 0.30 lb of water (4 percent of -7.5 lb), compact, determine wet 
unit weight, divide by 1.04 to get the converted wet unit weight and plot as point C 
on the +4 percent vertical line. 

B point B is less than A by at least 3 pcf, take a 7.5-lb sample of in-place material, 
let it dry about 2 percent (2 percent of 7.5 lb), compact, determine wet unit weight and 
divide by 1-z where z is amount of water lost in dryii^. (K 2 percent of the wet weight 
were lost, divide by 1.00-0.02 or 0.98.) Plot converted wet unit weight as point C on 
the vertical line corresponding to z, the amount of water lost in percent. (K 2 percent 
were lost, plot on the -2 percent vertical line.) 

If point B is less than A, but witiiin 3 pcf, take a 7.5-lb sample of in-place material, 
add 0.075 lb of water (1 percent of 7.5 lb), compact, determine wet unit weight, divide 
by 1.01 to get the converted wet unit weight and plot as point C on the +1 vertical line. 

5. Fit a parabola through points A, B, and C using one of the following methods. 
If the plotted points. A, B, and C, are arranged so that the left- and r^ht-hand points 
are lower than the center point, draw a 
compaction curve free hand or construct a 
parabola through the points by the method 
Illustrated in F ^ r e 109 and outlined, 
as follows. 

Construction lines for locatii^ para
bola.-

(a) Horizontal base line through A. 
(b) Vertical lines through B and 

through C. Point D Is intersec
tion of base line and vertical line 
through B. 

(c) AB 
(d) Une through D parallel to AB, 

intersecting the vertical line 
through C to establish point E . 

(e) Horizontal line throi^h E to verti
cal line through B to establish 
point F . Note: F corresponds 
to B if points A, B, and C are 
equally spaced horizontally. 
AC 

S a m p l e C o m p a c t i o n Resu l t s 
Po in t 

Wet U n i t w e i g l i t . p c f 
Wa te r A d d e d , p e r c e n t 
C o n v e r t e d Wet U n i t W e i g h t , p c f 

A 
123 4 

0 
1 2 3 4 

128 6 
2 

126 I 

C 
1 2 4 6 

(f) 
(g) Line through D parallel to AC, 

intersectii^ the vertical line 
through C to establish point G. 

(h) FG, to establish point H at 

A d d e d W o t e r ( Z 1 , p e r c e n t o f s o m p l e we t w e i g h t 

Figure 108. Plot of sample compaction re
sults (126). 
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intersection with base line. 
(X) Vertical line through midpoint 

of AH. This is the axis of the 
required parabola. 

(]) Extension of AB to axis to es
tablish point J . 

(k) Horizontal line from J to vertical 
line through B to establish point 
K. 

(l) KH which intersect axis at point 
O, the peak of the parabola, 

(m) Parabola through points A, B, 
C, O, and H. 

If the three plotted points. A, B, and 
C, are within 3 pcf of each other and the 
left-hand point is highest, some prelimin
ary steps are required before the foregoing 
construction. These are: 

(a') Calculate Y1/Y2, where Y i is the 
difference in ordinates of points 
A and C, and Y2 is the difference 
in ordinates of points A and B 
(see key of Fig. 110). 

(b') Determine the horizontal dis
tance (ZJQ) between point A and 
the axis of the parabola from 
the curve in Figure 110. 

(c') Plot the mirror images of points 
A, B, and C on the left side of 
the axis as points A', B', andC. 

(d') Re-label point C as A, point A' 
as B, and point C as H and pro
ceed with parabola construction 
as outiined previously. 

Z m , p e r c e n t of somp(e wet w e i g t i t 

1 1 

126 3 a t . 1 6 

1 

0 F E 

_ / jy I W \ jy 
W ^ _ 

/ y 
f yy 

N jy 

1 yy 
1 yy yy 

jy 

- ^ ^ ^ ^ vy -

\ G 
- \ 

\ 

-

1 1 , 1 

C 

1 0 1 4-2 + 3 + 4 

A d d e d W b t e r f Z ) , p e r c e n t o f so Tipie w e t w e i g h t 

Figure 109. Exanqjle of construction of 
parabola through points A, B, and C (126). 

6. To determine the percentage of 
standard maximum dry unit weight (99) of 
the in-place material, divide the in-place 
wet unit weight determined in step 1 by 
the maximum converted wet unit weight as 
determined by the peak point (O) of the 
compaction curve. 

Percentage of Standard Maximum 
Dry unit Weight 

In-place wet unit weight 
Maximum converted wetunit weight X 100 

Figure 110. Values of Zm for locating 
axis of parabola when in-place water con

tent i s close to optimum (126). 

7. The difference between optimum 
water content and in-place water content 
can be closely approximated by the z 
coordinate of the peak point (O) with the 
addition of a correction. The z coordinate 
of the example in Figure 109 is +1.6 per
cent. The correction is obtained by plot
ting the peak point (O) on either Figures 
111 or 112 and noting the correction for 
that point. The correction for the example 
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Figure 112. Plot of corrections for use 
in calculating difference from optimum 
water content for s o i l s with converted 
wet densities i n the 110- to l!4ii-pcf 

range (126). 

in Figure 109 for coordinates of 126.3 and 1.6, is -HO.2. The difference from optimum 
is then equal to 1.6 •̂  0 .2 or 1.8 percent. The plus sign indicates water to be added 
in the field to obtain optimum. 

In summary, this method can be used to determine the exact percentage of standard 
maximum dry unit weight and a close approximation of the difference between optimum 
water content and the in-place water content. Only one water content, the in-place 
water content need be measured, and after it is available the values of the field dry 
unit weight, molded dry unit weight at in-place water content, standard maximum 
dry unit weight, and optimum water content can be calculated for record purposes. 

The method is best suited to fine-grained soils dry of optimum. Materials con
taining coarse aggregate and materials wetter than optimum can be checked, but tiie 
time required to screen out the plus No. 4 material and to dry back the compaction 
samples may be excessive. 

Other Control Methods 

There are other methods that are currentiy in use that are unique in some manner. 
Among these are (1) the Ring Method, for measuring In-place density of compacted base 
courses containing large sizes of coarse aggregate. That method was recentiy adopted 
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by AASHO as a standard and is listed under AASHO Designation: T 181-57; and (2) the 
California Test Method, No. California 216 E , March 1960. The CaUfornia test pro
cedure is given in the California Division of Highways Materials Manual, "Testii^ and 
Control Procedures," Volume I, and consists of 14 pages of text, figures and tables. 
This method includes controls on a "dry weight' basis (method A) and also on a "wet 
weight?' basis (method B). There are similarities between California Method B and 
the Hilf Method. The California method also introduces a conection involving a coef
ficient that varies with coarse aggregate content. Efforts have not been made to in
clude all control test procedures currently in use by state highway departments and 
Federal agencies. 
The Use of Statistical Methods 

Statistical methods can be very useful in determinii^ compaction requirements and 
in the analysis of compaction results. Neither time nor space, however, permit ade
quate coverage of this subject in this bulletin. 



Developments in Compaction Equipment 
RECENT YEABS have been a period of intense activity in the development of equipment 
for compacting soil in construction. This period has seen progress in the development 
of (1) the combination compactor, a combination of two or three types into one ma
chine; (2) the self-propelled tamping-(sheepsfoot-) type roller ranging from nominal 
in sizes to machines capable of great output, and some capable of being driven at high 
speeds; (3) the seK-propelled base-plate-type vibratory compactor ranging in rating 
from small single units to large capacity multiple-unit compactors; (4) the vibrating 
roller—in many sizes and ratings from the single-drum towed type or self-propelled 
type to the combination rollers with one vibrating roll; (5) the "segmented-wheel" 
compactor employing a number of large steel pads on each wheel that interrupt the 
continuous roll effect of the smooth-wheel roller; (6) the grid-type roller; and (7) the 
wide range in tire pressures and wheel loads available in all types of pneumatic-tired 
rollers. 

Figures 113 to 131 show several of the types of older pieces of equipment that have 
been improved recently as well as of equipment that has been developed recently and 
is relatively new on the construction scene. 

Figure 113. Tamping ro l l e r equipped with adjustable level tlade to produce a level 
course while compacting. 

1̂ 7 
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• - - . - 7 : • . 

MODEL SI>-22 

Figure Ilk. Self-propelled sheepsfoot r o l l e r having dual drums 6o i n . In diameter and 
72 In. wide, lll4-9.25-in. long tamper feet per drum each having a contact area of 7.5 
sq. I n . Contact pressures of 656 p s l empty (856 loaded with water) and speeds up to 8 

Figure 115. 40.5-ton trlple-drm self-propelled sheepsfoot r o l l e r . 
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J • '• r„ V..-

Figure 116. Heavy high-capacity self-propelled sheepsfoot r o l l e r equipped with four 
drums each 60 i n . vide and 60 In. in diameter, having 120 feet per drum. Tan^jer feet 

are 9 i n . long and have 10-sq. i n . end area. Travel speeds itp to 5 MPH. 

m 

Figure I I 7 . Self-propelled tamping r o l l e r having specially shaped tamping feet de
signed for working speeds up to 1̂  MIQ. 
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Figure l l 8 . Thirty-ton, 7-wheel, self-propelled pneumatic-tire r o l l e r . 

Figure 118A. Fifty-ton If-wheel self-propelled pneumatic-tired r o l l e r equipped for 
loading with sand or vater t a l l a s t or both. Weight range i s from 37,000 lb (empty) to 

115,000 lb ( f u l l y loaded). 

Flgiu-e 119. Four-wheel pneumatic-tire r o l l e r . Each wheel and t i r e assembly i s mount
ed in an independently oscillating weight-box. The 4 -section unit shown i s available 

in 15- to 100-ton capacity from 80- to 150-psi t i r e inflation pressure. 

i 
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1 
i i 

Figure 120. Towed-type dual-drum grid r o l l e r having net openings of 3 l / 2 x 3 l / 2 i n . 
between bars. Roller gross weight may range from 6,200 lb empty to 15,112 lb f u l l y 

ballasted. 

Pigvire 121. A self-propelled four-wheel-type segmented wheel r o l l e r capable of speeds 
up to 6 MEEi. 



Figure 122. Multiple-unit vibrating hase-plate-type compactor compacting granular tase 
course materials. 

Figure 123. Tandem arrangement of multiple-unit vihratlng base-plate compactors for 
high capacity production. 
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Figure J2h. More than one type compactor are often employed on a project. Here a 
combination of three single-unit towed-type vibratory r o l l e r s and a heavy-duty pneuma

t i c - t i r e r o l l e r are seen on the same project. 

r- i iHHII I I I • 

M l 

Figure 125. A combination of three single-unit vibratory r o l l e r s towed by one tractor. 

Figure 126. Heavy, single-axle, dual-wheel vibratory, pneumatic-tire compactor. 
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i 

Figure I27. Three-wheel, smooth-wheel-type r o l l e r equipped with three supplementary 
vibrating base-plate-type compactors used in compacting crushed rock base course. 

1 
t — 

Figure 128. Combination tandem-type ro l l e r consisting of a front segmented wheel, a 
center vibrating smooth-wheel r o l l and a rear smooth-wheel r o l l . 
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Figure 129. Smooth-wheel and pneumatic-tired r o l l e r s combined in one unit. These two 
types of rollers can be used independently or In combination. Working speeds up to 10 
MPH. Tire inflation pressures up to 100 p s l . Steel r o l l can be loaded with loads from 

120 to 535 lb per i n . of width of r o l l . 

lilt >ifi 

*HS!!!iSSs-.-:i 

Figxire 130. Three-axle tandem r o l l e r with center vibratory r o l l . The center r o l l can 
be raised to change the r o l l e r to a conventional two-axle tandem r o l l e r . 
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Figure I 3 I . Explosion-type rammers for compacting s o i l i n restricted areas. 



Current Practices in Compaction Requirements 
CURRENT PRACTICES in compaction of embankments, subgrades and granular bases 
are presented here in the briefest manner possible. The practices are stated in terms 
of specification requirements for degree of compaction desired and the type and rating 
of equipment permissible. These specification requirements are given in Tables 46 -
54, as follows: 

Table 46 - Specification Requirements for Control of Layer 
Thickness, Compaction and Moisture Content in 
Embankments (also includes supplementary Ta
bles 46-1 Emb., to and including 46-8). 

Table 47 - Specification Requirements for Control of Com
paction and Moisture Content in Subgrades (also 
includes supplementary Tables 47-1 Subgrade, 
and 47-2 Subgrade). 

Table 48 - Specification Requirements for Control of Com
paction of Granular Bases. 

Table 49 - Specification Requirements for Backfillii^ of 
Trenches, Pipe Culverts and Sewers. 

Table 50 - Specification Requirements for Control of Com
paction of Structural Backfill. 

Table 51 - Specification Requirements for Tamping-(Sheeps-
foot) Type Rollers for Embankment Construction. 

Table 52 - Specification Requirements for Pneumatic-Tire 
Rollers for Embankment Construction and/or 
Testing. 

Table 53 - Specification Requirements for Smooth-Wheel 
Power Rollers for Embankment Construction. 

Table 54 - Specification Requirements for Pneumatic-Tired, 
and Tandem and 3-Wheeled Power Rollers for 
Compaction of Granular Bases. 

Data on specifications for compaction of (1) Embankments, (2) Subgrades, (3) Base 
Courses, (4) Structural Backfill, (5) Trench Backfill and specifications pertaining to 
compaction equipment (Tables 46 to 54) were solicited by letter to the individual state 
highway departments. The information was received during February and March 1960 
and thus is indicative of practices up to that time. Four state highway departments 
stated that they were then in process of rewriting certain portions of their specifica
tions pertaining to compaction. Data given in the tables previously described are in
cluded here for purpose of Information. No attempt is made to analyze the data for 
development of trends or indications of the extent to which changes in compaction re
quirements and in the design of compaction equipment and its use have taken place 
since the presentation of similar information in HRB Bulletin 58 in 1952. 
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TABLE 40 
SPECIFICATION BEQUIREMENTS FOR CONTROL OF LATER THICKNESS, COMPACTION AND MOISTURE CONTENT IN EMBANKMENTS 

Control of Compactjon 

Region aiid State 

Tlilcknesa of I ^ye r 
Loose compacted 
(In.) (in.) 

Pay ttema 
Compaction Requirement and MeaBurement Control of Hblsture Content 

Connecticut, Std. Spec. Jan. 19S5 
Maine, 1960, Suppl. Spec. 

Maine, Std. Spec., RerlBion of 1956 

Maasaclnisetts, Std. Spec. 1953 

Michigan, Std. Spec. Ma; 1960 

New Rampablre, Std. Spec. J u l ; 1, 
1954 and Amend. Apr . 25, 1957 

New York, Std. Spec. Jan. 2, 1957 

Rhode Island, Std. Spec. Revision of 
1946 

Vermont, Std. Spec. 10S6 

Wisconsin. Std. Edition of Spec. 1957 

12 t 

12 I 

subbase 
only 

U m a x 

12 max 

12 max 

12 max 

8 max 

Delaware, Std. Spec. A p n l 1, 1957 

District of Columbia, Std. Spec. 1957 

Il l inois, Std. Spec, of Jan. 1952 

Il l inois, Suppl. J u l ; 1, 1955 

Il l inois, Jan. 1958 and special pro
visions 

Indiana, Std. Spec, of 1960 

Kentucky, Std. EdiUon of Spec. 1956 

Minimum t i f / , AASHO T 09 
Layer method—6 passes by roller each layer. Every 8th lay

er test rolled one pass. 
ContniUed density method-Minimum 90 to 95% AASHO T 99 

(see Table 46-1 Emb.) 
TTuiroughly compacted. Compaction by 6-passes of 12-ton 

smooth-wheel rol ler or mln. 17-ton tractor; or by twin-cyl
inder sheepsfoot rol lers if soils are of class A-2 with excess 
si l t or clay or of groups A-4, A-5, A-6, or A-7 

ControUed density method-Minimum 95% AASHO T 99 on 
material passing 1-ln sieve or 95% Michigan Cone Method. 

12-ln. layer method—Minimum 9 ^ of maximum unit weight 
determined at existing moisture content. 

Minimum 05 percent of AASHO T 99 

On sand or sand-gravel with less than 20% passing No. 200 
sieve minimum 90% AASHO T 99. A l l densities on minus 
Vi - ln . material. (See subgrade fo r requirements f o r top 4 
f t . ) Added requirement calls f o r minimum of 6 passes of 
rollers of 250-450 psl f o r sheepsfoot; 1,000-2,500-lb per 
t i re f o r pneomatic and 10 tons minimum fo r smooth-wheel. 
For heavier and more efficient types of equipment, number 
of passes to be determined b ; the engiaeer. 

Satlsfactor;. When density tests are used AASHO T 99-57 
and AASHO T 180-57 standards are followed. 

Minimum 6 trips of sheepsfoot or pneumatic-tire roller "Ev
idence of satlsfactor; compaction shall consist of 90% of the 
maximum density." 

Standard compactio. B ; hauling equipment and rollers to de
gree of no further preclable consoUdatlon This method Is 
used unless special compaction is required in contract. 

Special compaction-Minimum 95% AASHO T 99. 12-in. max 
layer thickness permitted If material Is granular. 

Minimum 95% "Modified Proctor Method" 

Not less than 95% of AASHO T 99 Method C except that if clean 
sand is permitted i t shaU be compacted to 100% of AASHO T 
89 maximum density. 

Minimum of 90% of maximum dry density AASHO T 99, Com
paction by not less than 6 nor more than 9 rollings of a tamp
ing rol ler , a pneumatic-tired rol ler or a 10-ton 3-wheel r o l l 
er, with maximum speed of 6 mph. Specifications also pro
vide fo r an Item fo r "water-soaking." 

Granular embankment special-Mimmum 100% of AASHO T 99 
based on minus %-h i material 

Minimum 90% of AASHO T 99 maximum dry weight. No rol ler 
requirements. 

Minimum 9^/o AASHO T 99 maximum wet density or dry densit;, 
as specified, except that i t the material Is "decidedl; granular" 
then i t should be compacted to at least 90% of maximum density. 

Standard compaction-Satisfactory 
Extra compaction-Average density of not less than 9^^ of AAS-

Not specified directly Incidental 
Moisture content not to exceed optimum. A«rate and Incidental 

dry If necessary. 
As directed by the e 

Not specified directly 

First 4 feet of embankment material not to exceed op- Incidental 
tlmum moisture at time of compaction. Embank
ment material above 4 f t not to exceed 2% over opti
mum at time of compaction. 

As required to obtain density Incidental 

As required to obtain density hicidental 

As required to obtam density but not less than 3% drier Incidental 
than optimum. 

Not specified Incidental 

Provision fo r drying excessively wet soils. Layers of Incidental 
soft clays shall be reduced to 6 In. with alternate 
iwera of granular material. 

Not specified. Houture controlled to obtain compac- Incidental 
tion (not excessively wet or dry). 

Not specified direcUy. Controlled as required to ob- Incidental 
bUn minimum density. 

OpUmum i 10%. Provision fo r drying b ; disking, har- Incidental 
rowing or , birning with blade grader unti l within 
l imi t s . 

i 2 percentage umts of optimum. Provision fo r drying Incidental 
b ; evaporation or aeration by use of graders, pulver
izers or harrows Must support construction equip
ment without heavmg, rutting, etc hi the latter 
event SOU must be dried. 

Shall not exceed 110% of optimum. Provision for Incidental 
sprinkling and fo r non-use of excessively wet mate
r i a l . 

Incidental (Aerating 
Is a pay item) 

No moisture l imits except adiacent to strucbires. 
Maximum of 110% of optimum a4]acent to structures 

As required to obtain density 

Near optimum 
Near optimum 

cu yd 

Incidental 
Incidental 

Incidental 

(1) Furnish water 
equipment 

(2) ^ ip ly lng water per 
M gallons 

Incidental-water content 
of layer is within l imi ts 
f o r proper compaction. 

Incidental 

Incidental 

Incidental 

Paid fo r as 
"extra work" 

Extra work 

Incidental 

M - G a l l o n s 
M - Gallons 



BAaiyland, Std. Spec. Jan. 1957 

New Jersey, Preliminary to New Re-
viBion of Std. Spec. 

Ohio, Std. Spec. Jan. 1, 1959 

Pennsylvania, Std. Spec. 1960 

Tennessee, Std. Spec. July 1, 1951 
Virginia, Std. Spec. 1958 
West Virginia, Std. Spec. 1952 

West Virginia, &iterstate provisions 8 max 

HO T 99 with DO density below 90%. 
Himmum 90 to 100% AASHO maximum density (see Table 46-2 

Emb,). 

Rolling or vibraUng method—1. Muimum 4 passes of 3-wheel, 
minimum 10-ton rol ler ; 2. Minimum 5 passes of pneumatic 
rol ler having nunimum of 225-lbper in . width of f i r e ; 3. Min
imum 8 passes of tampl i« roller with minimum of SOO-psi max
imum contact pressure; 4. Minimum of 5 passes of SO-ton 
compactor, or 5. Optimum number of passes of dynamic com
pactor as determined by evaluation on the job. 

Density control method-Minimum of 95% of AASHO T 99. 
95-102% AASHO T 99 (see Table 46-3 Emb.) . Composition of 

outer 5 f t of embankment by tamping or pneumatic-tired ro l le r . 
Remainder by tamping, pneumatic or mirumum lO-ton 3-wheel 
rol ler . Other types may be used if approved by engineer. 

Soil shaU be compacted to 95 to 100% of AASHO maximum densi
ty in accordance with Table 46-4 Emb. 

Minimum 95% of AASHO T 99 
Mimmum 95% of AASHO T 99 
Standard compaction—Thoroughly compacted by use of tampi i^ 

rol lers 
Special compaction-BAinimum 90 to 100% of AASHO T 99 (see 

Table 46-5 Emb.) 
Mimmum 95 to 100% West Virginia Proce^re SL- 4 (see Table 

46-6 Emb.) controUed by in-place f i e ld tests according to W. 
Va. Procedure SIr-13. Procedure SL-4 enqdoys a Ao cu f t 
mold and compactive efforts simulating AASHO T 99. 

As required to obtain compaction but not to exceed Incidental 
optimum by 2 percentage units. On certain projects 
i t IS necessary to l imi t moisbire content to optimum. 

Optimum + 2 percentage umts Incidental 

Optimum ± 2 percentage umts Incidental 
As directed the engineer. Provision fo r sprinkling Incidental 

or drying by manipulation. Dryingprior toorduring 
compaction to net more thanS percentage umts greater 
than optimum except that f o r material that d i sp l^s pro
nounced elasticity or deformation under loads shall be 
reducedinthe amount necessary to secure stability. 

Optional-As required to obtain compaction. bicidental 

Shall be compacted at optimum moisture content. Incidental 
ShaU be compacted at optimum moisture content. Incidental 

- - - - Incidental 

Sufficient f o r compaction fiicidental 

Optimum moisture content t 2 percentage umts. Not stated 

Incidental 

Incidental 

Incidental 
M Gallons 

M Gallons 
Incidental 

M Gallons 

Not stated 

Southeast 
Alabama, Std. Spec. 1950 

Florida, Std. Spec. A p n l 1, 1959 8 max 
Georgia, Std. Spec. May 1, 1956 6 max 
Mississippi. Std. Edition of Spec. 1956 6 max 

North Carolina. Std. Spec. Oct. 1, 1952 6 max 
South Carolina * 6 max 

Himmum 95% AASHO T 99 (density test may be waived on sands). 
When lightweight roUers are used layers shall not exceed % -
i n . thickness per ton weight of ro l le r . 

Minimum 100% AASHO T 99-57 
Mimmum 95% AASHO T 99 
Clayey soils, minimum 90% of AASHO T 99 
Sandy soils, mimmum 95% of AASHO T 99 
Mimmum 90% AASHO T 99 
Mimmum 95% AASHO T 99 

Sufficient f o r compaction 

As required for compaction Incidental 
As required to obtain compaction Incidental 
Satisfactory Incidental 
Satisfactory Incidental 
Proper f o r compaction Incidental 
At optimum moisture content as determined by the fiicidental 

engineer 

Incidental 
Incidental 
Incidental 
Incidental 
Incidental 
Incidental 

South Central 

Arkansas, Std. Spec., Edition of 1959 

Oklahoma, Std. Edition 1959 
Louisiana, Std. Spec. July 1955 
Texas, Std. Spec. 1951 

Texas special "Incentive Compaction" 
Method-Used on a limited basis 

Compacted evenly and densely by distribution of hauling equipment. 8 max 

8 max Special compaction of earthwork-Min. 95% AASHO T 99. 
8 max - Min . 95% AASHO T 99 (requires use of 50-ton test roUer) 
8 max - Mm. 95% AASHO T 99 

6 max* to - Ordinary Compaction—Until no further evidence of compaction. 
8 max^ - Controlled density method-THD 84 (Approx. 90 to 100% AASHO 

T 99). *6 max for pneumatic-tirerollers, 8 f o r others. 
Depends Any method of compaction-Swelling soils compacted not less than THD-110 soil test procedure 

on 98% nor more than 102% and non-swelliiv soils not less than 
Equipment 100% of density as determined by compaction ratio method. 

Material shall have right moisture content for prop
er compaction. 

Substantially that of optimum 
As required to obtain density 
Requirements based on AASHO method T 99 
As required by the engineer 
As required by the ei^meer 

bicidental Incidental 

{ Incidental or as a pay item when 

includedmproposal schedule Incidental 
Incidental Incidental 
Incidental Incidental 
RoUer Hours M - gaUonb 
Roller Hours M - gallons 

Rolling (Subsidiary) Sprinkling (Subsidiary) 

North Central 

Iowa Std. Spec. 1960 8 - Mimmum, 1 pass per Inch loose thickness, 
ty when specified on plans. 

• N O reply to questionnaire. DaU by authors f r o m standard specUlcaUons, November 1, 1955. 
Kansas, Std. Edition of Spec. 1955 - 6 max Type A A A - M i n . 100% AASHO T 99 

Type A A - M i n . 95% AASHO T 99 
Type A - M m . 90% AASHO T 99 

Moisture and densi-

Type B-Compaction with sheepsfoot rol ler until feet "walk out." 

Type C—6 to 15 trips of sheepsfoot-type roller or 10 to 15 tr ips 
<rf pneumatic-tire rol ler 

May require 4 discings per l i f t at not more than 2 hr 
intervals without extra compensation. 

As required by the engineer 
MR-0, optimum to 5% above optimum 
MR-3, moisture content not less than 3% below opti

mum 
MR^5, moisture content not less than S% below opti

mum 
MR-90, as necessary to ol)tain density 

Per cu yd fo r 
compaction of 
earthwork, a l l 

M-Gallons 
(all types) 
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Colorado, Std. Spec. 1-1-1958 
Revision of Uem 17 under 
date of 9-26-58 

Idaho, Std. Edition of Spec. 1957 

Std. Spec. 1959 Edition 

Nevada, Tentative Std. Spec, f o r 
Road and Bridge Construction 1957 

New Mexico, Std. Spec. Edition of 
1954 

8 max (except 
uriiere large 
rock 18 in ex
cess of 35% 
8 max 

8 max (Emb.) 
4 max (top f t subgrade) 

8 max 

24 max 
8 max 

8 max for soil 
36 max for rock 
8 maxto 

24 max* 
8 max to 

24 max* 

Utah. Std. Spec, Edition of 1960 

Wyoming, Std. Spec. Edition of 1960 

H l n . 90% of AASHO modified e x c i ^ for A-1 and A-3 soils. H ln . 
95% fo r A-1 and A-3 . 

Min . 95% AASHO T 99 except f o r solU of A - 1 and A.3 groups. 
Min. 100% AASHO T 99 fo r soils of A-1 and A-3 groups. 
Class A - M l n . 100% AASHO T 99 m top foot of subgrade, cuts 

and embankments and a l l sol i whOBe max dry weight is less 
than 110 pcf. For soils having max dry weight In excess 
110 pcf, min. compaction Is 95% except on subgrade iriiere 
100% compaction is required. 

Class B - M i n . 100% AASHO T 90 in top foot of subgrade. AU 
other by routing earth moving equ^iment. 

Class C—Compacted by routing of earth movi i^ equipment 

Method I~-Compaction by haulu^ equipment. 

Method TT—Mn»ni-nii containing large stones. 
Method m - M i n . 90 to 100% AASHO T 99 (see Tabte 48-8 

Emb.) 
Min. 90% of California method fo r soils. 
For rock, that obtainable by routing equipment. 
Min. 95% AASHO T 99 

Embankment without density control—Satisfactorily compac
ted with haul i i^ and spreadii^ equipment. 
Note^ 8 max fo r tampi i^ rollers exerUng 500 psl or more. 
Up to 24 In . f o r 50 ton (or more) pneumatic-tire ro l ler hav
ing Inflation pressure of 60-90 psi . 

Min . 95% AASHO T 09 or T 180. 

To be dried or wetted as necessary to obtain required At . unit bid price 
compaction per cu yd 

As required fo r satisfactory compaction to density 
specified 

As directed by the engineer. Provision fo r drying wet Incidental 

As directed by the engineer 
As required do provide density specified RoUer hr x width of roUer 

s 
Roller Hours Sufficient f o r compaction 

Min. opt minus 5% max as acceptable to the engineer Roller Ifours 

As directed by the engineer Roller Ifours 

M Gallons 

M Gallons 

M Gallons 

M Gallons 

M Gallons 

None None Min. 95% AASHO T 09 
Specified SpecUied 

As required fo r compaction 

At the moisture content specified 
by the engmeer 

Method A-RoUer Hr M GaUons 
Method B - c u yd or Incidental 
Per cu yd of Excavation M Gallons 

Pacific 

California, Std. Spec. Jan. 1960 

Oregon, Std. Spec. May 1, 1954 

Washington, Std. Spec, of 1957 

Min. 90% relaUvecompacUon, California S-Uyer test method. 
H l n . 95% within 2% f t of finished grade. 

Min . 95% AASHO T 99 In upper 3 f t . Min. 90% in remainder. 

As needed to obtain compaction 

As required to facilitate compaction. Special pro
vision used vhen circumstances Indicate need fo r 
drying. 

To Qualify as rock embankment material must contain 
10% or more by volume of gravel or stone 4 In . or 
greater In diameter. V^-ln. minus portion shall be not 
more than 3% above optimum. 

18 max (except when Rock embankments—Compaction by routing hauling equipment 
size of rock requires over entire roadway. Also, each layer to have one coverage 
more) of 50-ton rol ler or four coverages of 10-ton rol ler per 6-m. 

layer thickness. 
6 max - Top 12 In. of rock embankmenU. 

24 max - Earth embankments^-Method A. Compaction by routing loaded Ditto* 
haulmg equipment. 

8 inax4m.MethodB-Mm. 90% ASTMD-698beLowtop2f t . Ditto 
maxlntopai t 95% min. In top 2 f t . 

ditto Method C - M l n . 95% ASTM D-OOS Optimum + 3% 
*When non-cohesive granular soils are used, special provisions require min. 95% of max density as determined by Wash' 
ington compaction method described in HRB BulleUn 159. 
'Provision fo r drying excessively wet soils. 

8 - 95% required tor material between finished grade and 3 f t below 
finished grade 

8 - 95% required fo r material placed 3 f t below finished grade. 

cu yd 

cu yd 

Furmsh water equipment 
and M Gallons 

M Gallons 

As necessary to obtain the specified relative compac* 
t ion. 

As above 

For material having sand equivalent of 35 o r greater compaction As above 
to 95% regardless of depth 

Min . 95% of AASHO T 99 method C or one roller per 150 cu yds Not specified. 
per hour. soils. 

Paid under excavation Sprinkling 
per cu yd M Gallons 

As above except at nahiral As above 
ground. Per sq yd . 

Incidental to price As above 
fo r excavation 

No provision fo r drying excessively wet bicidental to When used-M Gallons 
other Items Providing a waterplant 

paid fo r in lump sum 



T A B L E 46-1 

(EBiIB.) (MAINE) 

Maximum Density 
(pcf) 

Minimum Percent 
Compaction 

100 to 115 95 
115 to 117.5 94 
117.5 to 120.0 93 
120.0 to 122.5 92 
122.5 to 125.0 91 
125 or higher 90 

T A B L E 46-3 

( E M B . ) (OHIO) 
E M B A N K M E N T S O I L C O M P A C T I O N R E Q U I R E M E N T S 

Condition I Condition n 

F i l l s 10 ft or l e s s In height, and not 
su^ect to eactenslve floods. 

P d U exceeding 10 ft In height, or fU l s 
of any height subject to long periods of 

flooding'. 

Minimum Minimum 
F i e l d Compac F i e l d Compac
tion Require tion Require

Maximum L a b  ments (Per  Maximum L a b  ments (Per 
oratory Dry cent of L a b  oratory Dry cent of L a b 

Weight oratory Max Weight oratory Max
(pcf) imum Dry (pcf) imum Dry 

Weight) Weight) 

L e s s than 90.0 _ i L e s s than 95.0 _s 

90.0 - 102.9 100 95.0 - 102.9 102 
1 0 3 . 0 - 109.9 98 1 0 3 . 0 - 109.9 100 
1 1 0 . 0 - 119.9 96 110.0 - 119.9 98 
120.0 and more 95 120.0 and more 96 

*Where Condition n applies to any portion of the embankment below a horizontal plane 
through subgrade elevation at pavement centerllne on any cross-sect ion, a l l portions of 
soi l embankment throughout the total width and depth on that cross-sect ion shal l be com
pacted in accordance with Condition n requirements. 
^ l l s having maximum dry weights of l ess than 90.0 pounds per cubic foot are consid
ered unsuitable and shal l not be used in embankment. 
'Soils having maximum dry weights of l ess than 95.0 pounds per cubic foot are consid
ered unsuitable and shall not be used in embankment under Condition I I requirements. 

T A B L E 46-2 

( E M B . ) (MARYLAND) 
E M B A N K M E N T S O I L C O M P A C T I O N R E Q U I R E M E N T S 

Maximum Laboratory 
Dry Weight' 

fiP£S 

Minimum F i e l d 
Compaction Requirements 

(% of Dry Wt) 

Condition I; F i l l s 10 ft or l ess in height and not subject to extensive floods. 

89.9 and less 
9 0 . 0 - 99.9 

100.0 - 109.0 
110.0 - 119.9 
120.0 - 129.9 
130.0 and more 

100 
95 
95 
90 
90 

Condition 11: F i l l s exceeding 10 ft In height, or subject to long periods of flooding. 

89.9 and less 
95.0 - 99.9 100 

100.0 - 109.9 100 
1 1 0 . 0 - 1 1 9 . 9 98 
120.0 - 129.9 95 
130.0 and more 95 

' A A S H O Designation T 99. 
'Soils having maximum dry weights of l ess than 90 lb per cu ft wi l l be considered un
satisfactory and shall not be used in embankment. 
'Soils having maximum dry weights of less than 95 lb per cu ft wi l l be considered un
satisfactory and shall not be used in embankment under Condition n requirements. 

T A B L E 46-4 

( E M B . ) (PENNSYLVANIA) 
E M B A N K M E N T S O I L C O M P A C T I O N R E Q U I R E M E N T S 

Condition I 
Embankment 10 F t or L e s s in Height and 

Condition S 
Embankment Exceeding 10 F t in Height 

Max Dry Weight' Minimum Fie ld Max Dry Weight Minimum F i e l d 
(pcf) Compaction Require (pcf) Compaction Require

ments (Percent of ments (Percent of 
Max Dry Weight) Max Dry Weight) 

L e s s than 90.0 _a L e s s than 95.0 _3 

90.0 - 99.9 100 95.0 - 99.9 100 
100.0 - 109.9 95 100.0 - 109.9 100 
110.0 or more 95 110.0 or more 95 



T A B L E 46-5 

Maximum Density Obtainable by Minimum Compaction Required 
AASHO Method T-99-49 Percent of Maximum Density 

(pcf) 
Percent of Maximum Density 

90 - 99 100 
100 - 119 95 
120 and over 90 

T A B L E 46-6 

( E M B . ) (WEST v r n o n n A ) 
E M B A N K M E N T S O I L C O M P A C T I O N R E Q U I R E M E N T S 

Condition I Condition n 
C l a s s of F i l l s Not Sulqect F i l l s Sul^ected to 

Soil To Inundation Periods of Inundation 
Determined by Percent of Maximum Density Percent of Maximum 
AASHO MI45 Determined liy West Virginia Density Determined 

Procedure S L - 4 By West Virginia 
Procedure S L - 4 

A-1 100 mln. 100 min. 
A-3 100 min. 100 mln. 
A-2-4 100 min. 100 min. 
A - 2 - 5 100 min. 100 mln. 
A-4 100 min. 100 min. 
A-5 95 min. 100 min. 
A-6 95 min. 100 min. 
A-7 95 min. 100 min. 

(1) Tes t s for "in place" density of soi l wi l l be made in accordance with Testing 
Procedure No. S L - 1 3 , as revised 9-15-56, West Virginia State Road Commission. 
In the event of a dispute the results obtained by this method of test shaU be f inal . 

Soi l , in addition to the above requirements, shaU have a Uquid l imit (AASHO Desig
nation T 89) of 65 or l e s s . The minimum plasticity index number (AASHO Designation 
T 91) of the soils having Uquid Umits of 41 to 65 inclusive shal l be not l ess than that 
determined by the formula-%o times the liquid l imit minus 9 (PI = 0.6, L L - 9 .0) . 

Where Condition n applies to any portion of the embankment or any cross-sect ional 
area a l l portions of soi l embankment throughout the total width and depth of that c r o s s -
sectional area shal l be compacted in accordance with Condition I I requirements. 

^Maximum dry weight determined in accordance with AASHO Designation T 99. 
'Soils having maximum dry weights of l ess than 90 pcf wi l l be considered unsuitable 
and shal l not be placed in the embankment. 
'Soils having maximum dry weight of l ess than 95 pcf wi l l be considered unsatisfactory 
and shal l not be placed in the embankment under Condition II requirements or in the top 
8- in, loose layer of the embankment under Condition I I requirements, or in the top 8-
In. loose layer of embankment which wi l l form a subgrade for pavement, base course, 
or subbase under Condition I requirement. 

T A B L E 46-7 

( E M B . ) (SOUTH DAKOTA) 
C O M P A C T I O N R E Q U I R E M E N T S U P P L . S P E C . 6-25-58 

Maximum Laboratory Dry Weight 
(pcf) 

Minimum Compaction Requirements 
(Percent of Laboratory Dry Wt) 

L e s s than 88 *See note below 
88 to 94.9 100 
94.9 to 119.9 96 
120 or more (sand, sandy gravel, or gravel) 92 

*Solls having a max laboratory dry weight of l e s s than 88 pcf shal l not be placed in the 
upper 12 in . of finished earth subgrade. 

T A B L E 46-8 

( E M B . ) (MONTANA) 
MINIMUM F I E L D C O M P A C T I O N R E Q U I R E M E N T S AASHO M 57 

Standard of Compaction Minimum Compaction Required 
AASHO T 99 Method A or C (Percent of Maximum Density) 

(pcf) 
(Percent of Maximum Density) 

90 - 99.9 100 
100 - 119.9 95 
120 and above 90 



TABLE 47 
SPECIFICATION RXQUIRKIfENTS FOR CONTROL OF COMPACTION AND MOISTUHE CONTENT OF SUBGRADES 

Region and State Depth 01 a ^ e C o M p « a o n Molettire Control Reuulremwito 

Wortheait 
Connectlcnt'Sid BpKil Jan 1955 
ftlalneStd ^ e c U Rev of Jan 1066 

IbanclniBetta Std Speeit 19SS 

KKbigiLn Std ^ i f l«ay 1B60 

New York Std EkwcU Jan 2, 1957 

Dibtrlct of Columbia Std Specif 1957 

factory Controlled denslQr method U n 90 to 95% 
AASHO T 99 (see TUile 46-1 Emb) 

attifltaetory to the Engineer Et>eclal-(apecUl ProrlatoD 
SP-5a-5»p 16) 

Cut aectlonB-mln 95% AASHO T W {mlma l i n material) 
o r m l n 99% l U c h i p u Cone Method 

Original ground- l f in . 90% AASHO T 99 (minus 1 In material) 
o r mln 90% Ibchigan Cone Test] 

Rolled until no further compacUonbrS-wheeledoun 10-ton 
rol ler or nun 14-ton tandem nd le r (mln 31S 0) per tn 
of width of drive roU) 

Mm 100% AASHO T 99 Blethod C for materials bRving less 
tlBn20%paaa No 300 siero Mm 95% for aU others 
Added requirement calls for mln of 6 passes of rollers 
For heavier and more efficient ^ s of equipment mim-
ber of passes is determined b j ttie engineer after ap
propriate f ield tests 

Compacted uiuformlr with min 10-ton rol ler 
Braught to f i r m unyielding aurbce by rolling with 3-wheel 

nun to ton or a 3-axle tandam nun 13-ton rol ler 
Provision for uae of sheepsfoot rollers where satis
factory pompacUon i s not obtained by other types 

Ba t iB^ to r l l y compacted to uniform denai^ for P C C 
pvt Use 3- to 5-ton roUer 

Thoroughly compacted and pretealed with two complete 
coverages trf nibber-Ured rollers or conatiuclloa 
Muipment having min. wheel load of 15,000 tb 

95% AASHO T 99 Method C except 100% for clean aands 

ClinoiaStd Specif Jan 1952 
IndunaSld %iecif 1900 
KoDtuclqr Std Ed afGtm-lt 1950 

MaryUndStd Stieelt Jan 1957 

Not V M l U e d 

9-ln Coheatve soUs, IS-ln G r u u l a r soil 

9-ln 

Not gfMclfled 

Subgfade fbundatlon-tiUs trapesoid of pavement 
width phis 3 (t downward and outward on 1 1 
slope to 4- f t depOi Cuts mln depth B i n below 

As directed by the Ei« ineer 

Not mecUifld-apt M C. praetieable with types of ma-
ter laU available determined by compaction teste In the b d d . 

As required to obtain density 

As required to obtUn dens l^ 

Not vec i f l ed 

As required to obtain denally but not leas than 3% drier 

Unit price per si 

Unit price per si 

(1) Fumlr i i water equipment 
m Applying water per M gallons 

Notapecified 

13 in in cute 

As required by the Engineer 

Not v s c l f l e d sepaiately Under item "Prepaiatton of 

Compaction to the satisfaction of the Engineer 
Min 100% AASHO T 99 max dry weight 
8ime as for embankmente 

1 Siandaid compaction - n t l s b c t o r y 6 in 
3 Extra compaction - average denal^ not less than 6 in 

95% AASHO T 99 with no denally below 90% 
Firs t rolled with heavy pneumahc-tire rol ler as directed Not q>ecltl 

by the Engineer (see Table on pneumatic-tired raUers) 
{4,500- to 5,000-lb hre) Finish rolUng with 10-too 
steel wheel rol ler 

tt Bubgrade is constructed under contract-aatlBfactarUy 
convacted with 3-wheel power rol ler Mln 330 lb per 
inch width of roU 

If Bubgrade is buil t under previous coatract-5 pasaes 
of 50-ton compactor 

'Subgrade is defined here as the surface upon wMch are placed the pavements and shoulders, generaUy the top of the subbase 

OptlDum * 3 and support construction equipment wifliout 
nitttng I t l u t t l i v occurs soil la dned. 

Ae directed by the 
dby the 

ChioStd Specif January 1, 1059 

E^eclf 1959 
Tennessee Std 8|pecif July 1, 1951 
Virginia Road and Bridge St>ecif 

A p r i l 1, 1956 
Special prwiHions (April 30, 1957) for 

interstate only 

West Vinnma Std %>ecif 1953 
W Virginia Interstate provisions 

98-108% AASHO T 99 (see TUUe 47-1 aufagiades) 

Same aa for embankment 
Mm of 100% erf AASHO T 99 max den 
Urn 95% AASHO T 99 

Hin 100% AASHO T 99 on select borrow that wiU be 
used unless in-place aoil has CBR of 30 or more 
(Note Usually a subbase material used above subgrade 
requiring 100% density ) 

Comparted to a f i r m unyielding surfcce 
1 0 0 % o f m i x d e n as determined by W Va 8 R C testtng 

procedure uses Vu cu f t moU and compacUvc efforts 
f rom 12,600 to 13.200 f t Ib/cu f t 

E-1 compacted subgrade. U in in cuts and f i 

4 toOin 
S m i n 
Scarified to deptti of B in 

edgeofparementand 

As required for eml 

Not greater than bro percent above optimum. Not greater 
aan (vt imum for soUs that dlqday pnmounced elasticity 
or delbrmatlon under construction equipment 

Per aq yd of coi 

aicldenlal 

Incidental 

3top 
Incidental 

M gallons 

I b r m l n two feet beyond 



AUbamaStd Spoed USO Min 100%AASHOT99 B i n 
Florida Std ^ i f A p r i l I , 1959 Min 100% AASDO T 180-57 6 In 
Georgia Std BpKil M i y 1, 1B56 Min 95% AASHO T 99 0 In . min 
Note Item"Si>ocial SubgradB Compaction calls tor at least two and not more t lun tliree complete paeeee ot 85-ton 4-wheel pneuaaac-t tr trollerovertheeDtlre 
Mlseiesippi Std ^ i f Ed of 1958 Mtn 95% AASHO T 99 S i n . 
NorUi Carolina Std Specif October 1, Min 95% AASHO T 99 S i n 

1952 
South Carolina* When required by Spec ProvlMOna, flie aubgnde be- S In 

tween lines 18 in outside the area to be surbced 
shall be compacted to a densi^ not less than 99% 
of AASHO T 99 DUX dry unit veight 

Note The above infanDatiiiii was eattracted by HRB Staff Engineer f rom South Carolina Standard ^ i b c a t i o n s tor Hl^iway Construction November 1, 1959 

South Central 
Arkanub Std Speed Ed of 1959 
Louisiana Std ^ i f July 1959 
Oklahoma Std Ed of Specif 1959 

Texas Std ^ l e c i l 1951 
North Central 

Iowa Std ^ e c i f of 1960 
Kansas Suppl ^ e c i f 55-498 

Minnesota Gt>ecif 2110(9-10-57) 

BlinneBota Specif 2110(5-1-59} 

Missouri Std Ed of Specif 1955 

NebrabkaStd Series of S^iecif 1955 
E^ccial ProTiHion 

North EAkota Std ^ lec i f . Jan 1956 

South Dakota Std ^ i f A p r i l , 1957 
Special Provisions June 85, 1958 

Min 95% AASHO TBS 
Min 99% AASHO T 99 
Uin 95% A A ^ T 99 (Requires use of 50-ton R I 

test ro l ler ) 
Sime as embankments Approx 90-100% AASHO T 99 

95% of AASHO T 99 plus 2 or minus 4 percentage poinU 
l^ypeAAMin 99% AASHO T 99 

Stime AS specified density - 98% AA8B0 T 99 

as spec] 
95% be 

:ified density - Min 100% i n upper three feet, 
below upper three feet 

A m e as for embankments min 90%AASHOT99 U n 
95% within 100 f t of bridges 

F o r P C C coocretepvt Min 90%AASHOT99 
Also for bituminous pavement by Spec Provision 

Unitormly compacted by grading equipment and roUers 

Tops In 
12 in In cut sections 
S i n 

GeneraUy 12 to 18 In in cuts, 24 to 36 in in 

Oeneially 12 to 18 in in cuts, f u l l depth in 

Upper 12 In in tiUs For cuts, soil i s undercut 
U i n and the exposed sou compacted according 
to ordinary compaction of Std Skwclt (1957) 

As required to obtain density 
As required to obtain denrity 
As required 

As required to ofatau densiQr 

SubslantiaUy that of optimum 
Requirements based on AASHO Method T 99 
As required tor compactor 

SUghUy above to 5% below aptimaa 

OpUmum plus two or minus four percentage points 
MR-0 mois content, opL to 5% above opt or 

MR-5, moia content not less than 5% below opt. 
Aime as f o r sml 

65% to 108% of optimum when 100% of max den is 
required Not more Hnn 115% of opt moistore when 09% 
of max den is required 

As determined by tte engineer 

i 3 % 
x90%ofoi>Umum + 4%f 

A satiabctory moisture contsnt to obtain conqiactlon 
of at least B9% of the max dry densi^ for tbs material 
being used 

As required by tbe Engineer 
Soils w i b P 1 not greater than 30, M . C . f rom 

8%aboveto6%belowoptimum ForP I aboveSOmolst cont 
froni l%abaveto4%belowoptlmum. Provision for drying 

Inctdental 
Incidental 
iKidenbl 

Holler hours 

Psr 100 f t slahon 

Mountain 
AirsonaTent Sid Specif 1959 

^ l a l Provisions (Supersede) 
CotoradoStd ^ i f Jan 1, 1958 

Idaho Sid G ^ i f Ed of 1967 

Montana Revision of Std Specif 1959 

New Mexico Std Specif Ed of 1954 

Utah Std Ed o t ^ i e c l f 1960 

Wyoming Std ^ i f Ed of 1960 
Pacific, 

California SU Ekiecif 1960 

Oregon SU ^ i f Blay 1, 1954 
Washington Std Specif. 1957 

SaUsbctory to Engineer 
Min g9%AA8ra>Tg9 
Same as emfaankmente (Min 90% AAOSO Modified except 

sous of A - 1 and A-3 groups min 96% of Modified). (5 layers, 
25 blows per layer, 10-lb hammer, 18-in drop) When 
Std compact is required, the min beld density d ia l l bs 
95% for au sous except groups A - l and A-3, which require a 
min of 100% 

Bee compactton of embankmsnte. Classes A and B ItXfii. 

s£?e"L*^E 'Sb*^) fcWfcSi'w S f S u . 90-100% 
AASHO T 99 (see Table 46-8 Emb ) 

b m e as for embankments 

100% AASHO T 99 in top 6 in 95% below lop 6 In In 
Emb and to max depth of 18 In . i n cute 

Refers to AASHO Ekwclficatian H-S7 wMch caUs for ndn. 
1 0 ( ^ on Classes A - 1 , A-3-4 . A-2-g, or A-3, and min. 
95% on Classes A-8-6, A-2-7, A-4, A - 5 . A-S and A-T 

Min 99% of Calif. 5-layer mcbad ma: 
0.5 f t below subgrads 

Min 95%AAaaOT99 
95% of A8TM D 698 or as ^eei t ied by 
Min »5%/AA8HO T 99 Method C 

95% AASHO T f t 9 

Mia S i n 
U i n compactton required at any deplh 

As required to obtain qiecifled densi^ 
Optimum 

As required far compaction 

As directed by the Engineer 

None M gallons 
At unit bid price per cu yd for Emb M gaUons 

No v e c l f i c pay item for sufagrade 

1. Top S i n . of com
pleted subgiade In cuts compacted to aime 

Max 18 i n in cuts 

Top 8 In same as for sml 
depth Is speciaed. 

Not v e c l f l e d 

6 In . In cute 

Not less 

Optl. 

than opttmum mimis 5% as acceptable to the Engineer RoUer bour 

Not qwclf lad 
N o t i p e c i f l e j 

As v e c i f i c d by ttie EnglDeer 

As required for Compaction 

As rwiDired to tacUltete CompacUaa 
As ordsred by ttie Engineer 
Notqiecl f ied 

4>rinkllng water r equ l r« l 

Method A RoUer hours 
Method B Cidiic yards or part of 

CuydEmb compaction MgaUons 

FumiBti water equipment and M gaUons 

MgaUons 
Providing and maintaining water plant-1 

H p U o n . 
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TABLE 47-1 
SUBGRADE (OHIO) 

Maximum Laboratory Dry 
Weight (pcf) 

Minimum Subgrade Compaction 
Requirements (Percent of 

Laboratory Maximum 
Dry Weight) 

Less than 102.0 * 
102.0 - 109.9 102 
110.0 - 119.9 100 
120 and more 98 
'''Soils with a maximum dry weight of less than 102.0 pcf are considered unsuitable 
for use in the top 12-in. soil layer immediately below the surface of the subgrade 
and shall be replaced with suitable soil or granular material. 

TABLE 47-2 
SUBGRADE (SOUTH DAKOTA) 

Maximum Laboratory Dry 
Weight (pcf) 

Minimum Compaction Requirements 
(% of Laboratory Dry Weight) 

Less tlian 88 Do not place in upper 12 in. of grade 
88 to 94.9 100 
94.9 to 119.9 96 
120 or more (sand, sandy gravel, or gravel 92 

(Table hQ, see pages l68 and 169) 
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T A B L E 49 

S P E C I F I C A T I O N R E Q U I R E M E N T S F O R B A C K F I L L I N G O F T R E N C H E S , 
P I P E C U L V E R T S A N D S E W E R S 

G r o u p R e q u i r e m e n t s C h e c k 

Spec i f i ca t ions r e q u i r e compact ion but do not s p e c i f y density 

T a m p i n g o r V i b r a t i n g P r o v i s i o n s : 
M e c h a n i c a l tamping o r v i b r a t i o n only s p e c i f i e d 
Hand o r m e c h a n i c a l tamping a l lowed 
Hand tamping mentioned only 
T a m p i n g method not mentioned 

Depth of L a y e r o r L i f t : 
Not to exceed B a s i s 

4 i n . loose 
6 i n . loose 
8 i n . loose 
9 i n . loose 

12 i n . loose 
3 I n . compacted 
6 i n . compacted 

M o i s t u r e C o n t r o l : 
P r o v i s i o n 
No p r o v i s i o n 

M a t e r i a l s R e q u i r e m e n t s : 
P r o v i s i o n f o r s e l e c t o r approved m a t e r i a l s 
P r o v i s i o n f o r g r a n u l a r b a c k f i l l 

P e r m i s s i o n to Sa tura te , F l o o d , o r Puddle 

25 

15 
8 

4 
12 

3 
1 
1 
1 
2 

14 
10 

15 
6 

B Spec i f i ca t ions r e q u i r e densi ty contro l 33 

T a m p i n g o r V i b r a t i n g P r o v i s i o n s : 
M e c h a n i c a l tamping o r v ibra t ion only s p e c i f i e d 
Hand o r m e c h a n i c a l tamping a l lowed 
Hand tamping mentioned only 
T a m p i n g method not mentioned 

21 
6 

4 

Compact ion R e q u i r e m e n t s ' : 
Not l e s s than 100% m a x density ( A A S H O T 9 9 / ' * 
Not l e s s than 95% m a x density ( A A S H O T 99)^ 
Not l e s s than 90% m a x densi ty ( A A S H O T 99) 
Not l e s s than 95% r e l a t i v e densi ty ( C a l i f o r n i a Method) 

5 
17 

5 
1 

i N u i i c s a i n a n s u / o r c i a i i v c a c n s i i y ^ o c i i i i u i HIA BUCIIKJU/ 
Not l e s s than 95% modif ied P r o c t o r 
Not l e s s than 90 - 100% m a x densi ty ( A A S H O T 99) 
Not l e s s than 95 - 100% m a x densi ty ( A A S H O T 99) 

2 
1 
1 

Depth of L a y e r o r L i f t : 
Not to exceed B a s i s 

4 i n . loose 
5 i n . loose 
6 i n . loose 
4 to 6 i n . loose 
8 i n , l oose 
6 i n , compacted 

4 

18 
1 
8 
3 

M o i s t u r e C o n t r o l : 
P r o v i s i o n 27 

M a t e r i a l R e q u i r e m e n t s : 
P r o v i s i o n f o r s e l e c t o r approved m a t e r i a l s 
P r o v i s i o n f o r g r a n u l a r b a c k f i l l 

23 
12 

P r o v i s i o n to Sa tura te , F l o o d , o r Puddle^ 1 

' T o depth of 1 f t above p ipe . R e s t of t r e n c h i n m a x one-foot l a y e r s and compacted to 
dens i ty . 
' W h e n s a n d and g r a v e l a r e u s e d . 
V h e n s o i l h a s m o r e than 20% m i n u s No. 200 . 
^ o p 3 f t 98% r e m a i n d e r 95% f o r pipe c u l v e r t s . S e w e r s — c o m p a c t densi ty of adjacent 
ground. 
'Ponding and jet t ing p e r m i t t e d if b a c k f i l l i s f r e e d r a i n i n g below a point 4 f t below f i n i s h e d 
grade i f surround ing m a t e r i a l w i l l not be softened o r damaged . 
Note: Some s ta te s prov ide s p e c i f i c a t i o n s f o r both G r o u p s A and B s p e c i f i c a t i o n s . 



TABLE 48 
SPECIFICATION REQUIREIIENTS FOR CONTROL OF COMPACTION OF GRANULAR BASKS 

T M c k n e - o f L t w 

RcKion u d State Control of M o U l u n Content 

Connectlciit Std Specif of Januair 1S59 

hhlne SU Specif , Rew <a JnnuaiT 1956 

Mre Bid 4>eclf July 1, 1954 

New Tork Std ^ w c l f January 3, 1957 

12 raazor 
% depth 
of course 

Wisconsin Std Sd of Sk>eclficatlons 1957 

Delaware Std 4>ecif A p r i l 1, 1997 
District of Columlila Std Specif 1957 
nilnoisSId ^ l t l 9 5 8 
Indiana Std StKClf I960 
Kentucky Std Ed of ^ i f 1956 

Marrland Std Ekiecif January 1957 

Pennsylvania Std ^ i f 1959 

Tennessee Std 4>ecif July 1, 1951 

Virginia Std Specif A p n l 1, 195B 
West Virginia Std ^ w c i f 1952 

Interstate Provisions (Rev. Std. Specif Div D, 
Sections 15) 

Subbase-slnsle course AU a»roi«hly com-
Subbase-two or more courses pu ted with lO-ton 
Rolled Biavel base-two courws ro l ler . 
Processed gravel base-two courses 
Same as for emfaankinenU ControUed densl^ meflMd mln 

— - 95 AAmO T 99 (see l U t l e 43-1 Emb ) 

h t t s f a c l o r r to engineer. Final rolling with 3-wheel, mln 
10-ton or a-aalo tandem, mln 14-tDn (mln S15-Ib per In 
of width of drive roU) 

BUn 8paaaeaofpi ieumat ic- t i radrol lcr( I ,000tD3,5001b 
per t l r«) or smooth-wheel rol ler (ID too mln wt ) 100% 
AASHO T 09 modified for test on minus % - l n material 
For heavier and more efficient equipment. No of passes 
shall be determined by the engineer after appropriate f ield 

FuUy compacted wltb 3-wheeI, 10-ton roUer 
Cr rockfaase-nt lsbctory to engineer, 3-wheel mln 10-ton 

rol ler 
Cr rock subbase-satisfactory to engineer, 3-wheel mln 

10-ton roUer 

Granular subbase 
Standard compacllon**-bT hauling equipment and rollers 
to degree of no further compaction 
••Used unless special compacdoD Is required 
apectal compacUon-mln 95% AASHO T 99 

Gravel or crushed stone base conrae-nme as gianuUr 

•When required baee does not exceed 6 la and placed on 
loose w i d subgrade, may be placed in one layer If 
compaction can be obtained 

Selected bor ivw-oun 9S% modified P n x l o r method 
Hin 100% AASHO T 99 Method C 
1 0 ^ AABHO T 99 
100% AASHO T 99 Method A or C 
Density IhroiKhout base course shall be equal to or greater 

than 65% of solid volume 
Subbase-min 95% AASHO T 99 
StablUzed M>lt base course-saUsfac to ry 
Foundation layer (cr stone or slag)-satistactory 
Ptant mis stab aggr base course-mln 100% AASHO T M 

Mm one pass fl-ton smooth-irtieel roUrr , mln i coverages 
of pneunatic-tire rol ler 

Sand-aggregate base course-satisfactory 
Aguegatc base course (crushed limestone, slag or gravel)-

BS% of density determined by a test section established on 
each project tor each material type Each test section i s 
compacted with rollers specified until there is no ftirther 
aivreclable increase in density 

•6- ln If 3 - P " pneumatlc-bre ro l ler is used, S-m tf 3-P*^ 
roUer Is not used 

**3-P pnenmatic-tired roller requirements are 56, DOO-lb on 
7-wheela Ure preeeure 75 to 130 psl 

aiHsfactory to engineer As indicated by non-movement of the 
C Aggr under the rol ler , and/or vibratory eouipnient and 
finally eomptettiig by tilUng voids with ttnes (-% In ) by meani 
of brooming, compacUng and watering 

98% of (hat determined as an average of maidmum compaction 
d the malenU in use 

Mln 10(*% AASHO T 9 9 
SbUsbctOTT to the engineer 
100% AASHO Modified f inal densi^ controUed by W Va 

proredure 8L-13 

Not qieelfled 
Notqieel l led 

bddenta l 
bc idv i t a l 

bcidental 
bcidental 

Not specified 
Notapsclfisd 
As dlrecMd by the engineer 

bcidental 
bKldental 
teldcntal 

beldenlal 
bcidental 
Incidental 

Bee compaction requirements 
Aa required to obtain danalty 

bddonta l 
b K l d n t a l 

Incidental 
HgaUooa 

Provltfon far mnrlnkUng bcidental M gallons 

As required to obtain denai^ bcidental (1) F u m i i h water equipment 
B ) Apptyfng water per M gallons 

As determined by ttw engineer 
Aa detormlnod 1^ the engineer 

b f l d e n U 
biddental 

bcidental 
Incidental 

As determined by the engineer bcidental Incidental 

As determined by flie engineer bcidental Incidental 

As determined by tlie engineer 
Aa determined by the engineer 

bcidental 
Incidental 

beldenlal aitUe used) 
bcidental 

K o t v e c l f i e d . Moisture controU 
(Not cxeesBlvely wet or dry , ) 

ed to control compaction bcidental -

Not qwclf ied direcUy ControUe 
Ditto 

d as required to obtain denaily bcidental 
Incidental 

iKldental 
Incidental 

± 10 percent trf optimum 
t i percent of optimum 
As required to produce denal^ 
As directed by the englnsor 
Optimum as determined Iqr AASUi 0 T99 

Incidental 
bcidental 
bcidental 
bcidental 
bcidental 

bcidental 
Incidental 
Incidental 
Incidental oo subbase M gallons when v e c l f i e d 
Included In wt / ton of plant mixed material 

Aa required by the engineer 
As required the engineer 
As required by ttie engineer 
As required liy the engineer 

Incidental 
Incidental 
Incidental 
bcidental 

Incidental 
Incidental 
bcidental 
bcidental 

As required by the engineer 
Near optimum at Hme of loading 

reduce segregation. Water is a 
[or tianqxirtatlon io site to 

dded during roUing 

bcidental 
Incidental 

Incidental 
M gallons 

4ir inkled and roUed untU a slight wave of excess water and 
fines forms a grout ahead of the rol ler . 

As directed by the engineer 

Optimum moisture content 
Aa directed by the e i« lneer 
Water added during mixing to obtain tqiUmum moisture for 

compaction as directed by die engineer 

M gallons 

Incidental 
IiKldental 



Florida Std Specif A p n l 1, I8S9 

Georgia Std SbMif. ktay 1, M U 

MisuBsippi Std Specil Ed of 1BS8 
North Carolina Std E^ecif October 1, 1SS2 
Soutti Carolina Std E^iecif f o r Highway Constnictloii 

NOT 1, 189S (Extracted by HUB Staff E i « r ) 

Louisiana Std Specif. July 1955 

OkUhomaStd Ed of %>ecif U59 
T«xaaStd ^ e c i f 1991 

Special "Incentive Compaction" used on 
a limited bauB 
4>«cul 4>ecitL»tion for Flsxible Base (used 
on a Umited basis) 

•Consider Umerbck s tab l l l s« l b a n and ah 
ly specified by %wclal Provlslona. 

I m l n 
B m w 

' a ( ^ P r w ) 

Bmax 

Sktlsfactoiy to engineer 

^ec 2201 and 2302 May 1 1959 

Missouri Std ^ lec i f Ed of 1995 
Nebraska atd Series of 4>ecU 1995 

SpecuU Provision (Interstate System) 
North Dakota, Std ^ e c i f January 1996 
South Dakota, Std Specif A p r i l 1957 

Mountain 
Ansona tentative Std ^ lec i f for 1959 

Sfecial Provisions (supersede) 
Colorado* Std ^ I f June 1, UB2 

Std ^ i t . January 1, 1998 

Idaho Std specif Ed. of 1997 
Montana Std ^ I t of 1999 

Nevada tent Std. E ^ l f . f b r Road and B n c ^ 
Construction 

New Mexico Spec Prov. of Oct 1, U56 
modifying Std akiecif Ed of 1954 

Utah Std Ed of %>ec. 1960 
Vjomlng Std 4>eclf. Ed of 1960 

Pacific 
California Std. ^^S iTTaMia ry 1960 
Oregon Std. Specif May 1, 1954 
Washington Sid. ^ leci f . 18S7 

Max 4 as on plans 

U n . 100% AASHO T 99 
• U a . 100% AASHO T 180-57. 
•For sheU stablUisd base, eomptctlon qMclf lsd by slxe of 

eqiilpmant and time of n U l n g . 
U slabUlMd base as a granular base. O M U stabllUad bass c u n w i t -

100% AiwdCl -i M. 

Min. 10S% AASHO T 99. 
100% Hodiflsd density for aU work 
Not less than 100% (rf AASHO T 99 m u . dmsl t r . 

Optimum * 3 ps rcMt 
As reqiurod to obtain density 

As required tor construction 

Provision for wetting of base 
As nsar as practleabls at optimum moisture content 

Aicidental 
Lic ldenU 

H l n 100% mod AASHO T 99 ^ u s V t n material replaced 
With equal amount of % - l n . to No 4 sieve aggregate 6 in . 
diameter mold ) 

100% of max density as dstermlned by laboia t»ry methods. 

H i n S5% AASHO T 99. 
Satisfactory to si 

Optimum moisbire ci 

Optimum moisbire contmt 

As required to obtain d n s i t y 
As requirwl by Ae « 

100% of density as dstermlned by "Compaction Ratio" Method. 

of not less than 98% of max dry dsnslty as detsrmined by 
Compactive Effor t Ho. 1 of ths general laboratory Ust for 
Molsture-Dsnsity-ReUtiona for soils THD 8S. 

•13 36 f t lb per cu in . 

RoUad Bton«.min. 10(^^ AASHO T 99 Method C. Test roUlng 
^ d e u ^ permitted with stsel roUer with 3S8-lb per in . of 

Aggregatt-Under base course-mln. 100% AASHO T 99 
Modtflsd as follows Compaction of minus No. 4 material. 
8 lx- in . dlam Yu cu f t mold. 4 layers, S8 blows per layer, 
5 B-lb hammer dropping 12 In 

Granular subbass-mln 96% of max d m . by above method 
• I h y be increassd to accommodate n«ir and Improved com-

4weltled denelty method-mln 98%AASKOT99 

THD-nO SOU tsst procedure 
TRD-l lOsoi l tes t procedure {Den and M C o f t q i S l n 

ahaU bs cheeked and I f teste show the density to be more 
than 3% below the Qiecified minimum, the course shaU 
be reworked as necessary to obtain the speclfled convection 

Subsidiary 
Sidisidiary 

0.95 to 1 05 f ield optimum which equals B5% to 90% of Proctor* 

•This Is assumed to be AASHO T 9B 
As determined by the engineer 

Aa determined by the engineer 

eteeified density 100% of density 

Min. S5% AASHO T 99 (on minus No. 4 material). 
Granular base-mln 100% AASHO T 99. 
Cniehed rock base-aUsfactory to the englnesr 
Granular Bubbase-min 95% AASHO T 99. 
Granular foundalion course-mln 60% AASHO T 99 (min. 

06% by u n c i a l provision) 
(Not Isss than 100% of maximum densl^) 
hUn. 1.33 X dry loose wsight max 140 pcf 
BtabiUs«dBoU-aggrflgatsbaae-mln. den at least 1% times 

dried loose wright of mix, but not more than 140 pcf 
Hibba Be > s a t i d u tory 

SatlsIutoTv 
At Isast 95% AASHO T 99 max density 
Crushed rock 
•Class I aibbass and selected borrow and •Class H eubbase-

aU tnwB compacted to 100% of an optimum laboratory density 
•Indlcatos present practice. Std %>eclf 

As required by flie engineer 

Not less than 90% of optimum Not less than 79% of OMC il 
vibratory equipment Is used 

As required to insure compacUon 
As required to obtain density 
As directed by the engineer 
An required to obtain densi^ 
Optimum ± 3% 

Base conatr ^ r ton of 
material) 

bcidental 

As required to permit compaction 
Approach or slightly exceed optimum 

(For ^MCial sihutions such a 
Bulletin No. 159 ) 

Hawaii 

widening, qiecial provisions require compaction to 05 to 100% of n 

A ^ ^ n g t o p l a n i 

S5% California method. 

Hln 99% I b d m e d AASHO T M ( 1 0 - l b hammer. 18-in drop, 
5. layers, %«-ca f t mold). ^ ' 

95% of AASHO T 180 Method D. 
a i U » s e - m l n . 76% of calculated dry denst^ of a theoretical 

BlSiJIta."l^rf 'cakulated dry density of a theoretical 
voidteee mtxtore. 

Min. U'A California 9-layer method 
Ui t formly and thoroughly compacted 

Ballast-satlabctory. 
Crushed stone, t i v and base-Atfsfkctory 

X denel^r ae determined by laboratory. For teet metttod see H8B 

95% relative compw:tlon X A S H O T 180 
Hln . 100%AA8BOT00ormu> of one hour of rolling per 

100 cu yd. 

As ordered by flie engineer 

As rsqulred by the engineer 
As required to obtain qpecifled density 
As ordered by flie engineer 
C ^ m u m as determined by the laboratory 
Opnwaim ae determined by Oie laboratory 
Currentty being revised 

As required by the e i« inee r 
As required by flie engineer 

Ae required by the engineer 

Ae directed by Ihe engineer Not greater t lun optimum 

As required by the engineer 
Uml te of 5 to 8% by weight of dry material 

Incidental 
Incidental 
bcldental 

Subsidiary 
Subsidiary 

Incidental 

hicidenlal 

Roller boors 
None 
Hour roller-umte 
Contract pnce per 

ton including compaction 

RoUer boure 

Hours X rol ler widfli (ft) 

HoUer hours 

Roller hours 
Roller hours M gallons 
Tons Compaction included M gallons 

m unit price for subbase 

Per 100 gallons 
H gallons 
M gallons 
M gallons 
Incidental 

H gallons 
HgaUons 
M gallons 

M gallons 

M gallons 

As ordered by flie engineer 
As required by flie engineer 
As required by the engineer 
As required by the engineer 
As required by the engineer 

Roller hour 
Roller hours 
RoUer hours 

Furrash water equipment, and M gallons 
H gallons 
M gallons 
M gallons 
MgaUons 

MgaUons 
When q>eclfted - f u m i d i water plant and M g; 



SPECIFICATION REQUIREMENTS FOR CONTRC 

Region and State 

Tluctaiess of Lay er 
Loose Compacted 
(in.) (In.) Compaction Requirement Contra 

Northeaat 
Connecticut, Std. Specif. January 1955 

Hame, Std. Specif. January 1956 
Lchusetts, Std. Specif. 1953 

Michigan, Std. Specif. May 1960 

New Hampshire, Amend, of VZVSI to 
Std. Specif, of July 1, 1954 

New York, Std. Specif. January 2, 1957 

Rhode Island, Std Specif. Rev. of 1946 

Future contracts bridges 

Vermont, Std. Specif. January 1956 

Wisconsin, Std. Ed. of Specif. 1957 

6 max 
9 max 

8 max 

8 max 

6 max 

12 max 

Mln. 100% AASHO T 99 

Thoroughly compacted 

Thoroughly compacted 
Continued Density Method-min. 95% AASHO T 99 

(on minus 1 in. material) or Michigan Cone Metliod. 
12-m. Layer Metiud—min. 9 ^ of max unit weight 

determined at existing moisture content 
Min. 95% AASHO T 99 

Hin. 100% AASHO T 99 Method C for materials haying 
less than 20% psssing No. 200 siere. Min. 95% for 
others 

Thoroughly compacted. Puddling around catch-basins, 
inlets, and manlioles. 

95% of maximum density behind abutmente and waU 

Thoroughly compacted. Evidence of satisfactory com
paction Bhsll consist of the attainment of ninety per
cent of maximum compaction. 

Thoroughly compacted excrot where special compaction 
IS used in Emb. Min. 95% AASHO T 99. 

As requli 

As direct 

Notspecl 

Not speci 

As necesi 

As requil 
lesstha 

Not spec! 

Moisture 
hi the lb 

Delaware, Std. Specif. Apr. 1, 1957 
District of Columbia, Std. Specif. 19ST 

Mbi. 95% Mod. Proctor Method 
100% AASHO T 99 Method C 

Opbmum 
i2%ofoj 

Dlbiols Std. Specif. January 1958 

Indiana, Std. Specif. 1960 

Kentucky, Std. Ed. of Specif. 1956 
Maryland, Std. Specif. January 1957 

New Jersey, PreUminary to New Revision 
of Std. SpecU. 

Ohio, Std. Specif. January 1, 1959 

Pennsylvsnia, Std. Specif. 1959 

, Std. Specif. July 1, 1951 
Virginia, Std. Specif. 1958 
West Virginia, SU. Specif. 1952 

Interstate Provisions 

4 max 

Approx. 4 

6 max 
6 

6 max 

4niax 

Hin. 90% of max weight AASHO T 99 

Mm. 90% of max wet or dry weight AASHO T 99 
for granular materials. Other material 95% min. density 

Saturation-Granular material 

Msxinuiin density obtainable 
Same as embankments. Mm. 90 - 100% AASHO T 99 
Same as for layers of Emb. except for areas that are 

inaccessible for heavy equipment then density control 
employed (mln. 95% AASHO T 99) 

For soil 95% AASHO T 99. For granular material com
pacted to the density established as satlsfactoiy to the 
engineer based on field density tests. 

Embankments In back of bridge abutments formed of 
granular material or rock. Compaction to den. specified. 

Thoroughly compacted 
Min. 95% AASHO T 99 Excess w. 
Thorou^ily compacted 
Same as Tsble on SHD Specif, for sheepsfoot rollers for bridge abutmentj 

Not great' 

Nbtspecb 

Saturated 
To obtain 
As requir 
greater 

Optimum 

Sufficient 
limited 
than opt 

Southeast 
Alabama, Std. Specif. 1950 6 max 
Florida, Std. Specif. April 1, 1959 9 max 
Georgia, Std. Specif. May 1, 1956 
Mississippi, Std. Speed. Ed. of 1956 
North Carolina, Std. Specif. Oct. 1, 1952 6 max 
South Carolina, Std. Specif, for Highway 6 

Construction, Nov. 1, 1955' 
'Extracted by HRB Staff Engineer 

South Central 
Arkansas, Std. Specif. Ed. of 1959 4 max 
Louisiana, Std. Specif. July 1, 1955 6 max 
Oklaluma, Std. Ed. of Specif. 1959 6 max 
Texas, Std. Specif. 1951 6 max 

Special-Compaction Ratio Method 

North Central 
Iowa, Std. Specif. 1960 

Kansas, Std. Ed. of Specif. 1955 
Minnesota, Specif. 2110 of May 1, 1959 6 
Missouri, Std. Ed. of Specif. 1955 6 max 
Nebraska, Std. Series of Specif. 1955 6 max 
North Dakota, Sp. Prov. 40A 12 max 

December 14, 1959 

South Dakota, Std. Specif. April 1957 
Suppl. Specif. April 2, 1959 Supersedes 6 max 
Std. Specif, for R.C. pipe only 

Mln. 05% AASHO T 99 
Min. 100% AASHO T 99 - 57 

6 max Min. 100% AASHO T 99 
6 max Same as adiacent Emb. 90 - 95% AASHO T 9 

Thoroughly compacted 
* Hin. 90% AASHO T 99 max density 

Satisfactory 
To the specified density of the optimum moisture content 
Hui. 95% AASHO T 99 
Same as for embankments 90 - 100% AASHO T 99 

Same as for special for Emb. Swelling soils (PI = 20 
or more) 98 - 102%. Hon-swelUng soils (<20) 100% 

Thoroughly compacted. At bridge alaitments granular 
materials are required. 

Hm. 00% AASHO T 99 
Specified density. Same requirements as 2110 for em

bankment construction. 
Require 95% in the 100 ft adjacent fai bridge ends 
Min. 90% AASHO T 99 
Four ft or more below finished grsde, mm. 90%. 

Less than four feet below finished grade, min. 95% 
AASHO T 180 - 57. 

Ordinary cotnpartion oatiofartorlly compacted* 
See SuppL Specif. Apnl 2, 1959. 

Sufficient 
Sufficient 

Proper m 
Salisfacto 
•Provisio 

Notspecii 
Optimum 
As requir 
As requir 
Asneedec 

As requir. 
Tbfaclllti 
See AASHi 

Not specif 
NearopUt 

Arizona, Ttat. Std. Specif. 1959 

Colorado, Std. Spec. January 1, 1958 
Idaho, Std. Specif. Edition of 1957 
Montana, Revised Specif. 1959 
Nevada, Tent. Specif, for R. and B. Con

struction 1957 Ed. 
New Mexico, Std. Specif. Ed. of 1954 

Utah, Std. Ed. of Specif. 1960 

Wyoming, Std. Specif. Ed. of 1960 

Pacific 
California, Std. Specif. January 1960 

Oregon, BU. Specif. May 1, 1954 
Washblgton, Std. Specif. 1957 

Alaska 

Hawaii 

Omax 
6 max 
8 max 

4max 

6 to 12 
6 max 

Mm. 95% AASHO T 99. Material requirement sum of 
P. I . 9% pass. No. 200 sieve not to exceed 23 

100% of optimum laboratory density 
Same as emtankments 
Tboroughly compacted 
Min. 90% CaUomia Method-Ponding or Jetting not per

mitted. 
Min. 95% AASHO T 99 

Same as Emb. Min. 95% AASHO T 99 or T 180 

Hin. 95% AASHO T 99 

Min. 95% 5 biyer method 

Thoroughly compacted 
Hm. 05% ASTH D 698 

Thoroughly compacted 

95% relative compaction 

compact 
Optimum 1 
As requiri 
As direct! 
As requiri 

Atoptlmu 

Same as fi 

Specified 1 

As needed 

Notspecii 
Not specif 

Hoistened 

Based on 



'ABLE SO 
L OF COMPACTION OF STRUCTURAL BACKFILL 

ot Mbistiire Content Tamping Equipment and Methods 

ed to obtain density 

•d liy the engineer 

led 

ary 

3d to obtain density but n 
1 3% dner than OMC 

:ontent of the layer Is nth-
nits for proper compaction. 

led directly 

Pneumatic tamping not less than SO aq In. In area. Power roUers, Tibra-
tors, puddling permitted. 

Power tampers shall exert a mimmum blow of 350 f t Ib/aq ft of tamping 
face area. 

Hot specified 
Not specified 
Not specified 

Power tamping or vibratory devices 

Impact rammers, min. wt. 200 lb, min. ramming foot area 80 sq in., 
mm. blow 20O ft lb, vibrators 3,000 lb impact at min. frequency of 1,100 
cpm. Mm. coverage 3 passes for rammers or vibrators 

May require hand tampers weighing not less than 25 lb with not more thsn 
SO aq In. tamping face area. 

Air Driven Hechanlca] Tamper—19 to 29 sq In. tamping foot. 
Gasoline Driven Mechanical T1UDPerB-55 to 89 sq I D . tamping feat. 
Mechanical tampers. Impact rammers or vibrating compactora. 

Mechanical or pneumatic tampers or vibrators 

Incidental 

Incidental 

Incidental 
Incidental 

Incidental 

Incidental 

incidental 

Incidental 

Incidental 

Inctdeotal 

Incidental 

Incidental 

Incidental 

Incidental 

Incidental 

(1) Furnish water 
equipment 

(2) Applying water 
per H gallons 

May be required 
t r engineer 

4imum 

r than 110% d optimum 

led 

id for compaction but not 
han opt. + 2 percentage 
t2% 

tor aatlsfactory compaction, 
Jso, for soil, to not more 
mum plus 3%. 

Approved mechanical tampers 
Mechanical tampers capabU of esertlng a blow equal to 2G0 Ib/sq f t of 

tamping area and having a dead weight in excess of Wlbpersqftotbear-
ing surface. 

Mechanical tampers capable of securing compaction ot not less than 90% of 
max denaity. 

Mechanical tampers or vibrators 
Hay permU compaction by satuxatioo eatcept where stone bsckfUl is used 

saturation U not permitted. Mech. tamping required. 
Mechanical tampers 
Uoch&nical tunpcrs or Tlbratory coDpsctors 

Mechuilcal UinperB or vibratory compactors 

Approved mechanical compactors except that granular material may be de-
poflltfld In water to a height not CTceedlng normal water leveL Comp«:tion 
ot granular material with water above DonmU water level permitted If 
aatiofactoiy drainage Is required. 

Approved mechanical tampers 

Incidental 

Incidentnl 

Incidental 

Incidental 
Incidental 

ier removed More backfilling Mechanical tampers 
25 to 35 lb pneumatic backfill tampers having a piston blow 

except rock is excluded. Other structural backfill specifications unchanged. 

Incidental 
Incidental 

Incidental 

Incidental 

Incidental 

infi^dffntal 

MgaUons 

listure content 
7 
I for drying excessively wet 
adding water to dry soils. 

Mechanical preferable 
Mechanical tamper capable at 185 psf of tamping area per blow. 
Not specified 

Incidental 
Incidental 

MgaUons 

id for amvacUon 
Ml to obtau density 
by contractor 

Ibnd or mechanical tampers 
Mechanical tanqiers 
Mechanical tampers 
Mechanical tamps or rammers 
Any method 

Incidental 
Incidental 
Incidental Incidental 

Incidental 
bcldental 

•d to obtain density 

•d for conqnctlon 
te compa 
)T180 

Pneumatic tampers supplied with air at pressure of not less than lOOpsl at 
compressor. Hand tamping within 3 f t of wing waU. parapet waU or span
drel waU. 

Mechanical tampers 
Mechanical tampers 
By roUlng or by band, or by mechanical 
Mechanical tampers 
Not specified 

tamping and/or roll ing. Incidental 
Incidental 
Incidental 

Mechanical tampers 
Mechanical tampers Incidental 

Incidental 
MgaUons 
Mgallons 

uniformly sufficient for proper Mechanical and/or pneumatic devices or rolling 
or material used 
•d for compaction 
d the engineer 
•d by the engineer 

•r Embankments 

IV engineer 

Contractors choice 
Approved power driven tampers 
Mechanical or hand tamping 
Mechanical Umpmg equipment 

Mech. tampers, mm. 700 blows/min. Tamper head area 19 to 29 sq In.. 
mm. blow 1.75 ft Ib/sq In. 

Handor mech. tampers 6-ln. diam. head. Int. combustion and vibratory 
when results are aatlafactory 

Air tampers in smaU areas, otherwise selection of equip, is up to contractor. 

cu yd 
cuyd 

Hburs rolling 

Per hr of Mech.. 

Incidental 
MgaUons 
Incidental 
Mgallons 

Mgallons 

Mgallons 

to obtam compaction 
led 
led 

or dried as needed 

AASHO T 180 

Not specified 

Machine operated tampers of approved design. 
Air or mech. tampers with total foot area 19 to 29 sq in. or gasoUne driven 

59 to 85 sq m. 19 - 29 = 1 unit. 59 - 85 = I ' / i units. 
Mechanical tampers 

Contractors opbon 

Incidental 
Tamper hr 

Furnish water 
Equip, and M gal. 

Incidental 
Incidental 

Furnish water 
Equip, and M gal. 



S P E C I F I C A T I O N R E Q U I R E M E N T S F O R TAMPING-(SHEEPS 

Minimum Size of 
Minimum Spacing of Tamping Feet 

Diameter of Width Number of Number Feet (in. Minimum Contact 
Drums of Drums Feet per of Feet per center Length Area 

(in.) (in.) Drum Row to center) (in.) ( s q l n . ) 

Northeast 

Connecticut, Std. Specif. January 1955 
Maine, Suppl. Specif. 1960 
Massachusetts, Spec. Prov. S P 52 - 59 

SP 52 - 58 
Michigan, Std. Specif. May 1960 
New Hampshire, Std. Specif. July 1, 1956 
New York, Std. Specif. January 2, 1957 
Rhode Island, Std. Specif. Revision of 1946 
Vermont, Std. Specif. January 1956 
Wisconsin, Std. Edition of Specif. 1957 

Middle E a s t 

Delaware, Std. Specif. Apri l 1, 1957 

District of Columbia, Std. Specif. 1957 
Illinois, Std. Specif. J a n . 1958 and Spec. Prov. 
Indiana, Std. Specif. 1960 
Kentucliy, Std. E d . of Specif. 1956 
Maryland, Std. Specif. 1960 Requirements 
New Jersey , Pre l im. toNewRev. of Std. Specif. 
Ohio, Std. ^>ecif. January 1, 1959 
Pennsylvania, Std. Specif. 1954 
Tennessee, Std. Specif. July 1, 1951 
Virginia, Std. Specif. 1958 
West Virginia, Std. Specif. 1952 

Interstate Provisions 

Southeast 

Alabama, Std. Specif. 1950 

Florida, Std. Specif. Apr i l 1, 1959 
Georgia, Std. Specif. May 1, 1956 
Mississippi, Std. Specif. Edition of 1956 
North CaroUna, Std. Specif. October 1, 1952 
Sooth Carolina, Std. Specif, for Hwy. Constr. 

Nov. 1, 1955 

South Central 

Arkansas, Std. Specif. E d . of 1959 
Louisiana, Std. Specif. July 1955 
Oklahoma, Std. Specif. E d . of 1959 
Texas, Std. Specif. 1951 

60 

48 min. 

7 
7 
7 
6% 

5 min. 
7 max 

5 min. 

5 min. 

4 - 12 

5 - 12 

5% 
5 min. 
4 - 1 2 

The weights and dimensions of the rolling units, number, spacing and 

42 min. 

48 min. 

6 - 1 0 

2 per 7 
1.3 sqft 

6 - 1 2 
2 per sq ft 

4 - 8 

5 muis 

4 - 1 0 
4 - 9 

40 mln. 
60 min. 

42 min. 
60 min. 

6 - 1 0 5 - 8 
6 - 8 

North Central 

Iowa, Std. Specif. 1960 
Kansas, Std. E d . of Specif. 1955 
Minnesota, Specif. 2110, 9-10-57 

Specif. 2110, 5-1 -59 
Missouri, Std. Edition of 1955 

Suppl. Spec. June 1, 1958 

Nebraska, Std. Series of Specif. 1955 
North Dakota, Std. Specif. January 1956 
South Dakota, Std. Specif. AprU 1957 

Mountain 

Arizona, Tentative Std. Specif, for 1959 
Colorado, Spec. Prov. "Wetting and Compac

tion" Std. 3-13-56 and Spec. Prov. "Wetting 
and Compaction" Modified 3-14-56. 

Idaho, Std. Specif. Edition of 1957 
Montana, Revised Std. Specif. 1959 
Nevada, Tent. Std. Specs, for Road and Bridge 

Const. 1957 Edition 
New Mexico, Std. Specif. Edition of 1954 
Utah, Std. Edition of Specif. 1960 

Wyoming, Std. Specif. Edition of 1960 

Pacific 

6 - 1 2 
6'^ 
7 4 - 1 2 

Any type .of compaction equipment wi l l be permitted provided its clearly 
weU as that required in Sect. 1-32 (Std. Specif.) 

6 - 10 7 4 - 12 

60 mm. 60 min. 120 min. 4 min. 6 4 - 8 

60 min. - - - 7 5 . 5 - 8 

The contractor may use any type of compajction equipment he may deem 

40 

60 mln. 
2 drums 

min. 

48 min. 

60 min. 112 min. 
2 drums 160 min. 

240 max. 

California, Std. Specif. January 1960 
Oregon, Std. Specif. May 1, 1954 
Washington, Std. Specif. 1957 
Alaska, (Current Specif.) 
Hawaii, (Current Specif.) 

36 min. 72 max. 

60 min. 54 min. 

13' 

6 - 1 9 

8 
5.4 

5 - 8 
6 - 8 

4 - 9 

5 % - 8 

Measured in excavation. 



T A B L E 51 

FOOT) T Y P E R O L L E R S F O R E M B A N K M E N T CONSTRUCTION 

Capacity 
Pressure by OperaUng (max cu yd 

Tamping Feet Speed per unit per 
{pal) (mph) hour) Remarks 

Notqieclf ied 
500 min. - - 3,400 U) per Un. ft 

450* 2.5 - 'Min. of two tamping feet for each square foot of cylinder surface. 
2 .5 - V l t h drum ballasted. 

Not specified 
Not specified 

2 0 0 - 4 5 0 

200 - 450 
150 min. 

Not specified but permitted 

The weight, and dimensions of the rolling units, the number, spacing and dimen
sions of the tampuig feet shal l be such that ̂ e c l f l e d compaction may be obtained. 

200 m i n . ' - - 'Fully loaded 
- No rol ler requirements 

- - - Approved by the engineer 
200 - 450 8 max 200 max' 'implies only to standard conqiaction 
Upto 200 5 max 
200 min. - -

dimensions of the tamping feet shal l be such that the specified compaction may be obtained. 
250 min. - -
200 min. 2 - 3 100 

150 mln. 

200 min. 

Not qiecified 

Any approved type of equipment 

200 mln. 
200 min. 

Details of equipment not specified 
Not specified 

Not specified 

Not specified 
Not specified 

- No requirement on type of equipment except on 50-ton test ro l ler . 
125 - 175 2 - 3 - Item rolling (tamping) 
Up to 550 2 - 3 - Bern rolling (heavy tamping)'onetampingfootforeach0.65to0.7sqftofdrumarea 

200 min. - -
200 mln. - -
200 min. - -
200 mln. - -
100 m l n . ' 'Also specifies min. weight of 90 lb per In . of width of drum. 
demonstrated by past performance and performance on the project involved, that such equipment wil l perform equally as 

200 mln. - -
150 m l n . ' - - 'nem unchanged as of March 1, 1960 
300'-550' 3 - 5 - '300 empty, 550 ready for use 

mln. 3,000' mln. 2 .5 200 'Min. 3,000 lb on each tamping foot 

necessary to obtain the specified density. 

- - - Contractor selects means for obtaining density. 
300 min. - -
105 mln. 3 mln. 300' * 'Combination of tamping roller and pneumatic-tired rol ler . 

400* • 'Combination of two tamping ro l lers . 
300 - 500 SVi min. - 'Circumferential row. 
325 mln. 200 - 300" - 'At least 20 rows, 8 to 12 ft per row. 'Feet per minute. 

- No restrictions on roUer rating 

Not specified 
150 min. - - Specified underSpec. conditions. Den. requlrementscont. use of compactlonEqulp. 

Not specified 
250 - 500 min. 5 - 'Max 12 In. diagonal spacing c . to c . to feet m adjacent circumferential rows. 

Equipment left to contractor's option. 
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TABLE 
SPECXFICATTON REQUIREMENTS FOR PNEUMATIC-TIHE ROLU 

Operating 
Rolling Gross Weight 
Width Weight per Tire in . « 

Region and State Type (in.) (tons) (lb) Ure 
Northeast 

Connecticut, Std. Specif. January 19S5 
Maine, Suppl. Specif. 1960 

Suppl. Specif. 1960 
Suppl. Specif. 1960 

Massachusetts, Std. Specif. 1953 
Michigan, Std. Specif. May 1960 

New Hampshire, Std. Specif. July 1, 1994 
New York, Std. Specif. January 2, 19ST 
Rhode Island, Std. Specif. Rev. of 1946 
Vermont, General ^ec . Prov. Feb. 9, 1960 
Wisconsin, Std. Edition of Specif. 19ST 

Middle East 
Delaware, Std. Specif. Apnl 1, 1957 
District of Columbia, Std. Specif. 1957 
Illinois, Std. Specif. January 1958 and 

Spec. Prov. 
Indiana, Std. Specif. 1997 

Special Projects 

Super compactor 
Pneumatic-tire truck type 
Rubber tire or constr. equipment 

4 wheeled 

Kentucky, Std. Ed. of Specif. 1956 
Maryland, Std. Specif. 1960 requirements 

New Jersey, Preliminary to new Rer. of 
Std. Specif. 

Ohio, atd. Specif. January 1, 1999 

Pennsylvania, Std. Specif. 1954 
Tennessee, Std. Specif. July 1, 1951 
Virginia, Std. Specif. 1958 
West Virginia, Std. SpecU. 1952 

Southeast 
Alabama, Std. ^lecif . ISSO 
Florida, Std. Specif. Apnl 1, 1959 
Georgia, Std. Specif. May 1, 1956 
Mississippi, Std. Specif. Edition of 1956 
North Carolina, Std. Specif. Oct. 1 1952 
South Carolina, Std. Specif, for Hwy Constr. 

Nov. 1, 1955 

South Central 
Arkansas, Std. Specif. Ed. of 1959 
Louisiana, Std. Specif. July 19S5 
Oklahoma, Std. Edition of Specif. 1959 

(Section 203-Test Rolling) 
Texas, Std. Specif. 1951 

North Central 
Iowa, Std. Specif. Series of 1960 
Kansas, Std. Edition of Specif. 1955 
Minnesota, Specif. 2110, 9-10-57 and 

5-1-59 
Mlssoun, Suppl. Specif. June 1, 1997 
Nebraska, Std. Series of Specif. 1999 
North Dakota, Std. Specif. 1960 
South Dakota, Std. Specif. AprU 1, 1997 

29,000 mm. 

1,000- 2,500 

1,000 - 2,500 

Single or multiple axle 
MulUple wheel 
Min. 9 tires on 2 axles 

9 wheels, 2 axles 
4 wheel tires spaced 32 in . 

2 axle 

2 axle, 9 wheel 
Single axle, 4 wheel 
2 axle 
Light weight type 
Heavy compactor 
The weight of the roller, number and spacing of tires, shall be such that the i 
vary more than 9 psi. 

- - - - 1,000 min, 
2 axle, mm. 7 wheel - 8 min. 

3 
20( 

50 6,000 - 25,000 

20-35 
400 

10 min. - up 
up to 50 5,000 - 25,000 up 

at least 4,500 
22' 

up to 50 mm. 25,000^ 

Single or double axle 

2 axle, 7 wheels or more 
2axle 

Min. 4 wheeU 
2 axle, min. 9 wheel 

The weight, dimensions of the roUer, nur 

60 min. 

Approx. 60 

Approx. 
up to 25,000 

Multiple wheel 

2 axle multiple wheel 

Mountain 
Arizona, Tentative Std. Specif, for 1959 

The above Specif, nu^ be changed soon to 
Colorado, Spec. Prov. 3-13-56 and 3-14-96 
Idaho, Std. Specif. Edition of 1957 
Montana, Std. Rev. Specif. 1959 
Nevada, Tent. Std. Specs, for Road and 

Bridge Constr. 1999 Ed. 
New Mexico, Std. Specif. Ed. of 1954 

2 axle tandem, mm. 9 wheels 60 - 1,400 min. 
2 axle tandem 60 - 2,000 
The contractor may use any type of compaction equipment he may deemneci 

2 axle, min. 9 wheels 

2 axle, nun. 9 wheel 
4 wheel, 50 ton 

48 min. 
60 min. 

60 min. 
84 min. 

25( 
285 - 2,000 

1,000 - 2,000 

Utah Std. Edition of Specif. 1960 
Wyoming, Std. Specif. Edition of I960 

California, Std. Specif. January 1960 
Oregon, Std. Specif. May 1, 1954 

Washington, Std. Specif. 1957 
Alaska, Current Specif. 

Hawaii, Current Specif. 

Multiple axle, multiple wheel No limit 

60 min. 1,000 • 2,000 

"Combination of tamping roller and pneumatic-tire roller. 
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BS FOR EMBANKMENT CONSTRUCTION AND/OH TESTING 

Load Capacity 
5? (lb per In. Inflation (max cu yd 
idth of width of Pressure Operating per unit 
tread) roller) (psi) Speed per hour) 

2,500 
_> 150 

50-00 

Nbt specified 

Test rolling 
Not specified 
Requiredfor test rolling the grade only. Not required for 

comp. of Emb. 
Not specified 

Not specified but permitted 

OO' 
I mm. 

to 300 
to 1,200 

90 - 150 - -
60-90 _ 

8 max 200 max^ 
30 mm. 10 max -90 nun. 5 max -90 mm. 5 max -
90 min.^ - -

'Contact on hard surface 

Not specified 

Towed or self-propelled 
Used on special projects and/or testing or suppUmenting 

compaction of subgrade covered by special provision. 
Self-propelled 

Same roller requiredfor bituminous concrete andbasecourse 

At maximum or fu l l load 
pecUled compaction wil l be obtained. Tires shall beof equal size and inflated so air pressure from tire to t ire shall not 

Not specified 
iber and spacing of the Ures shaU be such that the specified compaction may be obtained. 

No change to March 3, 1960 
Not specified 
Not specified 

Not specified 

90 - 150 

Not specified 
Not specified 
Not specified 
For test rolling 
*As directed by the engineer 

Not specified 

For "Ordinary Compaction" No. of passes, l i f t specified, or on bfte of 3 in . or less 
where tamping type roUer wi l l not produce further compaction. 

Not specified 

Not specified 
Not specified 

5 
90 5 

ssary to obtain the specified density. 

• min. 

4 min, 
60 - 90 2 - 5 

90 imn. 3 mm. 

125 
125 

300* 

•uniformly inflated ± 5 psl difference between tires. 

Not specified 
Not specified 
'Tire mfr . recommendations with not more than 5 psi var

iation in any t i re . 

ShaU be designed so fu l l weight can be ;qipUedto two outside 
wheels for proof-testing surfaces with 15 to 20 ton wheel 
loads. 

Not specified 

Tolerance 
+ 5 psi 

Not specified 
Specified under special conditions. Density requirement 

controls the use of compaction equipment. 
Not specified 

Not specified 
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T A B L 

S P E C I F I C A T I O N R E Q U I R E U E N T S F O R S M O O T H - W H E E L 

Tandem Type 3-Wheel Type 
Pressure fiiam. of Width c 

Weight (lb per in . Weight Drive Rolls Drive Rol 
State and Region (toiis) width of roU) (tons) ( in.) ( in.) 

Northeast 

Connecticut, Std. Specif. January 1955 - . . 
Maine, Std. Specif. 1960 - . 
Massachusetts, Std. Specif. 1953 - - 12 min 
Michigan, Std. Specif. May 1960 . . _ " 
New Hampshire, Std. ^ i f . July 1, 1954 . . . 
New York, Std. Specif. January 2, 1957 - . _ 
Rhode Island, Std. Specif. Rev. of 1946 - - 10 ton 
Vermont, Std. Specif. January 1956 - _ . 

Wisconsin, Std. Edition of Specif. 1957 - . . _ I 

Middle E a s t 
Delaware, Std. Specif. AprU 1, 1957 . - - - . 
Distr ict of Columbia, Std. l ^ i t . 1957 - - 10 mln. 68 m i n . ' 20 min. 
Il l inois, Std. Specif. January 1958 and . - . . -

Provisions 
Indiana, Std. Specif. 1960 - - 10 min. 
Kentucky, Std. Edition of Specif. 1956 . - - - . 
I b r y l a n d , Std. Specif. (1960 requirements) - - 10 min. 
New J e r s e y , P r e l i m , to New Revision of - - 10 mln. 

Ohio, Std. apecit. January 1, 1959 - - 10 mln. 68 m i n . ' 18 mln. 
Pennsylvania, Std. ^ i f . 1959 10 mln. 330' 10 min. 
Tennessee, Std. * e c i f . July 1, 1951 . - - - -
V l r ^ n l a , Std. Specif. 1958 . . - - -
West Virginia, Std. ^ i f . 1952 - - 10 min. 

Siwtheast 

Alabama, Std. Specif. 1950 - - 10 mln. 
Flor ida , Std. Specif. Apr i l 1, 1959 . . . - -
Georgia, Std. Specif. May 1, 1956 . . . . . 
Mississ ippi , Std. Specif. EdlUon of 1956 . . . - . 
North CaroUna, Std. Specif. October 1, 1952 10 . 10. - -
South Carolina, Std. Specif, for Hwy. Constr. . . . - . 

Nov. 1, 1955 

South Central 

Arkansas, Std. Spectf. Edition of 1959 - . - - . 
Louisiana, Std. Specif. July 1955 - - - . . 
Oklahoma, Std. Edition of Specif. 1959 . . . . . 
Texas, Std. Specif. 1951 - . 1 0 min. 48 mln. 20 mln. 

North Central 

Iowa, Std. Specif. 1960 . . . . . 
Kansas, Std. Edition of Specif. 1955 . . . . . 
Minnesota, Specif. 2110, May 1, 1959 No equipment requirements for "Compaction to specified densi 

to for compacting lifts 3 In . or less where tamping rol ler wi l l 
Missouri , Std. Specif. Edition of 1955 . - - . . 
Nebraska, Std. Series of Specif. 1955 - . . . 18 - 24 
North Dakota, Std. Specif. January 1956' . - - - . 

South Dakota, Std. Specif. AprU 1957 . - - - . 

Mountain 

Arizona, Tentative Std. Specif. 1959 8 mln. - 12 mln. 
Colorado, Spec. Prov. March 13 and 14, 1956 The contractor may use any type of compaction equipment he « 

Waho, Std. Specif, of 1957 . . . . . 
Montana, Std. Specif. 1959 . . . . . 
Nevada, Tent. Std. Specs, for Road and Bridge - 184' 10 min. 68 mln. 24 mln. 

Constr. 1959 E d . 
New Mexico, Std. Specif. EdlUon of 1954 . . . . . 
Utah, Std. Specif. 1960 10 mln. 300 mln. 10 mln. 

Wyoming, Std. Specif. Edition of 1960 . . . . . 

PacSIic California, Std. Specif. January 1960 . . . 
Oregon, Std. Speclf. May 1, 1954 . . . 
Washington, Std. Specif. 1957 . . . 
Alaska, (Current Specification) . . 10 mln 
Hawaii, ((Sirrent Specification) - - . * 
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E S3 

POWER R O L L E R S F O R E M B A N K M E N T CONSTRUCTION 

1 Pressure 
Is (lb per in . width Weight 

of drive roU) (tons) 

Type Not Specified 
Pressure 

(lb per in . width 
of roU) 

Capacity 
Operating (max cu yd 

Speed per unit per 
(mph) hour) Remarks 

360 min. 

10 min. 

10 min. 

Low and Ihtermed. 
Not specified 

Not specified 
Not specified 

Distributing of hauling and rolling 
Not specified 
Not specified 

330 m i n . ' 
10 min. 

V a l u e s are for 10-ton rol lers 
Not specified 

300 min. 
330 min. 

340 min. ^ 
330 mln.^ 

3 max 

2 max 

Not specified 

^Data are for 10-ton weight rol lers 
'"Per lineal inch of tread" 
Not specified 
Not specified or recommended 

330 min. 

No change (March 3, 1960) 
Not specified 
Not specified 
Not specified 

Not specified 

325 min. 2 - 3 

Not specified 
Not specified 
Not specified 
Item "Rolling" (flat wheel) 

Not specified 
Not specified 

ty." F o r "ordinary comjactlon rol ler (type not specified) having min. of 200 Ib / ln . width of ro l l may be used 
not produce an Increase in density. 

Not specified 
275 min. - - - . 

Not specified. '1956 Std. Specif. 
modified by F o r m s 49 and 49A, 1959 

Not specified 

lay deem necessary to obtain the specified density. 

300 min. 

300 - - 3 

'Tandem 125, 3-wheel 200, grid 200 
Not specified 

Not specified 
Not specified 
"On drive ro l l 

Not specified 

Not specified 

325 min. 

Not specified 
Not specified 
Not specified 

Not specified 
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Utah au. U . d »aclf. U90 
Wfoah* akL «aclf . Ed. « USO 

Pnaf-nUlOf for fraiaUr baaae 

CalUomhnRTSacIf. Jannary 1990 

Hultt-wh. 
a-a<le, mnlU-

Preaont Btudazd a 

800 ain. 

200 

da specified denalty. 
•Sn. «wh. 
2-aaU 48 n 

9-lA. ndn. 90 n 
2-azle, ndtt. 

9-wb. 90 n 
4^b . ,90-L 84 a 

90-00 L 

OaclUathv 

r to uae any type of 

9,0aOndn 

1.00O-2.000 

90.000-80.000 

VaraUe 2,000 n 

Oreton 891. ttacU. ISay 1, U94 
WkaUnglon Sid, apeclt. U57 

Oflar Oan for cruahedetone-typebneecourae, die data gtren tor 
2-aile 80-90 4-11 
4-wb. (10 h>. ndn. wUOi) 35-50 

endantment conetiuchoi n n U apply. 

V a r i a b l e load compat 

A l u b Current specif. 
B u n i l 

TolennceSpa If ln . 5 

r la aa net lengdi of one Un toot of double-a»le roller or amplnc dnim, moanred alow Its aila, betreen die outtr face of Ow dree or drum. 



E M 
H-WHEEL FOVER HOLLERS FOR COUPACTXM OF GRANULAR BAflBS 

Cioss In. ofwidlh Oron 
Welcht o ldr lm WcKU 

Laul Ob/In. 
ofwUlhol Opcnuliv 

Ctftclt, 
( B U X CU yd or 

101 

31S mln. 10 mln 
10 mill. • 
10 ads. 

• H o c h u n U M 
mtOMperS-hrda jd-wi i . ) 8-lir diT 0-«heal) 
3S0 lona per a-bi i k r Oamon) O-lir Ibr (ludaia) 

Notqweinad 

Tjtt not veciOid 

lOmln. on i iaTdad 

Selflct borrow—MDM aa for aoibankment 
10 mlB. or aipiond vlbralory 
10 mla 330 mln 

200-38S • - 10 100 - 3 » 

Uaad lor taatlac aad aovlemanCarr eomwUoa 

t - 10" 
S - 10" 

•Beayy luoimidc-tlrad roUara uaad alaea Ib ich Wao on iniTal and alabllliad aoU aamata 1> 
am on auUaaea. 

••ttiHaiaSmla., atab. a o U u d - a o r . , a n d m n l - 101. pi. a t t atdi. aa r . laao, 11, mln 

10 mln. 330 mbi. 
10 mln. 300 mla. l.S 

10 mln. (For atone or alai 

10 - U * 

•Noebaa(elolhinli3, U M 
Hotvocmad 

Smln.< 

315 mln. 1-3 

3U 

FbrSnlridwfeipeoBrae. I toa net vacUlad. 
• S o U a o w l a 

Ro l l e r t rpea aot apee l f l ad . 
100 mln. ' 

•Wn. oloneaanb-lam" lO-bm pbia one aaek l l f l i r t 
•FUrBaaliolllacoCtoiiaiiihee. aot weeUled. 

*Toloxance trom tire to Urc 19 pal. 

Nota 

10 mln. 

I H mln. 10 mln. 

3 » mln 10 mln. 

100 10 mln. 
Infenemluee. Sveraedae etandud apeell. 

Contractor may uae any roller to ttaadle eompeetton 

For untmnted baaea die S-wheel la ipeellled but otber tniea providing adequate 
compaction may be Bubatttatfld. For cement-treated baaa, the 3-«h. type or 
Itn eqnlTalent la vacl l . for breakdown rolling. Subaequent rolling by rubber 
tire equip 

LO mln. 31S mln. 
G r i d r o l l e r Two or more dnina on common abaft, drama 60 bi dtom. 30-bi wide. Bara 

1% - 1%-ln. dlnm. on - 5)S-ln. center. Openlnge between bare 1 In. -
4 ln . Welcbt30,0001bmln. 4 ^ 4 mill mln. 

10 Hln 33S 
Rontbig of hauUng equlpm 



Manufacturers Suggested Compactor Tire Loads 
For Various Inflation Pressures 

A STUDY of compactor tire contact pressures used in the past reveals that smooth-
tread compactor tires were not capable of exerting pressures of the magnitude exerted 
by high-pressure truck tires. In order to prevent post construction compaction of as-
phaltic concrete surfaces by traffic loadii^s, there is need to compact the newly placed 
surfaces by the use of pneumatic-tired rollers capable of greater unit contact pressures 
than those previously available. 

Meetings between representatives of the tire industry, manufacturers of compaction 
equipment, the bituminous pavement industry and highway engineers were held during 
1959 for the purpose of determining, on the basis of present knowledge, the character
istics of pneumatic-tired compactors needed for adequately compacting asphalt pave
ments. Discussions also covered needs for compacting base courses, subgrades and 
embankments by pneumatic-tired compactors. As a result of the meetings, the Bureau 
of Public Roads requested the industry to prepare data showing suggested ranges of 
tire-inflation pressure—tire load relationships for tires for compactor vehicles. The 
industry, through the Tire and Rim Association, Inc., provided the tabulation of "Tire 
Loads at Various Inflation Pressures" given in Table 55. These data are for tires 
for compactor vehicles and are suggested for experimental practice. 

In transmitting the data given in Table 55, The Tire and Rim Association stated 
that "For a given tire size and ply rating, that tire is recommended for use at any load-
inflation combination shown on this table providing the tire load does not exceed the 
underscored maximum. In further explanation of the tabulation the following example 
is given: In an operation using 13.00 x 24 (18-ply rating) tires at a fixed load, but an 
inflation pressure varying from 35 to 100 psi, the maximum tire loading should be 
based on the tire rating at 35 psi which from the table is 9,400 lb." 

Although the data in Table 55 were compiled principally for use in rolling asphalt 
pavements, they are useful in suggesting load-inflation pressure relationships for use 
in compacting embankments, subgrades and base courses. It has been shown pre
viously in this bulletin that depth of compaction and degree of compaction of soils are 
dependent on the tire load and the contact pressure. 

Data in Table 56 constitute a tabulation of approximate Tire Contact Pressure Ranges 
of the more commonly used compactor tires based on minimum and maximum loads 
and inflation pressures recommended by The Tire and Rim Association, Inc, These 
data were developed by the Bureau of Public Roads from compactor tire engineering 
data furnished by several tire manufacturers and are intended as average values for 
the ply ratings shown. In view of minor variations in tire design features, unit ground 
pressures for tires of different manufacturers may vary by + 5 percent. For field com
paction control, tire engineering data of the applicable tire manufacturer are recom
mended. 

1 8 0 
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TABLE 55 
TIRE LOADS' AT VARIOUS INFLATION PRESSURES: MAXIMUM SPEED 5 MPH 

(The Tire and Rim Association, Inc., Experimental Practice-Tires for Compactor Vehicles) 

Inflation 
fesi) 7.50-15 8.00-20 

Tire Load (a>) 
13.00-24 16.00-21 18.00-25 21.00-25 

24,000 
26,000 
27,800 
29,600 
31,400 
33,000 
34,600 
36,100 
37,600 
39,000 
40,400 
41,800 
43,200 
44,500 
45,700 
47,000 
48,300 
49,500 
50,700 
51,900 
53,000 
54,200 
55,300 
56,400 (44) 

30.00-S3 

35 
40 
45 
50 
55 
60 
65 
70 
75 
80 
85 
90 
95 

100 
105 
110 
115 
120 
125 
130 
135 
140 
145 
150 
155 
160 

2,860 (4) 
^7050 
3,310 
3,520 
3,740 (6) 

2,940 
3,190 
3,420 
3,640 
3,840 
4,040 
4,240 
4,440 
4,610 
4,790 
4,950 
5,130 (10) 
5 , 2 9 0 
5,450 
5,620 
5,770 (12) 

6,070 
6,210 (14) 

5,020 
5,420 
5,810 
6,180 
6,510 
6,870 
7,200 
7,530 
7,830 (10) 

8,420 
8,720 (12) 

9,260 
9,550 (14) 
9,800 

10,060 
10,310 (16) 

9,400 
10,180 
10,900 
11,600 
12,270 
12,900 
13,510 
14,100 
14,700 
15,240 
15,800 
16,360 
16,860 
17,370 (18) 
17,900 
18,400 
18,870 
19,350 
19,800 (22) 
2or3mr 
20,700 
21,200 
21,600 
22,050 (26) 

13,120 
14,200 
15,200 
16,190 
17,130 
18,000 
18,890 
19,700 
20,500 
21,300 
22,100 
22,800 
23,550 
24,250 
25,000 
25,660 
26,300 
27,000 
27,700 (28) 
2 8 , 3 U U 
28,900 
29,600 
30,100 
30,800 
31,400 
31,950 (36) 

18,800 
20,300 
21,800 
23,200 
24,500 
25,800 
27,050 
28,300 
29,400 
30,500 
31,600 
32,750 
33,800 (24) 
34,800 
35,800 
36,800 
37,800 
38,800 
39,650 (32) 
i ^ ^ m 
41,500 
42,400 
43,200 
44,100 
45,000 (40) 

49,500 
53,500 
57,300 
61,000 
64,400 
67,800 
71,000 
74,200 
77,200 
80,100 
83,000 
86,000 
88,600 
91,400 
94,000 
96,500 
99,000 

101,600 
104,000 
106,600 
109,000 
111,200 
113,500 
115,900 (64) 

'Numerals In parentheses are ply ratings; underscoring denotes maximum recommended loads for tire sizes and ply 
ratings shown. 
'For Inflations In excess of 100 psi, consult the rim supplier for rim strength and wheel design. 
'"Light truck" rim. 

TABLE 56 
APPROXIMATE TIRE CONTACT PRESSURE RANGES FOR TIRE LOADS AT VARIOUS 

INFLATION PRESSURES; EXPERIMENTAL PRACTICE-TIRES FOR COMPACTOR VEfflCLES 
(As Recommended by Tire and Rim Association 2-18-60) 

Ply Rating 
7.50-15^.^ 7.50-15' 9.00-20^ 13.00-24' 

Contact Pressure' (psi) 
16.00-21 18.00-25 

6 42-56 42-58 - _ 

8 - 42-80 - - -
10 - 42-86 51-85 - -
12 - 42-96 51-95 - -
14 _ 42 - 107 51 - 104 - -
18 - - 50 - 102 - -
22 _ - 50 - 117 - -
26 _ 50 - 135 - -
28 60* - 113 60* - 88 
32 _ - 60*- 100 
36 _ _ _ _ 60* - 133 -
40 - - - - 60* - 117 

^"Light truck" rim. 
"indicates available in smooth wide tread. For treaded tires, values shown are for gross con
tact areas. 
'Average tire contact pressure on a flat surface. 
*Data not available for 35 psi inflation. Values shown are for 50 psi inflation. 
Note: Prepared by Division of Development , Bureau of Public Roads, from available tire en
gineering data. 



Manufacturers Specifications 
For Compaction Equipment 

THE RESULTS of the 1951-52 survey of available types and ratings of compactors as 
described by manufacturers specifications were included in an appendix in HRB Bulle
tin 58. A similar survey was repeated in early 1960 to make it possible to present 
similar data for this bulletin. Manufacturers were solicited Individually by letter and 
requested to provide the information under the column headings shown in Tables 57 to 
75 inclusive. Although it is possible that some manufacturers may have been uninten
tionally omitted, it is believed that the list is sufficiently complete to Indicate the 
ranges in types and ratings of equipment currently available. However, several manu
facturers indicated in their replies that they had under development, new types and 
ratings of compactors. 

1 8 2 



Portable 
I W c m . mad 

2-and 3-

UANUFACTUREIIS 8PECIFICAT10NB FOR 

Weight Diineimod« at Hulls 
or -OGB! Comprw-

n u « e RoU sioaRoU 

(to) 

TABLE 57 

TANDEM AND THREE-WHEEL TYPES OF SMOOTH-WHEEL STEEL ROLLERS 

Aurora, DlliioU 
A - w T-aa 
A - w T-sa 
A - w T-84 
A-W T-104 
A-W 3W-83 
A-W 3W-103 
A-W aW-122 

a a x 4 0 
4 1 x 5 0 
4 5 x 5 4 
4 8 x 6 4 
41 x 4 0 
4 4 x 4 4 
4 4 x 4 4 

4 8 x 4 2 
5 3 x 5 0 
6 0 x 6 4 
8 0 x 6 4 
60x18 
6 S x » 
6 8 x 2 4 

a 71 
3 73 
3.73 

D 876 

Buftalo-SprloKflaU Compxnr 
OlTliloa of K M i r l i v Conpuiy 

Springfield, Oblo 

Donglax l i o t o n Corporation 

• i nd Mumtseturtng Companr 

SP-StMl 64 76 1T6 140 270 11 6 1.86 11.5 1 85 
Dram Rollor e - 1 4 4 8 x 0 4 6 0 x 9 4 

ST-7A 2-Axle 3 - 5 30za8 40x38 38 63 81 107 166 185 5 3 0 5 9.3 O.S 
KT-8 2-Axle 4 - 6 30x38 40x38 38 78 08 138 106 226 5 3 0 9 9 3 0 5 
KT.19A6 2 -AxU 8 - 8 4 0 x 5 0 5 3 x 5 0 50 83 129 191 187 6 4 1 0 5 4 1.0 
KT-15A6 a-Axle 8 - 8 40x 50 93x 60 90 93 129 189 227 5 4 1.0 5.4 1.0 
KT-19A8 2-Axle 8 - 1 0 4 0 x 5 0 63x 50 50 115 145 220 269 6 4 1 0 5.4 1 0 
KT.IOAB 2-Axle 8 - 1 3 48x 54 60x 64 94 126 173 186 268 6 6 1.0 5.6 1 0 
KT-18A10 2-Axle 1 0 - 14 48x 64 6 0 x 6 4 94 138 189 294 331 5 8 1.0 5.8 1.0 
KT-16D 3-Axle 5 - 8 4 0 x 5 0 5 3 x 5 0 50 91 129 193 189 6.0 1 0 5.0 1 0 
K T - l T D 2-Axle 8 - 8 4 0 x 5 0 5 3 x 5 0 50 91 129 183 339 6 0 1 0 5 0 1.0 
KT-240 a-Axle 8 - 1 4 4Sx 64 6 0 x 9 4 64 118 172 198 373 407 5 0 1 0 5 0 1.0 
KT-25D a-Axle 1 0 - 16 4 8 x 5 4 8 0 x 5 4 54 118 172 368 343 337 6.0 1 0 9 0 1.0 
XX-SSE 3-Axle 13 - 80 4 8 x 9 4 6 0 x 6 4 54 130 180 355 334 383 5 0 1 0 5.0 1 0 
VM-SID 3-Wheel 1 0 - 14 4 4 x 4 4 6 0 x 3 0 6'-4" 141 178 368 436 503 5 0 1 5 9 0 1 5 
VK-32D 3-Wheel 12 - 16 4 4 x 4 4 6 8 x 2 0 6'-4'' 166 303 423 485 548 5 0 1 9 5 0 1.6 

WMtora Duo RoU 3-axle 1 64 - 30x38 2 4 x 3 3 32 - - 100 - - - - - -
W M t t r a Scono RoU 2-axle 0 65 - 20x28 2 4 x 3 2 32 - - 46 - - - - - -

WMtera Red! Roll 2-axle 0 021 - 1 8 x 2 4 2 4 x 3 4 24 _ 31 _ _ _ _ 
tandem 0 90 

OUlon "ChleT' 3-w-ao" 1 0 - 13 4 4 x 4 4 8 9 x 3 0 78 143 192 345 435 _ 6 0 0 5 6.0 0.6 
Gallon "Chl t f" a - w - 2 « ' 1 0 - 12 4 4 x 4 4 6 0 x 8 4 84 143 192 301 304 6.0 0 6 8 0 0 5 
Gallon 'XrUrf" 3-W-20" 12 - 14 4 4 x 4 4 6 0 x 2 0 T8 143 192 444 618 8.0 0 5 6 0 0 5 
Gallon " C h M " 3-W-24" 1 3 - 14 4 4 x 4 4 6 0 x 2 4 84 143 193 388 463 8.0 0 5 6 0 0 6 
Gallon "Warr ior" 3-W-20" 8 - 1 0 38x 41 6 0 x 2 0 74 133 157 399 303 - 5 5 0 5 9.9 0.5 
Oallon 3-S ton tandem 2-Axle 3 - 5 3 4 x 4 0 4 8 x 4 2 42 71 97 108 166 6.8 0 5 5 8 0 5 
Gabon 4-6 ton tandem 2-Axle 4 - 6 34x 40 4 8 x 4 2 42 88 114 186 179 5 6 0 5 5.6 0 9 
Oalion 5-8 ton tandem 3-Axle S - 8 40z 60 S3x 60 50 104 143 137 311 5.5 0 5 6 6 0 5 
Gallon 8-lOVb ton tandem 2-Axle 4 4 x 5 0 5 3 x 5 0 SO 128 164 106 268 _ 6 6 0.6 5.5 0 8 
Galloo 8-12 ton tandem 2-Axle 8 - IS 48x 64 60x 64 94 131 176 182 373 9 6 0 5 6.6 0.9 
GalloD 10-14 Ion tandam 2-AxU 1 0 - 1 4 48x 64 6 0 x 5 4 54 121 176 860 341 - 5 5 0 9 5.6 0 9 
GallOB 13-20 ton tandem 3-Axle 1 3 - 8 0 8 -48x54 8 0 x 5 4 54 0 305 178 371 246/130 5.5 0 9 5.5 0 5 
H D U R . 1 2-axle 0 ,375- 1 8 x 3 4 2 4 x 3 4 24 - - - 74 - 138* - 2 13 - - -

H D U R-8 . R-SB - R2nD 2-axle 0 7 9 - 2 4 x 3 2 3 0 x 3 2 32 - - - 78 - 158^ - a 38 - - -

Bolt R . 3 - R-3-D 2-axle l ! 2 T - 3 0 x 3 4 4 0 x 3 4 34 - - - 101 - 208* - 2 34 - - -

Holt R-3A- R.3AD 8-axle a ' l l - 3 0 x 3 4 4 0 x 3 4 34 - - - 130 - 380* - 3 34 - - -

HoU R-3ADH 2-axle 8 11 - 3 0 x 3 4 4 0 x 3 4 34 _ _ 130 - 260* 3.90 3.39 _ 
tandem 3 30 

Hubcr-Wuco 

UttMord Bru , me. 
Clnelmuttl, OUo 

RMCO Uuuifuitairlng Comp . . , 

1 Coipontu. 
A SutMldjuy of the Amarleu-UerMta 
Conpuj 

Shovel aivpljCompuiT, be. 

•With eid i f , 

•wtlhlXei>llK 

•wmlKendlK 

•WithJS.idl)'. 

•with Jit uUlV. 

i t ( e i o b t i r p e ) r o l l i 
i t ( e p o « e t r p a ) r a U a 
< b > e b W . ) » j u 

' e lTpe ) toU> 

e( roU IB eentiet, reopoetlTel,. 

ef i«U In eoataet, roeiwet lvt l f . 

( i rail IB eoateet, reoiMcttml , 

of roU IB ceotaet, reopeetlrelj 

3-6 ton Thndem 3 - 5 3 4 x 4 0 43x48 42 67 04 07 180 5.8 0 5 5 6 0 9 
3-6tonw/Tow Attach Tandem 3 - 6 3 4 x 4 0 42x48 42 63 91 118 180 - 5 6 0 5 5 6 0 5 
4-6 ton 4 - 6 3 4 x 4 0 42x48 42 83 109 117 182 Se6 0 5 9 6 0.6 
5-8 ton Tandem 5 - 8 4 0 x 5 0 5 3 x 5 0 50 86 131 148 314 9.T6 0 6 5 75 0.6 
8-10 too Tandem 8 - 1 0 4 0 x 60 6 3 x 5 0 60 188 163 105 355 5 75 0.5 5 79 0 6 
8-12 ton Tandam 8 - 1 2 4 8 x 5 4 6 0 x 5 4 54 114 170 185 878 - 5 5 0.6 9 9 0.5 
10-14 ton Tandem 10-14 48 X M 6 0 x 5 4 54 130 161 240 326 - 6 9 0.6 9 9 0.6 

Huber-Warco 
10 ton standard 3-Wheel 10 ton 4 4 x 4 4 6 9 x 2 0 76 148 343 9.76 0.4 9 79 0.4 
12 ton standard a-Wheel 12 ton 4 4 x 4 4 6 9 x 2 0 78 1T6 . 411 . 6 75 0 4 9 79 0.4 
14 ton standard 3-Wheel 14 ton 4 4 x 4 4 6 9 x 2 0 76 305 479 5 75 0 4 9 75 0 4 
10.13 ton variable weight 3-Wheel 1 0 - 13 4 4 x 4 4 6 9 x 2 0 78 144 187 348 418 5 75 0 4 9 75 0 4 
13-14 ton variable weight 3-Wheel 1 8 - 14 4 4 x 4 4 6 9 x 8 0 78 144 187 427 491 5 75 K* 5 75 0.4 

126 2-Tandem 1 3 4 - as 3 4 - 3 2 32 19 38 31 90 ^% 
167 2-Taadem 3 - 3 3 4 - 3 3 3 6 - 3 4 36 83 63 68 108 1% 1% 1% iV. 
160 3-Tandem 3 - 3 3 0 - 3 6 4 8 - 3 8 38 76 98 111 17T 4 2 4 2 

Roeco Rollpac 2-axle ^ 4 - 1 18x38 2 2 x 3 0 3D 14 31 22 44 55 3 0 3 0 

Rosco Sta-Pac 2-axle 1 - 3 2 0 x 3 0 2 6 x 4 0 40 29 30 33 84 06 3.6 0 3 8 0 

Am lAirletta-litodel 600 l^uidem 5 - 8 4 0 x 5 0 5 4 x 5 0 50 100 197 150 305 23T 5.3 1 6.3 1 
Am Blarletta-Iiodel 800 Tandem 8 - 12 4 8 x 5 4 60%x64 54 153 355 216 287 396 6.2 1 5 2 1 

2-3 ton Por l^dc 2 - 3 2 4 x 3 0 3 6 x 3 2 36 48 58 105 laa 190 4,4 2.08 4 4 a 06 Alao available la alncle apeed 

3-6 ton PoitaUe 3 - 6 3 3 x 4 0 4 8 x 4 3 48 71 103 102 153 187 4.2 1.9 4 2 1 9 With or vUbout torque converter air-cooled or water-cooled eaglaei 
tandem gaaollne or dleeel. 

4-5 ton Portable 4 - 6 3 3 x 4 0 4 8 x 4 2 48 S8 117 129 181 214 4 2 1.9 4.3 1 9 With or without torque converter air-cooled or water-cooled sagbM, 

6-8 ton 5 - 8 4 0 x 5 0 6 3 x 5 0 50 85 125 150 330 300 4 9 1.0 4 5 1 0 
gasoline or dlesel. 

Available with gasoline or dlesel enflae 
8-13 ton Tandem 8 - 13 4 8 x 5 4 6 0 x 5 4 54 113 162 210 a87 6.5 1 0 9.9 1.0 Available with | r f " " » * or dlesel englae 



TABLE Sg 
lUNUFACTIIRERS SPXCIFICATIOHS FDR VARIABLE.«EIGHT SDIGLE-DR1JH, TOWED-TTPE SUQOTH-WBEEL STEEL ROLLERS 

_TSte 
3-Whed, 
FortabU 

Mato and Modal 

l - andS-
Axte 

Hmdam 

Weight 

of 
Weight 

Dtmanalona 

Guide 
RoU 

Dtam. X 
Width 

Comprea-
aum RoU 
DUm. I 

Width 

Roller Compreaaion Ob per 
l in . in . ot width of rom 

Compreaaion Boll 
Rolling 
Width 

With 
Water 
Ballaat 

With Wat 
Sand 

Ballaat 

Range ot^iaed 
of TraTd 

t a ^ 

Martin Compu^ I b r t l n Single smooth 5 42 28wi11i- 350 obtained by trans- As t u t as i t is practical to travel The Uartln GraderroUeRis an at-
Knranee, 111. GxaderroUeR wheel attach out tram - ferring part oi the with the motor grader when ro l l  bchmeat tor Caterpillar No. 14, 

Modrt GR-42H ing to rear (tf 
motor grader 

ferring 
w e l ^ t 

weii^it of ttie motor 
grader to the roller 

ing- 12, 112 and 212 motor graders. 
Hie model (ai-42HG is designed 
to attach to other makes of motor 

motor graders. 
grader 

graders. 

Marttn TUtable 
Pateher Model TP Single smoodi Uaxot 14x30 SO 18 with 250 obtained by trans- As fast as i t is practical to travel The Martin TUtable Patcber la as 

wheel roller 4% de out trani - ferring part of tlw v i a flte truck whai rolling. attachmnt ftir al l trucks. 
attaching to pends on ferring we i^ t of the truck 

v i a flte truck whai rolling. 

rear of trucks w t of 
truck 

weltfit 
from 
truck 

to the roller 

TABLE 50 
MANUFACTURERS SPECIFICATIONS FOR STEEL-WHEEL TRENCH ROLLERS 

Manufacturer 

of Holla 
Dlam. WiaiE 

S a i 

RoUer Compreaaion 
Ob per l in . in. 
width ot roll) 

Range of Speed 
of Travel (mph) 

Forward Keverae 
The Gallon Iron Wbrka and 

Manufacturing Compaiv 
Gallon Tr 

(Ballaatable) 
310 Metal Wt 
370 Ballasted Wt. 

1.5-3.5 1100 lb on ateeriag pneumatic tire 
1450 lb on adiustisg tires (2) 

TABLE 60 
MAMOFACTURERS gPECIFlCATK»IB FOR SEGMENTED WHEEL POWER ROLLERS 

WM^teMriPreaMrea 

Onr-AU 
RoUliV 
Width 

Dlmenaona of Cmq»ct l .g Units 

Wheel Wheel 
Dlam. Width 

Preaanre Pads 
Groaa Weight 

Lengtt Ares Empty 
FuUy 

Ballaated Enpl 

Contact PresBure 
onPada 

t y i y 
Range otftieed 

of Tisvel finph) 

Buffalo-£|>ringfleld Company BuffBlo-%irlngfield 
DlTialon of Eoehrlng Company K-45 Drive RoU 
EtpringfleU, Ohio 

Gnlde roU 

63'/i 

40 

00 

60 

31% 

U 

13% 

11% 

5% 

5% 

31,000 34,600 
35,670* 

580 627 
647» 

Infinite range from -Ballasted with 
1 mph to 5 mph calcium chloride 

Wagner Tractor, Inc. Wagner Compactor 
Portland, Oregon Model WC-M Engine 

and 113 
Bogle end 

105 

6 f / i 21% 10 4 40 50,000 50,000 104 104 0 - 1 0 0 - 1 0 Engine 
and 113 

Bogle end 
105 

•Method of conputsUon: P = 
pads in square inches. 

P = ground preaaure per aquare Inch. GDW = groaa drum weight o( one drum in pounds. A - total area of one lateral row of 

TABLE 61 
MAWJFACTURERS SPECIFICATI0H8 FOR SELF-PROPELLED AND TOWED GRATE-OR GRID-TYPE ROLLERS 

Make and Model 

Over-All 
Rolling 
Width 
( " • ) 

Mameter 
Drive 

Data on Druma 

RoU 
Tijwed 

Roll 

-wianr 
Drive 
RoU RoU 

£ n j _ 

SIseof 
Grids 

("••)•'(1°-) 
Towed 
RoUar 

Groaa Weight per Drum 
or Wheel (fb) 

- R i l f e BallaateJ 

Wheels 
T o 5 a -
BoUer 

Drive 
Wheels 

Range of 
Speed of 
Travel 

Ryater Company 
Portland, Oregon 

H H. Hundy Corporation 
Tulaa, OUahona 

Model D 
"Grid" 
RoUer 

dy (EECo) Twia 

76 3% a 3% 6,100 

l % O U m . 6,100 

opto 15 Towed by Cat. 
DW15 Tractor 

0 - 1 0 Towed grate roUer. 



TABLE ea 
MANXIFACTUItERS SPECIFICATIOHS FOR TAMFNG (SHEEPSFOOT) BOLLERS-TOWED TYPE 

Make 
and 

Maniifapliirer Model 

Data on Drums 
Data on Tamping Feet 

Gross Weight of Roller 
Ob) 

Maximum Contact 
Pressures* (pal) 

No. 
of 

Prams 

Diam-
Wldth' elBi' 

Area With With 
No. of One No. of With Wet With Wet 
per Foot Length Feet on Water Sand Water Sand 

Drum (aq In.) (in.) Ground* Empty Ballast Ballast Empty Ballast Ballast Remarki 

Minn. M2-9'/i 2 48 40 112 S'/i 7 8 6,075 9,940 13,820 138 226 314 
M2-7 2 48 40 112 7 7 8 6,300 10,140 14,040 112 182 251 
G2-8 2 60 60 112 7 8 8 15,000 26,000 36,200 268 465 647 
G26-8 2 72 60 144 7 8 8 20,600 33,500 45,500 368 S98 812 

GR2-9y4T 2 60 60 120 7 9'/. 8 20,500 31,200 41,100 366 557 734 
W.E. Grace 

Manufacturing 
Co., Dallas, 
Texas P104 2 48 40 104 7 8 _ 7,200 - _ 129 193 250 

R-112 2 48 40 112 5.5 7.25 - 6,300 - - 143 225 305 

4X5-99 2 48 60 95 7 8 - 13,500 - - 241 391 650 

SXS-120 2 60 80 120 7 8 - 15,000 - - 264 455 640 

6X5-136 2 72 60 136 7 8 - 16,250 - - 290 523 750 

SYS-120 2 60 60 120 7 8 _ 17,000 304 495 680 
6YS-136 2 72 60 136 7 8 - 18,500 _ 330 563 780 
SZ6-13e 2 60 72 138 7 8 - 18,000 - _ 321 607 880 
ez6-148 2 72 72 148 7 8 - 20,000 - - 357 706 1,030 

Kbehnng Co. of 
California, 
Stockton, Calif. 80 2 48 48 100 6.25 8 4 8,326 12,700 15,580 335 510 620 

n o 2 60 60 120 7 9 4 16,000 23,600 29,650 575 845 1,060 
280 2 72 60 140 7 10 4 28,270 38,145 44,670 1,000 1, 345 1,580 
330 2 72 72 170 7 10 4 33,550 47,950 57,450 1,185 1, 695 2,030 

LeToumeau-West-
ingliouse Co., 
Peona, HI. L-W Model 

120 2 60 60 120 7.07 8.75 4 17,700 29,360 40,070 626 1, 035 1,420 
L-W Model 

W 1. 2, 3, 
or 4 

4 per 
drum 3,220 5,320 6,920 

UttlefoidBros., 
Inc., Cinn., 
Ohio 1,760 2 

4,840 2 
6,060 2 

McCoyCo., 
Denver, Colo. McCoy 

U8HD-55 2 
McCoy 

USHD-65 2 

48 
48 
60 

60 

60 

40 
40 
60 

60 

72 

105 
120 

120 

138 

6.5 
7.07 
7.07 

6 or 7 

6 to9 

6,350 10,550 16,044 
8,194 12,014 15,844 

19,020 29,948 41,020 

122 
290 

203 
425 

1.070 

8'/. 15,000 25,075 35,313 1,500 

8y.or9'/. 4 23,500 36,959 50,500 2,350 
Shovel Supply Co., 

Inc., Dallas, Ferguson 
Texas 

Tampo Manu-
fachinng Co., 
San Antonio, 
Texas 

112 2 48 40 112 5.5 7 
112W 2 48 40 112 9.5 8 
112W 48 2 48 48 112 5.5 8 

Ferguson-
Gebhard 
120 2 60 60 120 6.25 8 
22 2 72 60 144 6.25 8 

S-2 2 48 40 112 6 7 
H-2 2 48 40 112 6 7 
B2R 2 48 40 96 7 7 
a2WL 2 48 40 98 7 7 
II2WH 2 48 40 104 S'yi 7 
B2I 2 48 40 88 5 8 
B20 2 60 40 112 6 7 
502 2 60 60 120 6 7 
5a2R 2 60 60 120 7 8 
502WL 2 60 60 120 7 7 
5a2X 2 60 60 120 6 9'/. 

6,340 
9,500 

10,500 

15,200 
21,450 

10,200 14,080 
12,575 16,340 
15,680 21,592 

25,920 36,320 
33,585 49,000 

190 
216 
239 

305 
425 

242 
286 
356 

517 
685 

Tuin Consolidated 
Industries, Inc., 
Southwest 
Welding and 
Manufacturing 
Division, A l -
hambza, Calif. 

Yutia-
South-
West 

2DL-96R 
2DL-96S 
2DM-120R 
2DM-120S 
2DH-RR 
2DH-W8 
55-RR 
55-WS 

Diamel 

48 
48 
60 
60 
60 
60 
60 
60 

40 
40 
60 
60 
60 
60 
60 
60 

120 
120 
120 
120 
120 
120 

'Length of each drum. 'Diameter without feet. 'Number of feet shown is standard. Soi_ 
shapes and sizes of tamper feeL 'Number in one row mulbpUed by number of drums per 
one row of feet in contact with ground. 'A l l models can be furnished with feet with hirger 
replaceable caps on feet. 

5,600 
5,939 

14,000 
14,960 
20,300 
21,700 
23,000 
24.400 

9,250 13,140 
9,585 13,479 

24,375 34,790 
25,335 35,710 
30,010 40,490 
31,410 41,890 
32,710 43,190 
34.110 44.950 

309 
549 

1,466 

320 
371 
485 

725 
900 

6,100 10,000 - 127 208 _ 

8,300 10,175 - 132 212 -
7,100 10,975 14,550 127 196 260 
6,550 10,429 13,950 116 185 290 
6,750 - 14,500 150 240 330 
6,230 10,100 - 116 252 -
6,630 - 15,870 138 238 330 

14,400 - 34,080 300 515 710 
16,800 - 36,480 300 484 690 
14,890 - 34,500 265 448 616 
21,600 - 41,000 490 665 899 

116 192 273 
123 200 280 
291 507 723 
311 527 743 
729 1,071 1, 444 
775 1,121 1, 494 
812 1,168 1, 541 
871 1,218 I , 591 

unit; for example, two or three drums operating side by side. "Based on 
end areas it desired. AU models except Model 112 can be equipped with 
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TABLE 63 

MAHUPACTURSIIS SPECIFICATIONS FOR TAMPING ^HBEPSFOOT) ROLLERS-SELF-PROPELLED TYPE 

Data on Drumg Data on Tamping Feet 
Gross Weight of Roller Maximum Contact 

Pressures' (pail 
OTEB Wl t l 

Watei 
Ballast Ballast 

With Wet 
Range of Speed 

American Steel Works American KD9e 2 48 40 112 5 5 7 8 6,200 9,907 13,243 141 235 301 10 _ 5 -
Kansas City, lUssour l 11848 1 48 40 112 5 5 7 4 3,385 5,338 8,906 154 338 314 10 5 Kansas City, lUssour l 

HDB96 
MBB4B 

2 48 40 88 5.5 •ty* 8 6,585 10,282 13,628 150 234 310 10 5 HDB96 
MBB4B 1 48 40 88 5 5 4 3,450 5,303 7,103 156 241 327 10 - 5 -
HT144 3 48 40 113 5 5 7 13 9,400 

9,740 
14,960 19,064 la 227 303 10 - 5 -

ADBe 3 48 80 90 7 7 8 
9,400 
9,740 18,063 35, 552 283 430 606 10 - 5 -

ADBQe a 48 60 90 S 5 7% 6 10,730 10,053 26,542 325 577 804 10 - 5 -
AD120 - 554B a 60 60 120 5 5 1% 8 11,650 22,563 33,522 269 513 782 10 - 5 -
AD120 - 1149 a 60 60 120 7 7 8 10,550 21,283 33,332 186 380 575 10 - 5 -
ADB120 a 60 60 120 6 25 8 8 18,500 27,361 37,384 330 547 748 10 5 
ADC130 a 60 60 120 6 25 8 8 18,860 39,718 39,741 377 594 795 30 - 8 -

Bros, Incorporated SP-3DT 3 60 60 112 B'^ 9% 12 81,000 Do not Do not 7,105 - - - - - Self-propelled 
Mlnnevo l l s , HlnnesoU 
R G LeToumeau, Inc 
liOngvlew, T e n s 

M50-5S 4 60 60 130 10 9 24 80,000 
ballast 

Not 
ballast 

Not 333 Not NOt 5 0 5 0 Self-propelled with diesel-electric power DC electric motor 
Mlnnevo l l s , HlnnesoU 
R G LeToumeau, Inc 
liOngvlew, T e n s 

M50-5S 
uaed used used used and gear reduction inside each drum Credited with two passes 

per t r ^ . Seat and controls swivel f o r operatkui In either direc
tion Eliminates turning on f i l l S lectnc drive permits Infinite 
control of speed and power 

Shovel Supp^ Company, Ferguson, SP-112W 48 2 48 48 112 5 6 8 8 16,350 21,660 27,500 263 
656 

378 510 S 1 5 1 
Inc Self- 8P-22 3 73 60 144 7 5 B 52,400 64,400 -

263 
656 858 - 8 1 8 1 

Dallas, Texas Propelled 

'Length of each drum. 

•Nnmber of feet shown'ls standard Some manufacturers are prepared to furnish more or fewer feet and special shapes 
and s l x M cf tamper feet 
•number In one row muUipUed by number of drums per unit, (or example, two or three drums operating side by side 
•Based on one row of feet In contact with ground 

TABLE 64 

BUNUFACTURERS SPECIFICATIONS FOR SELF-PROPELLED AND TOWED HIGH-SPEED TAl fP ING ROLLERS 

Data on Dnima Data on T^mplnii HoUere Weights per Wheel or D m m 

Manufactarer Make 

Over-AU 
Rolling No Drive Towed Drive Towed 
Width of RoU RoU RoU RoU 

and Model (m ) Drums ( i n ) fan.) ( i n . ) fan.) 

Number of 
Feet Per 

Drum 

Dlam-
Widtti 

of Drive Towed Drive Towed ^ e e d of 
Drive Tawed Rollers Rollers Wheel Drum Wheel Drum Travel 
RoU RoU fan.) (In ) Ob) Ob) Ob) Ob) (mph) 

Hyster Co , 
Portland, 
Or i son DW20AT 

compactor 
Model D lumping 

compactor 

11,575 6,300 33,340 18,350 to 
15 

- 6,400 
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T A B L E 66 

MAMUFACTOBEHS SPEC1FICAT10N8 FOR P N E U M A T I C - T I R E D H O L L E R S - S E L F - P R O P E L L E D T Y P E 

Manufac tu re r 

Oroaa Weight Qb) 
Vilh mth Wei 
Water Sand 

Ballaat 

Compaction pe r Un m 
of Ho l l e r Wid th (lb) 

Ro l l i ng Wi th Wi th Wet 
Wid th Water Sand 
(to ) Empty Bal las t BaUaat 

T i r e Sue and b i f l a t ton 
Pressure Data Wheel Loads flbl 

T i r e S u e and Ply 
(Standaid) 

T i r e Preasure 

Bangeo t 
Speed of 

T r a v e l 

A m e r i c a n Steel Works 
Kanaas C i t y . W s s o u r l 

B r o s , Incorporated 
M l n n e i ^ o l l f i . Minnesota 

Buf f a lo -Sp r ing f i e ld C o m p a i ^ 
DlvlBion of K o e h n n g Company 

Spr ingf ie ld , Ohio 
Douglas Moto r s Corpora t ion 

Milwaukee, Wiscons in 
The Gallon I r o n Works and 

Manufac tur ing Company 
Gal lon . CAio 
W . E . Grace Manufac tur ing Company 
Dal las . Texas 

H H Mundy Corpora t ion 
T ^ , Oklahoma 

Rosco Manufac tur ing Company 

Seaman-AndwaU Corpora t ion 
A Subsidiary of the A m e r i c a n -
Mar i e t t a Company 

Milwaukee, Wiscons in 
Shovel Supply Company, Inc . 
Dal las , Texaa 

T U n p o I b n u f a c t u r l n g Company 
San Antonio, Texas 

Yuba Consolidated Indus t r ies , &ic . 
Southwest Welding and H a n u f a c t u r u « 
D i v i s i o n 

A l h a m b r a . C a l i f o r n i a 

9W "Road Runner" 2,750 7,368 18,000 60 38 102 250 7.50 X 1 5 x 4 34 34 4 5 306 819 1,341 to 20 6 
13W "Road n i n n e r " 3,700 10,814 26,000 86 36 104 250 7.50 X 1 5 x 4 34 34 6 7 386 832 2,000 to 20 5 
I I W G "Road Runner" 8,300 16,850 26,000 84% 94 195 295 7 50 X 15 X 4 34 34 5 6 755 1,532 3,364 to 19 to 13 
4BW "Road Runner" 10,500 . 100,000 108 289 . 1,382 18 00 X 25 X 24 90 90 4 Center 4,875 - 25,000 to 20 5 
R45 and R45W 2,300 6,855 11,425 62 37 110.5 184 7 50 X 15 X 4 34 25 4 S 255.5 761,8 1,269 15 -
RS7 andR67W 3,200 9,876 16,575 87 36 7 113.5 181 7 50 X 15 X 4 34 25 6 7 246 759 1,205 15 -
4B0 17,160 80,403 104,028 108 153 3 744 963 18 0 0 x 2 5 x 2 4 90 70 4 0 4,290 20,100 26,007 5 -
SP-S4B 6,000 13,164 21,600 68 88 2 194 318 7 50 X 15 X 4 38 25 5 4 668 6 1,462 2 ,400 0 - 2 0 0 - 2 0 
SP-T30B 22,150 36,800 60,000 85 360 433 706 13 00 z 24 X 18 100 30 3 4 3,164 5,257 8 ,571 0 - 1 8 0 - 16 
PSR-9 7,000 13,300 20,850 68 - . - 7 50 X 15 X 6 60 35 4 5 778 1,478 2,293 0 - 1 5 0 - 1 5 
PSR-30 23,400 39, 575 60,260 86 - - - 1 3 . 0 0 x 2 4 x 1 8 100 60 3 4 3,340 5,650 8,600 0 - 19 .4 0-19 4 

13SP - 14,750 22,250* 68 - 220 332* 7 50 X 15 X 6 55 - 4 5 - 1,515 2,472* 0 - 1 6 0 - 1 6 

12-ton 9,000 18,000 24,750 60 125 250 344 7.50 X 15 X 4 (Optional) 35 5 4 1,000 2,000 3,750 0 - 1 6 0 - 16 12-ton 
7 . 5 0 x 1 5 x 6 (Optional) 55 -* 
7.50 X 15 X 10 (Optional) 90 

I I R 6,500 _ 21,000 84 77 3 - 250 7 5 0 x 1 5 x 4 35 38 5 6 590 - 1,990 1/4 - 14 Same 
9R 
30B 

6,000 18,000 20,000 68 88 284 295 7 50 X 15 X 6 45 30 4 5 668 2,000 2,222 1V4-10 Some 9R 
30B 20,000 _ 80,000 88 226 . 681 1 3 . 0 0 x 2 4 x 18 100 60 3 4 2 ,857 - 7,571 2 % - 12 -

13 00 x 24 X 36 150 
» W * 6.500 13,250 20,000 68 90 184 278 7 5 0 x 1 5 x 4 36 20 5 4 720 1,470 2,220 15 15 
I I W * 10,000 20,000 30,000 83 114 227 341 7.50 X 15 X 6 55 30 6 5 910 1,820 2,730 15 15 
13VV* 13.000 26,500 40,000 98 125 256 385 7.50 x 15 X 6 55 20 7 6 1,000 2,040 3,060 15 15 
ivnrs 19.000 35,500 50,000 88 181 336 475 9 00 X 20 x 10 75 35 6 5 1,730 3,320 4,550 13 .6 13 .6 
13 W S 20.000 40,000 60,000 104 161 321 482 9 00 X 20 X 10 75 25 7 6 1,540 3,080 4,630 13 6 13 .6 
SR-904 6.800 13,165 19,730 69% 

89 
95 189 284 7 . 5 0 x 1 5 x 4 35 30 5 4 733 1,463 a, 192 2 6 to 14 4 1 to 14 

SR-S-T2 
5630 

6,800 13,375 19,950 
69% 
89 98% 193 289 7.50 X 1 5 x 4 35 30 5 4 755 1,486 2,216 O t o l 5 0 t o l 5 SR-S-T2 

5630 15,000 31,740 42,010 92 163 345 458 7 5 0 x 1 5 x 6 60 35 8 9 885 1,865 2,470 2.03 - 15 .9 2 03 - 15 .9 

Ferguson, Se l l -
Prcqwlled 

SP-10 

Ferguson, Se l l -
Prcqwlled 

SP-10 7,170 _ 21.470 68 100 298 7 50 X 15 X 4, 8 and 10 36-55-05 35-25-25 4 5 797 _ 2,385 3 to 13 2 to 12 
SP-13 8,600 24,800 83 08 - 282 7 . 5 0 x 1 5 x 4 , 6 and 10 36-55-05 35-35-25 5 6 783 - 3,355 3 .5 to 13 2 5 to 12 
2511 16,500 _ 50.000 96 150 _ 455 9 . 0 0 x 2 0 x 1 0 - 1 2 and 14 85-95-110 30-30-30 5 6 1,590 - 4,545 3 to 14,5 2 to 14 5 
3507 21,700 _ 70,000 96 238 - 767 13.00 x 2 4 x 18-22 00-120 45-45 3 4 3,100 - 10,000 2 .5 to 13 2 5 to 12 
SP91 6,700 12,330 20.000 72 2 6 ' 3 4 ' 40 ' 7 .50 X 1 5 x 4 35 35 4 5 745 1,370 2,220 0 - 1 1 0 - 1 1 
8P111 8,500 15,600 24,000 88 SO' 4 9 ' 52 ' 7 . 5 0 x 1 5 x 6 55 25 5 6 775 1,430 2 ,180 0 - 3 0 0 - 2 0 
SP900 15,000 22,000 28,000 64 5 2 ' 80* 8 5 ' 7 .50 X 15 X 10 100 40 4 5 1,660 2,450 3,110 0 - 2 0 0 - 30 
SP1030 20,000 39.250 60,200 94 4 7 ' 8 1 ' 9 0 ' 9 00 X 20 X 12 100 40 5 6 1,818 3,570 5,470 0 - 1 5 0 - 1 9 
V P - H 8,020 14,582 22.000 84 95 173 261 7 5 0 x 1 5 x 6 55 20 S 5 739 1,325 2 ,000 0 - 1 5 0 - 1 5 
PR-11 11,000 19,437 29,720 84 131 231 353 7 . 5 0 x 1 5 x 1 0 90 20 5 6 1,000 1,767 2 ,701 0 - 1 3 0 - 1 3 

^Wheel load i s weight divided by number Cf Wheels. •When loaded w i t h s teel ballaat compachon pe r i n of r o l l i n g wid th i s 
358 1b, w h e e l l o a d ] s 2 , 5 4 5 1 b a n d g r o 8 8 W t i a 2 4 , 0 0 0 I b . *Galion U f g . C o . - D e p e n d s on speed and load . ^Mundy Corpo r 
a t i o n - M o d e l s 9 W , I I V T and 1 3 W may be discontinued next year A U modeU a r e present productuin design "Tampo 
M f g Co - C o m p a c t i o n f o r se l f -propeUed pneumatic r o l l e r s i s shown i n pounds pe r square inch erf t i r e contact a rea 



T A B L E 67 

M A N U F A C T U R E R S S P E C I F K : A T I 0 N 8 F O R T W O - A X L E A N D T H R E E - A X L E T A N D E M S E L F - P R O P E L L E D R O L L E R S W I T H V I B R A T O R Y R O L L 

DimenBions o f Rol l s 

Range ot 
Weight 

Guide 
RoU 

Diam. X 
Width 

D r i v e 
RoU 

D i a m . X 

Vibra t ion 
RoU 

D i a m . X 
Wtdtb 

RoUer CoDqtreBSion* 
(static welght)Qb 
pe r i n . of wid th o f 

roU) 

le D r i v e V i b i 

Frequency o r 
Range ot 

Frequency 
Ranged of 
Ampbtude 

Range of Gk>eecl 
ot T rave l 

(SEh) 

Allgemeine Baumasehinen-
Gesellschaft (Combined 

( A U A B G ) 

Agencies C o r p . ) , Washington, 
D C. (made I n Germany) L W " M i c k y " 

MW 
sw 
Alexander 

2 
2 
a 
3 

1.2-1 4 
2 . 5 - 2 . 8 
4 2 - 4 . 5 
7.5-9 0 

3 4 ^ X 30% 
2B Sx35 5 
33.5 x 39 5 
43 4 x 53.3 

2 4 ^ x 3 0 % 
29 6x35 5 
3 3 . 5 x 3 9 5 
4 3 . 4 x 53 3 

28.6 
62 
72 
92 

43 
94 

145 
192 

4 , 0 0 0 
2,250 - 3,450 
2,400 - 3,400 
3,000 - 3,000 

1.9 
1.85 
2 6 
3 4 

0 7 
0.65 
0.55 
0.67 

1 9 
1.85 
2 8 
3 4 

0 7 
0 66 
0 57 
0 67 

Buf ia lo -Spr lngf le ld Conquny 
IMvlsion of Koehrlng Company 
Ghuingfield, Ohio Bu£blo-£ t>r tngf ie ld 

KX-2SEV 3 15-20 4 8 x 54 6 0 x 5 4 4 8 x 5 4 180 383 217 
3,000 to 2 ,100 

t o r twBt resul ts 0.080* 5 0 1.1 5 .0 1 1 
*Amplitude deelgnated i s the eccent r ic i ty ot 

the eccentric axle . 

Douglas Moto r s Coipora t ion 
Milwaukee, Wisconsin Western 2 T - V R 2 1,2-1 77 2 4 x 3 6 2 0 x 2 8 2 4 x 3 8 . _ _ 1,150 - 1,500 Impact fo rce = 8 Ions dead weight 

L l t t l e t o r d B r o s , I K . , 
Cincinnat t l , Ohio 125-V 2 1-8 24-28 34-32 870 2,330 2,000 None bxed 1% i V . I'A IV4 

Roaco Ibnu tac fa i r lng Conqiany 
Minneapolis, VBmi Rosco Vibzapac 2 l y ^ - i v . 2 0 x 3 0 22 X 36* 37 69* 1,000 - 1,450 '/. - % 1.7 0 1 7 0 *Also d r i v e r o U 

Tampo l i lanufacturlng Conqany 
San Antonio, Teams V P - 4 2 7 .50x15 

t i r e s 
39 x 42 a 9 x « ^ 125 125 1,100 - 2 , 2 0 0 3.5 1.75 3 5 1 75 D r i v e r o l l same as v ib ra t ion r o l l (Cen t r i 

fugal fo rce = 6,800 lb) 

V lb ro -Ph iB Products , Lie , 
Stanhque, New Jersey "Terrapac" CGIO 2 1 19*/4Xl9% 29)&x37% 2 9 * ^ x 2 7 ^ 1.500 - 2.000 % 1 8 1.8 

weight I f weight of i t d l e r la var iable 
'Ampllbide v a r i e s w i t h type, dennty , e tc . , and i f resonance occurs . Ihaae values indicate range under average work ing conditions. 

T A B L E 68 

MANUFACTURERS SPECIFICATIDNS FOR COMBINATIDN PNEUMATIC-TIRED AND SMOOTH-WHEEL R O L L E R S - S E L F - F R O F E L L E D A N D TOWED TYPES 

Grose Wetgh tgb) 

Make and Model Empty 

With 
Water 

Ballast 

Rol l ing 
WidOl 
( in ) 

Compaction Per L i n . bi* 
ot RoUer Width Ob) 

W i n W i t h Wet 
Water Sand 

Empty Ballaat BaUaat 

Wheel L o a d . Oh) 

W i t h W l d i 
T i r e Slae and P ly Han M i n . RoUer Water 

(ainndard) (pal) (pal) F ron t Hear Empty 

Ho. 
of 

Wheels 

Weight Pe r Wheel (!>)• 

W i t h W . l 
b n d 

Bal laa t 

Range of 
Speed of 
T rave l 
(mph) 

Seaman-GunnlBOn C o r p . , 
Milwaukee, W i a . Seamsn-Gunmson 

Self-propeUed 
Duo-Factor 
(combination 
rubber and atcel) 
7-10 D T K ' 

type c o m -
pactor PT-86 

40,000 

54,000 

60,000 

18.000 

( rear ) 
7.50a 15 a 10 

( f ron t ) 
15 I 26 I 10 

( rear ) 
7 .90s 15110 

( f ron t ) 
1 6 , 0 0 x 1 6 x 1 0 

( r ea r ) 
7 5 0 x 1 5 x 1 0 

( f ron t ) 
18 00 x 2 6 x 1 0 

Shigle 

" t o 

"Wheel load la weight divided by number of wheele. 
•operator controUed wheel loading by hydraulicaUy vanab le wheel baae 

% - 20 

% - 10 

% . 1 0 

00 



190 

I 

i l 

pil 
I P lii§ 

If! 

5sS 

ss 

1 

1 

!! 
t l 

i f 
ill 

l i 

mi 

i i i j 

\l is 

3 I , s | . 

l i 

i f 

s 1 

ii 
!« 

i 0 O 
\S9 

II 



191 

TABLE 72 

MANUFACTURERS SPECIFICATIONS PGR SINGLE-UNIT, SELF-PROPELLED, MANUALLY-GUIDED' P A N ' - T Y P E VIBRATORY COMPACTORS 

Characteristics of Compacting Unit 

Dimensions (in.) 

Ifanufac fairer 

Frequency or 
Rat^e of Range of* 

Widfli Weight Frequency Amplitude 
Make and Model (of stnp compacted) Depth (lb) (cycles per imn.) fan.) 

Range of 
Working Speed 

(ft per min ) (mph) 

Allgemeine Baumaschinen-
GeseUschaft 
(Combined Agencies Corp) 
Bosingfeld, Germany 

Barco Manufacturing Co., 
Bamngton, ni . 

Jackson Vibrators, Inc. 
Aldington, Michigan 

Jay Company 
Columbus, Ouo 

M^^umlss Power Tool Co., 
Bfiuisfleld, (Xiio 

Vibro-Phis Products, Inc. 
Staiduve, New Jersey 

A U A B G 

PV400 15.7 15.7 310 2,500-3,350 20 - 40 0.22 -2,500-3,350 
0.45 

PV 600 20 23.5 398 2,500 - 3,000 2 0 - 4 0 0.22 -
0.45 

SPY (heated pan) 20 10 463 3,000 - 3,600 20 - 40 0.22 -SPY (heated pan) 
0.45 

FV 2 23.5 16.3 607 2,500 - 3,000 2 0 - 4 0 0.22 -
0.45 

PV25 33.5 31.5 990 2,500 - 3,000 3 3 - 6 6 0 3 7 -
0.74 

PV 40 27.5 35.5 1, ,540 2,400-2,800 3 3 - 6 6 0.37 -
0.74 

Vp to three of Models PV 25 and PV 40 can be caapled to work abreast, 
being controlled by one operator 

Barco Vibra-Tamp 
Model B 27 Up to 24 225 2,950 • •14 Up to 60 App. 1 

Jackson Hand 
Compactor 4!% '/» CP410A 26 4!% 350 3,600 - 4,500 '/» - V . 40average 

Jay model J-13 13 to 24 de 6 - 1 0 2j5 2,500 '/. 50-75 Jay model J-13 
pending on 
tamping plate 
used. 

Jay model J-18 IB to 30 de 6 - 1 0 335 2,500 54 6 0 - 8 0 Jay model J-18 
pending on 
tamping plate 
used. 

Jay model J-36 24 to 36 de- 6 - 1 0 440 1,866 % 7 0 - 100 
pending on 
tamping plate 
used. 

Magumiss PP-1£ 18 (basic plate) 6 250 3,500 - 7,000 •/» -v. 30 - 70 Magumiss PP-1£ 
24 (with 2-3" ex

tensions) 
30 (with 2-6" ex

tensions) 

"Terrapac" CM15 13% 6 - 1 1 242 To 2,500 VPH 7r 60 
"Terr^iac" Clil20 10 To 24 950 To2 ,0a0VPM 75 

ing an entirely 
new machine with 
many inyirove-
mentsoverttie 
current 

Only umt on mar
ket which com
pacts most clays 
aswellasgranu-
l a r "wtena l . 

•By walking operator. "Also known in different geographical regions by the terms vibrating base-plate type, vibrating shoe type, 
sled type. 'Aniplitude varies with soil type, density, etc., and i f resonance occurs. These values indicate range under average 

vibrating pad lype and vibrating 
working conditions. 

M A N U F A C T U R E R S S P E C I F K : A T I 0 N S F O R MULTlPLE-UNFT S E L F - P R O P E L L E D A N D T O W E D T Y P E S O F P A N - T Y P E 
VmRATORY A N D I M P A C T C O M P A C T O R ^ 

Charactenatlcs of Compactine Units 

t fanutachirer 

O r e r - A U 
Width of Weightof 

Compacted Nomberof aidividual 
Strip Compacting Unit 

Make and Model ( i n . ) Units Ob) 

VibrationCharactenBtics 

H^y": 

Width Depth "̂S5̂  

fan.) 
Woiking 

_OEBh)_ Remarks 

Baldwin-Lima-Hanulton C o r p . , 
L ima , Cftio i Model D 157 437 K% 26 1,500-2,200 V, - % 

1,500-2,200 %-54 

20-90 0 23-1 02 Compactiiig urate hydiaulieal ly powered. 
« 4ahoeworiEingwidth>8ft9u 

5 shoe woridng width i= 11 f t 0 i n 
6 dioe working wldtti - 13 ft 1 i n 
Gasolme or dlesel power mounted on 
n U i e r t i r e s 

•Highway t ravel speeds to 30 ii«ih 

22-268 0.25-2.82 Compacting units hydnwl lca l ly powered. 
Two seta of 8 shoes each i n tandem. 
4 shoe woriong widf l i l o f t 0 i n . 
5 shoe working width = 12 f t 6 m . 
8 shoe working wldUi = 15 f t 0 i n 
Gasoline or dlesel power. 
Mounted on Rubber t i r e s . 

••Highway travel speeds to 26 mph 

Note Baldwin-Uma-Hanul ton Corporation has always re fe r red to their equipment as "vibratuig shoe 

4% 3,600-4,500 VIB-*A 20-90 Trave l 

i'A 3,600-4,500 V u - V . 

Jackson Vibra tors , Inc. 
Ludington, Michigan 

Jackson mult iple 
compactor No 
MCS25A 158 5 350 

CT-106A 
10 mph 

20-90 SO niph 

Self-propeUed 

Towed ^ 

'Also known m dif ferent geographical regions by A e terms vibrating base-plate type, v i b r a t u « shoe type, nbra t tng pad type and vibrat ing sled type. 
'Machines of variable frequency when operated a t low frequencies are sometimes known as inqiact type compactors. 
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Appendix A 

DEFINITIONS 

The terms and symbols used i n this bulletin comply as closely as possible wi th the 
"Standard Definitions of Terms Relating to Subgrade, Soil ^ g r e g a t e , and FiU Mate r i 
a l s , " AASHO Designation: M146-56 (122) and "Glossary of Terms and Definitions i n 
Soil Mechanics" (119, 121), recommended by a joint committee of the American Society 
of C i v i l Engineers and the American Society f o r Testing Materials . Most of the def in i 
tions and symbols given i n this section have been taken direct iy f r o m these references. 
Terms not included therein and terms believed in need of fur ther explanation are de
fined according to use and the source reference i s given where appropriate. 

Absolute Maximum Density (Dry Unit Weight)—The greatest unit weight l i iat can be at-
attalned at a high compaction ef for t wi th acceptable laboratory compaction equipment 
and methods. The absolute maximum unit weight i s used in determining Ihe relative 
density (see definition) and i s not to be confused wi th the value of maximum unit 
weight obtained at a given compaction e f for t i n the Standard AASHO and ASTM test 
procedures f o r obtaining maximum unit weight and optimum moisture content. A 
study (118) i s i n progress aimed toward the development of a standard test procedure 
f o r absolute maximum unit weight. 

Apparent Specific Gravity—See "Specific Gravity, Apparent." 
Apparent Cohesion—See "Cohesion, Apparent." 
Backf i l l—Al l material behind a wal l (or above and adjacent to a conduit) whether un

disturbed ground or f i U , that contributes to the pressure against the wa l l or the 
conduit (in part f r o m 107). 

Base (Base Course)—The layer used in a pavement system to reinforce and protect the 
subgrade or subbase. 

Basement Soil—See "Subgrade Soi l . " 
Bearing Capacity-See "Ultimate Bearing Capacity." 
Bulk Specific Gravity-See "Specific Gravity, Bu lk . " 
California Bearing Ratio (CBR)—The ratio of (1) the force per unit area required to 

penetrate a " so i l " mass with a 3-sq i n . c i rcular piston (approximately 2 i n . i n 
diameter) at the rate of 0.05 i n . per min . to (2) that required f o r corresponding 
penetration of a standard material . The rat io i s usually determined at 0 .1 - in . 
penetration, although other penetrations are sometimes used. Original California 
procedures required determination of the ratio at 0 .1 - in . intervals to 0.5 i n . 
Corps of E i ^ n e e r s ' procedures require determination of the ratio at 0 .1 i n . and 
0.2 i n . Where the rat io at 0.2 i n . i s consistenUy higher than at 0 .1 i n . , the ratio 
at 0.2 i n . i s used. 

Clay Soil—Fine-grained " so i l " or the fine-grained portion of " s o i l " that can be made to 
exhibit plast ici ty (putty-like properties) within a range of "water contents" and which 
exhibits considerable strength when a i r - d r y . The t e rm has been used to designate 
the percentage f iner than 0.002 mm (0.005 mm i n some cases), but i t i s strongly 
recommended that this use be discontinued, since there i s ample evidence that f r o m 
an engineering standpoint the properties described in the above definition are many 
times more important. 

Clay Size—That portion of the " s o i l " f iner than 0.002 mm (0.005 mm in some cases). 
(S ie^Clay ." ) 

Coefficient of Permeability, k, (Permeabil i ty)-The rate of discharge of water under l a m i -
narf low conditions throughaunitcross-sectionalareaofaporous medium under a imi t 
hydraulic gradient and standard temperature conditions (usually 20 C). 

Cohesion, c—The portion of the "shear s t r e i ^ f l i " of a " s o i l " indicated by the t e rm c in 
Coulomb's equation, s = c + tan. 

Cohesion Apparent—Cohesion in granular "soi ls" due to capillary forces. 
Cohesionless Soil—A " s o i l " that when unconfined has l i t t te or no strength when a i r -

dried, and that has l i t t i e or no "cohesion" when submerged. 
Cohesive Soil—A "so i l " that when unconfined has considerable strength when a i r -d r i ed , 

and lhat has significant "cohesion" when submerged. 
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Compaction—The denslfication of a " so i l " gy means of mechanical manipulation. 
Compactibility—A soU property that indicates the degree to which a soil may be den-

sif ied. Clay soils and well-graded granular materials are highly compactible; that 
i s , a highly compressible clay soil may be highly densified by a compression ( r o l l 
ing) type of compaction, while well-graded granular soils, may be densified i n high 
degree by vibratory compaction. 

Compa.ction Curve (Moisture Content-Unit Weight Curve) (Moisture Content-Density 
Curve)—The curve showii^ the relationship between the "d ry unit weighf ' (density) and 

the "moisture content" (water content) of a soil f o r a given compaction e f for t . 
Compaction Test—A laboratory compacting procedure whereby a soil at a known "water 

contentf' i s placed in a specified manner into a mold of given dimension subjected to 
a compaction e f for t of controlled magnitude, and the resulting "unit weight?' de
termined. The procedure i s repeated f o r various "water contents" sufficient to es
tablish a relation between "water contenf * and "unit Weight." 

Compaction Effort—This te rm can apply to either f i e ld or laboratory compaction. In 
the case of laboratory compaction, a compaction e f for t consists of the application 
of a given amount of energy per unit volume of compacted soi l . The compaction ef
f o r t can be varied i n the laboratory by changing the weight of the compacting hammer, 
number of blows per layer, or number of layers of soil i n the compaction cylinder 
(or, i n vibrat ion by changing the frequency, and amplitude and time of vibration). Jn 
tiie case of f i e ld compaction, a compaction e f fo r t consists of compaction by a given 
piece of equipment passing a given number of t imes on a given thickness of l i f t . 

Compressibility—Property of a soil pe r t a in i i ^ to i t s susceptibility to decrease i n volume 
when subjected to load. 

Consolidation—The gradual reduction i n volume i n a soi l mass resulting f r o m an i n 
crease i n compressive "s t ress ." (Through usage, the t e rm consolidation has be
come associated wi th a reduction i n soil volume resulting f r o m a static load; f o r 
example, f r o m a building, a bridge, an embankment, or a surchaige load on an 
embankment. I t should not be confused wi th the reduction i n volume caused by the 
densifying effect of t r a f f i c . ) 

Consolidation Test—A test i n which the specimen i s la teral ly confined i n a r ing and i s 
compressed between porous plates. 

Contact Area—A rating iactar f o r soil compactors. 
(1) For smooth-wheel static force type ro l le r s and f o r v ibra tory type ro l l e r s this 

factor i s not used; the unit load i s e^ressed in lb per l ineal inch of width of 
r o l l . 

(2) For sheepsfoot ro l l e r s the contact area i s the total area of the tamper foot faces 
in one row of tamper feet i n contact wi th the ground surface. 

(3) For pneumatic-tire ro l le r s the contact area is the area in contact wi th an un
yielding plane surface. On treaded t i res the contact area may sometimes be 
considered as the total area of tread and area between treads. 

(4) For vibratory base-plate-type compactors, the contact area i s the surface area 
of the base-plate. 

Contact Pressure—For a l l types of compactors i t i s the total load divided by the con-
tact area (authors' definition). 

Coverage—One coverage consists of one application of either a wheel of a rubber-t i red 
ro l l e r or a foot of a sheepsfoot ro l l e r (or a drum of a smooth-wheel ro l l e r or the 
plate of a vibratory base-plate-type compactor) over each point i n the area being 
compacted (44). 

Degree of Saturation-See"Percent Saturation." 
Density-See"Unit Weight ." (Note: Although i t i s recognized that density i s defined as 

mass per unit volume, i n the f i e l d of soil mechanics the te rm i s frequently used in 
place of unit weight.) 

Dry Unit Wte^ht (Dry Density)-See "Uni t Weight ." 
Dynamic Compaction—Compaction of soil by the impact of a f ree- fa l l ing weight or 

hammer (53). Also, compaction by blows of a pneumatic-type or explosion-type 
tamper. 

Effective Pressure—See "Stress. Ef fec t ive . " 
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Fines—Portion of a soU f iner than a No. 200 U. S. standard sieve. 
Fine Aggr^ate—Aggregate passing a No. 4 sieve (authors' definition). 
Gradation (Grain Size Distribution) (Soil Texture)—Proportion of material of each grain 

size present i n a given soi l . 
g r a i n Size Distribution-See "Gradation." 
Gravel—Rounded or semirounded particles of rock that wiU pass a 3- in . and be retained 

on a No. 4 U. S. standard sieve. 
Internal Friction—The portion of the shearing strength of a soil indicated by the terms 

p tan ({> in Coulomb's equation s = c + p tan <|>. I t i s usually considered to be due to 
the Interlocking of the soil grains and the resistance to s l i d i i ^ between grains. 

Maximum Density (Maximum Unit Weight)-See "Uni t Weight." 
Minimum Density (Minimum Unit Weight?—The loosest state (lowest dry unit weight) of 

a coheslonless granular soU that can be reproduced consistently by laboratory test 
method. The value of minimum density i s used in determining the percent relative 
density (118). 

Modified AASHO Compaction—A modification by the Corps of Engineers of the Standard 
AASHO compaction method, consisting of dynamic compaction in a 4 - in . -diameter 
mold using 25 blows of a 10-lb hammer dropped 18 in. on each of f ive equal layers. 
Dynamic compaction in a 6- in . -diameter CBR mold using 55 blows of a 10-lb ham
mer dropped 18 i n . on each of f ive equal layers i s considered equivalent to Modified 
AASHO as the energy expended per unit volume i s the same (53, 111). See text f o r 
fur ther explanation regarding use of this t e rm. 

Moisture Content (Water Content), w—The ratio, expressed as a percentage, of (1) the 
weight of water in a given soil mass to (2) the weight of solid particles (119). The 
weight of water i s determined by drying a given sample to constant weight at a tem
perature of 110 C (230 F) . 

Moisture-Density Curve—See "Compaction Curve." 
Moisture-Density Test—See "Compaction Test ." 
Moisture-Unit Weight Curve—See "Compaction Curve." 
Optimum Moisture Content, OMC, wo—The water content at which a soil can be com

pacted to the maximum dry unit weight by a given compaction ef for t . 
Pass—One movement of a given type compactor over the area being compacted. Pass 

should not be confused wi th coverage Authors' definition). 
Penetration Resistance (Proctor)—Unit load required to produce a specified penetration 

into soil at a specified rate of a probe or Instrument. For a Proctor needle, the 
specified penetration is 2% i n . and the rate i s V2 i n . per second. 

Penetration Resistance Curve (Proctor Penetration Curve)—The curve showii^ the r e -
lationship between (1) the penetration resistance and (2) the water content. 

Percent Compaction (Relative Compaction)—The ratio, expressed as a percentage, of 
(1) dry unit weight of a soU to (2 ) maximum unit weight obtained in a laboratory 
compaction test, (in this publication relative compaction i s used to express f ie ld 
unit weight values in terms of laboratory maximum.) 

Percent Saturation, S. (Degree of Saturation)—The ratio, expressed as a percentage, 
of (1) the volume of water i n a given soU mass to (2) the total volume of intergranu-
la r space (voids). 

PermeabiUty-See "Coefficient of PermeabiUty." 
Pore Pressure (Pore Water Pressure)—See "Stress, Neut ra l . " 
Pore Water Pressure-See "Stress, Neut ra l . " 
Porosity, n—The ratio, usually expressed as a percentage, of (1) the volume of voids 

of a given soil mass to (2) the total volume of the soil mass. 
Proctor Penetration Curve—See "Penetration Resistance Curve ." 
Relative Compaction—See "Percent Compaction." 
Relative Density. Dd—The ratio of (1) the difference between the void ratio of a 

"coheslonless soi l" i n the loosest state and any given void ratio to (2) the difference 
between i t s void ratios i n the loosest and densest states. 

RoUer Compaction Curve—Curve of dry unit weight vs moisture content produced i n 
testing a compactor under controUed conditions to determine the maximum dry unit 
weight and the optimum moisture content that result (authors' definition). 
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Sand—Particles of rock that wiU pass the No. 4 sieve and be retained on tlie No. 200 
U. S. standard sieve. 

Saturation Curve-See "Zero A i r Voids Curve." 
Settlement of Embankment—Decrease i n elevation of the surface of an embankment due 

to the consolidation of the soil i n the embankment due to i t s own weight over a period 
of time following construction. Localized settiements may result f r o m increase i n 
unit weight r e s u l t i i ^ f r o m t ra f f ic loadings (63). 

Soil (Earth)—Sediments or other unconsolidated accumulations of solid particles p ro 
duced by the physical and chemical disintegration of rocks, and which may or may 
not contain organic matter. 

Specific Gravity^—Ratio of (1) the weight of any volume of a substance to (2) the weight 
of an equal volume of water (at the same temperature). Note: Since the volume of 
displaced water i n m i l l i l i t e r s (cc) equals i t s weight i n grams, this rat io, f o r aU 
practical purposes, can be wr i t ten as follows: 

Specific Gravity =||g^ 

Specific Gravity (Coarse o r Fine Aggregate)—The three types of specific gravity (bulk, 
oven-dry basis; bulk, saturated surface-dry basis; and apparent) are described below 
i n terms of the weight:Tolume ratio above and the sketch below which il lustrates the 
types of pore space within the aggregates. 

Inter ior pore 

Surface pore 

_ Solid material 

Bulk Specific Gravity (Oven-Dry Basis): 

p _ Weight 
^-VoluSxe 

i n which 
Weight = oven-dry weight of a^regate , gm, and 

Volume = volume of solid material plus volume of in te r ior and surface pores, c c 

Bulk ^ e c i f i c Gravity (Saturated Surface-Dry Basis): 

G = Weight 
Volume 

i n which 
Weight = saturated surface-dry weight of aggregate, gm, and 
Volume = volume of solid material plus volume of in ter ior and surface pores, cc. 

Apparent Sjpecific Gravity: 
W e i g h t 

Volume 
i n which 

Weight = oven-dry weight of aggregate, gm, and 
Volume = volume of solid material plus volume of in ter ior pores, cc. 

Specific Gravity (Soil) Gs—The ratio of (1) the oven-dry weight (in grams) of the sample 
to {2) i t s volume (in cc), which includes in ter ior pores within the soil particles, but 
does not include the volume of surface pores. 

Standard Compaction—A descriptive te rm re fe r r ing to the laboratory compaction test 

^General definition, i n part f r o m 253B (93, 121) and in par t by authors. 
^This equation i s correct i f weights and volumes are expressed in grams and cubic 
centimeters (cc), respectively. 
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method and results obtained under designations AASHO T 99 and ASTM D 698 be
fore the adoption of the 1957 (AASHO) and 1958 (ASTM) revisions. 

Stress, Effective. <r. (Effective Pressure) (Intei^ranular Pressure)—The a v e r s e nor
mal force per unit area transmitted f r o m grain to grain of a soU mass. I t i s the 
stress that i s effective i n mobilizing internal f r i c t i o n . 

Stress. Neutral, u , uw (Pore Pressure) (Pore Water Pressure)—Stress transmitted 
through the pore water (water f i l l i n g the voids of the soil) . 

Subbase—The layer used i n the pavement system between the subgrade and base course. 
Also, according to usa^e, the layer between the subgrade and Portland cement con
crete pavement. 

Subgrade (Basement Soil) (Subgrade Soil)—The prepared and compacted soil below the 
pavement system. 

Subgrade Surface—The surface of the earth or rock prepared to support a structure or 
a pavement system. 

Subsidence of Embankment—Decrease in the elevation of the surface of an embankment 
due to the consolidation or lateral displacement of the foundation soil during or 
following construction (63). 

Thixotropy—The property of a material wherein softening occurs on manipulation fo l low
ed by a gradual return to the original strength when the material i s aUowed to rest. 
The phenomenon excludes any changes in moisture content or chemical composition 
of the soi l . The process i s completely reversible i n a thlxotropic material (96). 

Ultimate Bearing Capacity—The average load per unit of area required to produce fa i lure 
by rupture of a supporting soil mass. 

Unit Weight. 7 . (Density)—Weight per unit volume. 
Dry Unit Weight. "Yd. (Unit Dry Weight) (Dry Densl ty)-The weight of soil soUds per unit 

of total volume of soil mass. 
Effective Unit Weight. Ye—The unit weight of a soil which, when multiplied by the height 

of the overlying colunrn of soi l , yields the effective pressure due to the weight of the 
overburden. 

Maximum Unit We^ht . Ymay (Maximum Density)—The dry unit weight defined by the 
peak of a compaction curve. 

Saturated Unit Weight, "Ysat-The wet unit weight of a soil mass when saturated. 
Submerged Unit Weight. "Ysub (Buoyant Unit Weight)-The weight of the solids in a i r 

minus the weight of water displaced by the solids per unit of volume of soil mass; 
the saturated unit weight minus the imit weight of water. 

Wet Unit Weight. "Vwet (Mass Unit Weight)-The weight (solids plus water) per unit of 
total volume of soil mass, irrespective of the degree of saturation. 

Zero A i r Voids Unit Weight 7z—The weight of solids per unit volume of a saturated 
soil mass. 

Void Ratio, e—The ratio of (1) the volume of void space to (2) the volume of solid 
particles i n a given soil mass. 

Zero A i r Voids Curve (Saturation Curve)—The curve showii^ the zero a i r voids vmit 
weight as a function of water content. 
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Appendix B 

VNir WEIGHT—TOTAL SOLIDS COKVKHSION TABLE 
(For Virioas Spccillc GraTiaeB) 

TbtalSolldB, PooMla Per Cubic root 
Percent by Voiume 8.55 2.58 2 57 8.58 2.50 a.«0 2.61 8.18 2.88 8.M 2.65 2.K 2.67 2.(18 2.«9 8.70 

78 124.8 124.7 125.1 125.8 128.1 128.6 127.1 127.8 128.1 188.6 Ut.O 129.5 130.0 UD.5 131.0 131.9 
77 122.6 123.1 133.5 114.0 124.5 125.0 135.5 13S.B 126.4 128.9 m.4 127.9 118.3 128.8 129.3 129.8 
78 181.0 181.5 181.9 122.4 138.9 123.4 123.8 124.3 124.8 115.3 125.7 128.2 186.7 187.8 187.8 118.1 n 119.4 119.9 120.3 120.8 181.3 181.7 182.2 128.7 183.1 183.6 U4.1 184.5 185.0 185.5 188.0 126.4 
74 117.8 118.3 118.7 119.8 119.7 180.1 180.8 121.0 121.5 122.0 128.4 188.9 123.3 123.8 124.3 124.7 
73 116.8 116.7 117.1 117.8 118.0 118.5 118.9 119.4 119.9 110.3 120.8 121.2 121 7 122.1 122.6 183.0 
78 114.6 US.l 115.5 118.0 118.4 116.9 117.3 117.8 118.2 118.7 119.1 119.8 120.0 120.5 120.9 111.4 
'1 113 0 113.5 113.9 114.4 114.8 115.8 115.7 116.1 116.0 117.0 117.5 117.9 116.1 I M . i 119.2 118.7 
TO 111.4 111.9 112.3 111.7 113.2 113.8 114.1 114.5 114.9 115 4 115.8 116.2 118.7 117.1 117.6 118.0 
69 109.8 110.3 110.7 111.1 111.6 118.0 118.4 111.9 113.3 113.7 114.2 114.6 115.0 115.4 115.9 118.8 
<8 108.3 108.7 109.1 109.5 110.0 110.4 110.8 1112 111.8 112.1 112 5 111.9 113.3 113.8 114.1 114.8 
67.5 107.5 107.9 108.3 108.7 109.1 100.6 110.0 110.4 110.8 111.3 111.7 112.1 111.6 111.9 113.4 113.8 
•7 106.7 107.1 107.5 107.9 106.3 108.8 109.1 100,6 110.0 110.4 110.8 111.3 111.7 113.1 1U.5 111.9 
ae.S 109.9 108.3 106.7 107.1 107.5 107.9 108.4 108.8 109.8 109.8 110.0 110.4 110.8 111.3 111.7 111.1 
M 105.1 105.9 105.9 106.3 108.7 107.1 107.5 108.0 108.4 108.8 lOS.l 109.8 110.0 110.4 110.8 111.3 
85.5 104.3 104.7 105.1 105.5 105.9 106.3 106.7 107.1 107.5 108.0 108.4 108.8 109.1 108.0 110.0 110.4 
>5 103.5 103.9 104.3 104.7 105.1 105.5 105.9 106.3 106.7 107.1 107.5 107.9 106.3 108.8 109.8 109.6 
84.5 ioa.7 103.1 103.5 103.9 104.3 104.7 106.1 105.5 109.9 106.3 106.7 107.1 107.5 107.9 108.3 108.7 
94 101.9 103.3 102.7 103.1 103.5 103.9 104.3 104.7 105.1 106.5 106.9 106.3 106.7 107.1 107.5 107.9 
M-5 101 1 101.5 101.9 108.3 108.7 103.1 103.5 103.9 104.3 104.7 106.1 105.5 105 8 106.8 106 6 107.0 
63 100.3 100.7 101.1 101 5 101.9 108.3 102.7 103.0 103.4 103.8 104.2 104.6 105.0 105.4 105.8 106.2 

99-9 90.9 100.3 100.7 101.1 101.4 101.8 103.2 108.8 103.0 109.4 103.8 104.3 104.6 105.0 105.4 
° ' 99.7 09.1 99.5 99.9 100.3 100.8 101.0 101.4 101.8 108.8 101.8 103.0 103.3 103.7 104.1 104.5 
>l-9 97.9 98.3 88.7 99.1 99.4 90.8 100.1 100.6 101.4 101.4 101.7 103.1 108.5 103.9 100.3 109.7 
»1 97.1 97.9 97.8 98.8 98.8 99.0 99.4 90.8 100.8 100.5 100.9 101.3 101.7 108.1 101.4 108.8 
<0.5 96.3 98.7 97.1 97.4 97.8 98.8 98.6 99.0 99.3 99.7 100.1 100.5 100.8 101.8 101.0 101.0 
«0 95.5 95.9 90.3 90.6 97.0 97.4 97.8 98.1 98.5 98.9 99.3 99.6 100.0 100.4 100.8 101.1 
S9.5 94.7 99.1 95.5 95.8 98.8 96.6 97.0 07.3 97.7 98.1 98.4 98.8 99.8 99.8 99.9 100.3 
99 93.9 94.3 94.7 95.0 95 4 95.8 98.1 96.5 90.9 97.8 97.6 98.0 98.3 98.7 99.1 99.5 
98.5 93.1 93.5 93.9 94.8 94.6 95.0 95.3 99.7 96.1 96.4 98.8 97.1 97.9 97.9 98.8 98.6 
98 98.3 98.7 93.1 93.4 93.8 94.1 94.9 94.9 95.2 95.6 96.0 98.3 98.7 97.0 97.4 97.8 
97.9 91.9 91.9 92.3 91.6 93.0 93.3 93.7 94.1 94.4 94 8 95.1 95.5 95.8 96.1 96.7 96.9 
97 00.7 91.1 91.5 91.8 92.2 92.5 92.9 93.2 93.6 93.9 94.3 94.7 95.0 99.4 99.7 98.1 
50.5 89.9 90.3 90.7 91.0 01.4 91.7 92.1 92.4 92.8 93.1 93.9 93.8 94.2 94.9 94.9 99.2 
96 89.8 89.9 89.8 90.2 90.9 90.9 01.2 91.6 91.9 92.3 98.6 93.0 93.3 93.7 94.0 94.4 
55.5 88.4 88.7 89.0 89.4 89.7 90.1 90.4 00.8 91.1 91.5 91.8 92.2 98.5 92.9 93.2 93.8 
99 87.6 87.9 88.2 88.8 88.9 89.3 89.6 90.0 90.3 90.0 91.0 91.3 91.7 92.0 02.4 02.7 
54-9 86.8 87.1 87.4 87.8 88.1 88.9 88.8 89.1 89.5 89.8 90.2 90.5 00.8 91.2 91.5 91.9 
54 86.0 88.3 86.8 87.0 87.3 87.7 88.0 88.3 88.7 89.0 89.3 89.7 90.0 90.3 90.7 91.0 
53.5 65.3 85.9 85.8 88.3 88.9 86.8 87.1 87.5 87.8 88.3 88.5 88.8 89.3 89.5 89.8 90.1 
53 84 4 84.7 85.0 85.4 85.7 86.0 88.4 86.7 87.0 87.4 87.7 88.0 88.3 88.7 89.0 89.3 
52.9 83.6 83.9 84.8 84.6 84.9 89.8 89.5 85.9 86.8 86 5 86.9 87.3 87.5 87.8 88.8 88.5 
52 82.8 83.1 83.4 83.8 84.1 84.4 84.7 85.1 85.4 85.7 88.0 86.4 88.7 87.0 87.3 87.7 
51.5 82.0 82.3 82.6 83.0 83.3 83.6 83.9 84.3 84.8 84.9 89.2 85.5 89.8 88.2 86.5 88.8 
51 81.2 81.5 81.8 82.1 82.5 82.8 83.1 83.4 83.7 84.1 84.4 84.7 85.0 85.3 85.6 86.0 
50.5 80.4 80.7 81.0 81.3 81.7 82.0 82.3 82.6 82.0 83.8 83.5 83 9 84.8 84.5 84.8 65.1 
50 19.8 79.9 80.2 80.5 80.8 81.2 81.5 81.8 82.1 82.4 82.7 83.0 83.3 83.7 84.0 84.3 
49.5 78.8 79.1 79.4 79.7 80.0 80.3 80.7 81.0 81.3 81.8 81.9 82.2 88.5 82.8 83.1 83.4 
49 78.0 78.3 78.6 78.9 79.2 79.5 79.8 80.1 80.5 80.8 61.1 81.4 81.7 83.0 88.3 88.6 

Wt. per cu ft = <'°°-'')»G.^''«i-43 Bample Find wt. per cu ft lor poioaily (n) -39 when G, = 1 57 

Wt. per c„ ft = ' • ^ 5 7 , 81.43 . 6 5 . » 0 . 4 5 . , ^ , 
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TH E NATIONAL ACADEMY OF SCIENCES—NATIONAL RESEARCH COUN
CIL is a private, nonprofit organization of scientists, dedicated to the 
furtherance of science and to its use for the general welfare. The 

ACADEMY itself was established in 1863 under a congressional charter 
signed by President Lincoln. Empowered to provide for all activities ap
propriate to academies of science, it was also required by its charter to 
act as an adviser to the federal government in scientific matters. This 
provision accounts for the close ties that have always existed between the 
ACADEMY and the government, although the ACADEMY is not a govern
mental agency. 

The NATIONAL RESEARCH COUNCIL was established by the ACADEMY 
in 1916, at the request of President Wilson, to enable scientists generally 
to associate their efforts with those of the limited membership of the 
ACADEMY in service to the nation, to society, and to science at home and 
abroad. Members of the NATIONAL RESEARCH COUNCIL receive their 
appointments from the president of the ACADEMY. They include representa
tives nominated by the major scientific and technical societies, repre
sentatives of the federal Rovernment, and a number of members at large. 
In addition, several thousand scientists and engineers take part in the 
activities of the research council through membership on its various boards 
and committees. 

Receiving funds from both public and private sources, by contribution, 
grant, or contract, the ACADEMY and its RESEARCH COUNCIL thus work 
to stimulate research and its applications, to survey the broad possibilities 
of science, to promote effective utilization of the scientific and technical 
resources of the country, to serve the government, and to further the 
general interests of science. 

The HIGHWAY RESEARCH BOARD was organized November 11 , 1920, 
as an agency of the Division of Engineering and Industrial Research, one 
of the eight functional divisions of the NATIONAL RESEARCH COUNCIL. 
The BOARD is a cooperative organization of the highway technologists of 
America operating under the auspices of the ACADEMY-COUNCIL and with 
the support of the several highway departments, the Bureau of Public 
Roads, and many other organizations interested in the development of 
highway transportation. The purposes of the BOARD are to encourage 
research and to provide a national clearinghouse and correlation service 
for research activities and information on highway administration and 
technology. 
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