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ABSTRACT

Compaction of soil and asphaltic pavement by three 
types of compactors has been discussed. The theoretical 
and practical aspects of steel-wheel» pneumatic-tire, and 
sheepsfoot rollers were investigated. Characteristics of 
the rollers were studied for both soil and asphaltic pave
ment compaction.

Stresses and deformations within a soil mass under 
varying total loads and wheel pressures were also con
sidered ,

Consideration should be given to the use of rollers 
with larger roll diameters and increased width. This would 
help to prevent complete failure in shear of a soil.

Stage compaction was discussed and it was noted 
that high density could be obtained by using rollers of 
different weights.

Based on a careful evaluation of the assumptions 
made in the mathematical development of theory it was con
cluded that the theory was a slightly conservative, 
reasonable approximation.



CHAPTER 1 

INTRODUCTION

History Review of Soil Compaction and Compactors
The development of the tools and methods for 

compacting soil began many centuries ago. However, the 
principles of compaction have been understood for only a 
relatively short period of time.

Prior to the use of highway rollers, it was common 
to use cattle, sheep, and goats for soil compaction. As 
recently as 1893, goats were used to compact soil in the 
United States.

In 1619, in England (1), a patent was granted to 
one John Shotbolte for employing " . . .  land stearnes, 
scowrers, trundlers and other strong and massy engines 
. . . in making and repairing highways and roads."

In a recent work (2) on soil compaction, it was 
noted that an 1824 edition of a book by John Londen McAdams 
emphasizes traffic compaction rather than rolling.
Although the French adopted McAdams8 methods, they con
sidered rolling as essential to efficient highway construc
tion.

1



Sir John F. Burgoyne, Chairman of the Board of 
Works in Ireland, discussed the usefulness of rolling in 
the first treatise written in England on this matter.

The purchase of the first steam roller to be used 
in the United States was made by New York City which 
occurred in 1869, according to their Central Park Commis
sion. This roller was built in England, and was similar in 
many ways to present-day 3-wheel rollers. The English-type 
roller with horizontal boiler was used here almost exclu
sively until the development of a vertical boiler with a 
tandem-type roller by the Julian Scholl Company of New York 
in 1903 (3). 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- 
horsepower gasoline engine (4). Additional information 
pertaining to details of developments of steel-wheel 
rollers of both the 3-wheel and tandem types are given in 
a paper by C. F. Parker (5),.

The development of the sheepsfoot-roller may have 
been inspired by the earlier use of animals as effective 
compactors. The first sheepsfoot-roller was constructed of 
a log 3 feet in diameter and 8 feet long into which were 
driven 7 inch long spikes. Further development in Santa 
Monica, California, led to the Petrolithic or Fitzgerald 
roller (6). Sheepsfoot-rollers came into common use in the 
1930"s.
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The use of rollers for soil compaction increased 

after the transition from horse-drawn to tractor-drawn 
equipment. It was during the 1930es and the early 19406s 
that highway engineers began to seriously discuss 
"principles of compaction.” Since that time, a great 
amount of work has been accomplished in developing tools 
and methods which will yield the fastest and most efficient 
means for soil compaction.

General Discussion
Most of the information currently available on soil 

compaction in construction deals with methods of compaction 
rather than with fundamental principles involved. Although 
there are many variables which affect the results of com
paction, little investigation has been made into the rela
tionships between these variables. Engineers must rely 
principally upon past experience as the basis for decisions 
and are therefore subjected to the shortcomings inherent in 
all empirical methods.

Divergent views are often noted on important sub
jects such as: the choice of type of roller, the proper 
use of rollers, the maximum soil density that can be 
economically obtained, methods of field control, et cetera.

A thorough understanding of the basic concepts and 
principles of compaction is necessary in order to control



properly the influence of the factors involved on the final 
results.

Compaction of a soil may be defined ass increasing 
the bearing capacity of the soil by mechanical means, or 
increasing the unit weight of the soil by manipulation in 
the form of pressing or ramming the soil particles into a 
closer state of contact. During compaction both air and 
water may be expelled from pervious granular materials as 
the porosity is reduced by compaction. The strength and 
bearing capacity of the sub-soil depends on many factors. 
Soil mechanics can be used to determine and characterize 
these factors.

The increase in bearing capacity requires energy 
and results from a permanent modification of the arrange
ment of the soil grains. It is followed by an increase in 
the apparent density expressed as dry density. Compaction 
or increased capacity is used for the purpose of increasing 
the resistance of the soil to the applied load, also 
decrease permeability.

Obviously, one of the first variables encountered in 
compaction work on any given soil is the type of equipment 
to be used. In general, equipment commonly used for con
struction work are steel-wheel rollers, pneumatic-tire 
rollers and sheepsfoot rollers.

It is the purpose of this thesis to review the 
theoretical and practical aspects of highway compactors and



to show the functional differences between several types of 
rollers, as found in the literature.

Soil compaction results from a moderate shear 
failure which results in densification but not in complete 
failure of a soil mass.



CHAPTER 2

ROLLER ACTION ON SOIL COMPACTION

In selecting a roller for the specific job of 
compaction, two important considerations exist„ One is the 
contact pressure as limited by the bearing capacity of the 
soil, and the other is that of selecting the heaviest 
roller and largest wheel size, as will be discussed, 
commensurate with practical and economical operation.

In the case of cohesionless soil these two con
siderations are closely interrelated.

In the case of loose cohesive or moderately 
cohesive soil, the shearing resistance is very low. When 
the pneumatic-tired roller is used, the tire sinks into the 
soil and reduces the loading pressure by increasing the 
contact area. When using the sheepsfoot roller, the tamp
ing feet penetrate the uncompacted soil, effectively 
spreading the load to a large area, because the roller drum 
becomes in contact with the soil.

Compaction of the soil begins with the first pass 
of the compactor. Subsequent passes of the rollers are 
thus on a soil with higher resistance, and every additional 
pass of the roller is on a yet stronger soil. Thus, it 
becomes possible to achieve a certain maximum density for



each particular loading. The efficiency of the roller 
gradually increases until a maximum is reached. Then the 
efficiency decreases because the roller pressure is too 
light relative to the resistance of the soil„ Finally, the 
efficiency of rolling approaches zero because no further 
compaction will result from additional rolling. That is, 
the shearing strength of the soil is equal to or greater 
than the roller pressure. At this point, the work done by 
rolling is stored entirely as elastic strains within the 
soil.

Low pressure rollers have a much higher starting 
efficiency than the heavy pressure rollers. However, a 
heavy roller may compact a soil to a greater density than a 
light roller because the soil particles will be forced 
closer together due to the higher pressures induced by a 
heavy roller. For extremely light or extremely heavy 
rollers, little compaction may be obtained.

The influence of the size of rollers on compaction 
is similar to the influence that the size of footing has on 
settlement with respect to shear failure. This influence 
varies with types of soil. For cohesionless soil, the 
difference in sizes of loading area has little effect on 
compaction so long as the pressure remains the same. How
ever, for very heavy rollers, shear failure will start 
sooner under a small loading area than a large loading 
area. For clay, rollers with small contact areas are more
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efficient for compaction than those with large contact 
areas, because there will be more volumetric strain for the 
small loaded area under the same pressure intensity, pro
vided that the soil is not loaded to failure (7).

For soil types between cohesionless sand and 
cohesive clay, the pressure-settlement curve of a roller is 
as shown in Fig„ 1 (8) and is similar to that of a footing. 
It shows that if the pressure is constant and does not 
exceed , the large area will have produced more strain 
than the small area. Therefore, the rollers with larger 
contact area will be more efficient than that with the 
smaller contact area,

Sheepsfoot Rollers
The sheepsfoot roller used in compaction is the 

free oscillating type and has dual drums. Each drum is 60 
inches in diameter, 66 inches long, and is equipped with 
120 tamping feet (30 rows with 4 feet per row). The shanks 
of the feet are about 7 inches long. Variations in the 
size of the feet can be obtained by welding steel plates 
to the standard 7 square inch foot. The roller weight can 
be adjusted to provide a constant pressure of 250 pounds per 
square inch. This nominal or rated contact pressure can be 
computed by assuming only one row of feet in contact with 
the soil (9).
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As one row of feet penetrate a loose soil, another 

row will come in contact with the soil and the intensity of 
pressure on the face of any one foot is consequently re
duced, It has been found that the penetration increased 
with roller weight. The greater penetration of the heavier 
rollers lessens the pressure transmitted to the soil and 
thus, the actual pressure transmitted to the soil was 
essentially the same for all weights of rollers.

It has been found that the sheepsfoot rollers were 
much less efficient than the smooth-wheel rollers for 
compacting gravel-sand-clay mixtures, and were less effi
cient for non-cohesive soils (10).

The contact pressure of the feet is an important 
factor in the performance of a sheepsfoot roller. It is 
readily apparent that adjusting the end area of the feet is 
a convenient means of varying the contact pressure to suit 
the type of soil being compacted.

The basic requirement for the length of foot is 
;that it be at least as long as the thickness of the lift 
being compacted. The length of foot does have considerable 
effect upon roller construction and operation. Experience 
shows that as the foot length is increased, careful atten
tion must be given to the design of the foot so that it can 
resist the larger stresses, especially in turning the 
roller. The length of drum required to maintain the 
stability of the roller is dependent upon foot length. The



larger the feet the longer the drum must be and the larger 
its diameter.

The distribution of the total roller weight among 
the feet penetrating the soil has a great effect on soil 
compaction. There will be no pressure on the feet to the 
rear of the axle when the roller is in motion, because the 
feet are being withdrawn from the soil.

To take full advantage of the performance of 
sheepsfoot rollers, it is necessary to apply a relatively 
large number of passes, and for this reason their effi
ciency is not particularly high.

A disadvantage of sheepsfoot rollers is that a 
loose soil is left on the top of the compacted layer, such 
that the rollers are only able to produce an effective 
compaction of about 3 inches at the bottom of the compacted 
layer.

It has been found (11) that with all types of 
rollers, the first few passes produced a large increase in 
density, but with further passes the increase was less 
rapid, until finally, no further increase could be obtained. 
For example, from 4 to 16 passes were required with the 
smooth-wheel and pneumatic-tired rollers to obtain satis
factory compaction, but with the sheepsfoot rollers from 16 
to 64 passes were required. It was found also that none of 
the rollers were able to compact effectively to a greater 
depth than 6 inches? for some soil conditions, compaction
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was not fully obtained through more than 4 inches of the 
compacted layer.

The pneumatic-tired roller loaded to twelve tons 
and having a tire inflation pressure of thirty-six pounds 
per square inch was less effective than the smooth-wheel 
rollers on granular soils, but was able to effectively 
compact clay soil at a relatively high moisture content.

Parker (5) has found that two steel-wheel rollers 
are more efficient on sand and clay soils than other types 
of rollers. He also found that rolling asphaltic concrete 
at higher temperatures is possible when using large 
diameter rollers.

In computing the drawbar pull for the steel-tired 
roller, Parker (5) has made the following mathematical 
analysis:

Drawbar Pull
The coefficient of rolling friction is

in which W is the load and P = Drawbar pull.
From Figures 2 and 3

fr = tan 6

P - f W = tan 9 W (2-2)
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(c) Force Diagram
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Figure 2. Wedge Formation, Mechanics of Rolling and 
Force Diagram for a Roller Wheel
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P « Drawbar Pull 
W Weight

--= Coefficient of Rolling Friction = tan 9 
= Radius

Figure 3. Geometry of Rolling for Specific Roller 
Radii of 24 and 36 Inches 

(after Parker)
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Combining equations (2-1) and (2-2)

f -  - TCTI (2-3)r
but

and

tan 9 = £§£ (2-4)

tan 9'= g (2-5)

therefore,

tan 9 = tan 9 1 (2-6a)

9 = 9 *  (2-6b)

Angle 9 subtends the arc of rolling contact, S, and
a graphical solution for the value of S can be made using
the coefficient of rolling friction and a certain roll 
diameter.
By Geometry,

H = G tan 9/2 (2-7)
or

H - G (2-8)

Combining equations (2-3) and (2-8)

^r u n sin 0
R-G r-t-co's e

or (2-9)
, _ frRG ilfPS"'

1+fr l f c o s 5



The arc length S can be found by
16

s " rarfigT (2-10)

Speed of Rollers
Dynamic resistance of soil is a well recognized 

phenomenon in pile-driving. It may also exist to a certain 
degree in soil compaction during the rapid penetration of 
the tamping feet of a sheepsfoot roller or of the highly 
inflated rubber tire of the pneumatic-tire roller. If fast 
enough, the load will be resisted not only by the static 
friction and cohesion, but also by the viscosity of the 
soil.

The results of a number of experiments (12) on the 
action of dynamic forces are valuable in arriving at an 
understanding of the problems involved. Fig. 4(a) indi
cates the relationships between settlement of soil and 
velocity of rollers. It may be seen that the resistance 
will rise to a maximum value, which is principally dynamic 
resistance at the beginning of the settlement and then 
drops rapidly to an almost constant value, which is static 
resistance. Fig. 4(b) illustrates the variation of dynamic 
resistance with the velocity. The area under the 
resistance-velocity curve represents the loss of energy 
during compaction. The shape of the curve is significant
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in that the area increases at a much faster rate than does 
the velocity.

Since the dynamic resistance is a direct function 
of velocity, and the energy input is also a direct function 
of velocity, the following equations may be written.

v 2 fSM V- = / RdS
0

MVdV = RdS

Where:

r°

V V
s = m r  = m r (2-11)

R = Soil resistance. 
S = Settlement.
M = Soil Mass.
V = Velocity.



CHAPTER 3

CONSIDERATIONS OF USING ROLLERS IN THE COMPACTION
OF ASPHALT PAVEMENT

Experience shows that three types of rolling equip
ment are now being used for compaction of asphaltic pave
ment .

1. Conventional steel-wheel rollers.
2 = Pneumatic-tire rollers with fixed tire pressure.
3. Pneumatic-tire rollers equipped with rapid adjust

ment of tire inflation pressure while moving.

Steel rollers have been used for many years and 
have been discussed in the literature (13). Pneumatic tire 
rollers are found basically in two types; the one most 
commonly used requires careful attention to tire pressure. 
The other will allow for a change in tire pressure by the 
operator while the compactor is in motion thus avoiding a 
loss in(time.

Tire adjustment must be made to avoid adhesion of 
the asphalt mix to the roller. If a tire incorporating 
temperature control were developed, the adhesion could be 
reduced or eliminated, also to vary compaction stages as 
material strength increases.

19
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It has been shown that pneumatic-tire rollers yield 

a greater degree of surface density because of high contact 
pressure. Differences in effectiveness of roller types 
have been determined during breakdown, intermediate and 
final stages (13).

Breakdown Rolling
To be effective the roller must exert sufficient 

bearing pressure to overcome the resistance of the asphalt 
mix. This is accomplished by the relation:

A x R = W where A = Surface area of the roller.
R = Asphaltic resistance.
W = Applied load of the roller 

weight.

also ^ = R,

Optimum compaction by steel roller occurs when the 
pressure exerted on the asphalt is slightly less than a 
value that will result in localized failure of the asphalt 
surface.

Very careful control of applied roller pressure is 
necessary for this optimum compaction in order to achieve a 
suitable surface. As increasing compaction occurs over a 
given section of the surface, more weight must be applied 
per unit area (pressure) if appreciable increase in density 
is desired.
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For pneumatic-tired rollers as the compaction, 

process is in progresss a lateral displacement of the mix 
results from the settlement of the tire. In order to 
improve the compaction operation, it has been common to 
construct rollers with alternate positioning of tires on 
front and rear axles, so that the strips of raised asphalt 
created by the passage of the first set of tires is com
pressed by the passage of the second set of tires.

Ridges due to lateral displacement are commonly 
observed after pneumatic tire compaction. Compaction is 
continued until the lateral displacement has been minimized 
and no ridges are present. The ideal result of compaction 
is to achieve equal degrees of smoothness along mutually 
perpendicular axes.

McLeod (13) has shown that as little as 10 psi of 
tire pressure will make the difference between smooth and 
marginally rough surfaces. In addition to tire pressure, 
ambient temperature and viscosity of the mix must be taken 
into consideration throughout the compaction process.

A slight increase in viscosity through cooling will 
alter the resistance value found in the previously men
tioned equation R = ^.

If ridges have formed, compactive effort can be 
controlled by allowing the mix to cool somewhat before 
additional passes are made. If it is desired, compaction 
may immediately follow spreading if tire pressure is
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substantially reduced. One cannot say definitely what tire 
pressure will produce the desired compaction for a given 
temperature and viscosity of the mix. It should be recalled 
that the best surface is produced under conditions of maxi
mum vertical displacement and minimum lateral displacement. 
In this instance, succeeding passes of the roller will not 
be required to eliminate the ridges.

Intermediate Rolling
The second stage of compaction has generally been 

called intermediate rolling. The object of this stage of 
the operation is to continue compaction without breaking 
the adhesion between individual particles. Therefore, the 
mix must not be deformed laterally by the equipment. In 
order to avoid this deformation, it is necessary to roll 
the mixture at lower temperature and higher ranges of 
resistance.

With the use of a steel-wheel roller, careful 
inspection of the mix is necessary to avoid lateral deforma
tion. In the event that this is suspected, the mix must be 
allowed to cool before continuing compaction. The same 
general care must be given to pneumatic-tire compaction.

McLeod (13) has found that a maximum tire pressure 
of 50 psi yields best compaction if deformation is not 
observed. If the mix has been given greater than necessary 
cooling time prior to pneumatic rolling, the 50 psi
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pressure will not be sufficient to compact in view of the 
increased stability of the mix. Due to this somewhat 
critical temperature-stability relationship, equipment with 
adjustable tire pressure is often most efficient particu
larly with regard to time saving.

Final Rolling
The final stage of rolling presents problems in 

applying the correct degree of final compaction. It has 
been found that steel rolling at this stage may quite 
easily bring about detrimental effects. Pneumatic tire 
rollers often are efficient in final compaction.

For this reason, McLeod (13) prefers the adjustable 
pneumatic-tire roller for most efficient compaction 
resulting from pressure changes relating to observable 
conditions. Over rolling may result in a loss of density.

Relative efficiency of each type of equipment can 
be considered in terms of the work applied and the density 
of the compacted material. McLeod (13) has presented this 
relationship in general terms, see Figs. 5 and 6. It may 
be noted in Fig. 5 that there is an ideal relationship 
between compactive effort and resulting density and that 
this ideal state may be easily overlooked if competent 
inspection is not performed during rolling. For the steel- 
wheel roller, deviation from this ideal point results in 
either the previously mentioned damage or less than
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desirable state of density. It is also seen in Figs. 5 and 
6, that use of adjustable pressure type rollers will reduce 
damage and insufficient compaction to tolerable levels.
The chief advantage of pressure adjustment lies in the 
ability to accommodate slightly unstable mixes. Tire 
pressure may be increased to several discrete levels during 
compaction.



CHAPTER 4

THEORETICAL CONSIDERATIONS OF STRESSES INDUCED
BY COMPACTORS

The Mohr Circle in Plane Elasticity of Two Dimensions
Simon (14) found that in a plane, the normal stress 

O' and the shear stress acting on a plane are given as:

a - ---2  T  2--- cos 2a (4-1)

r Oi - O 3
a =s ---2--- sin 2a (4-2)

The point with coordinates (J and T lies on the 
Mohr Circle where the radius is:

R = — --g — - (4-3)

The center of this circle lies on the stress axis 
and has an abscissa of:

o', + o',
X — ---2*  (4-4)

The equation of the Mohr Circle, as shown in 
Fig. 7, is:

r a + " X)2 = r2 (4-5)
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Figure 7. Mohr Envelope and Mohr Circle Equation
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Failure Line--Condition of Failure Line with Mohr Circle

The failure line of a soil having a cohesion C and 
having an internal friction angle 0 in the same plane of 
coordinates is:

^  = C + tan 0 (4-6)

The conditions for the failure line to be tangent 
to the Mohr Circle, as illustrated in Fig. 8, are:

Cfo Oi Oq—  = C cos 0 + ---2---  sin 0 (4-7)

R = C cos 0 + X sin 0 (4-8)

There is no failure at the considered point if the 
line does not intersect the circle. That is to say:

R < [C cos 0 + X sin 0] (4-9)

Stresses of Compaction
At the end of each compaction phase, there should 

be temporary equilibrium between stresses and reactions at 
each point in the soil. Furthermore, it has been shown 
experimentally by Simon (14) that the equation of 
Boussinesq (established for an elastic material) is 
approximately valid even for inelastic conditions.

Thus, the computations can be based on Boussinesq*s 
equation assuming that the soil is homogeneous, isotropic, 
and elastic.

0i
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Figure 6. Coiiditioiis for the Failure Line to be Tangent to Mohr Circle
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Stresses on a Loaded Strip, Mohr Circles, Mohr Envelope 

In a weightless soil, the principal stresses 0^,
Cf3 acting on a point Q under a strip of width 2a, and a 
pressure P , Fig. 9 can be expressed as:

(Tj_ = ~ (9 + sin e) (4-10)

O 3 = ~ (9 - sin 9) (4-11)

The Mohr Circle is defined by:

R = £ sin 6 , X = £ 6 (4-12)

and its equation is:

Tl + (0a ‘ = sln 6)2 (4-13)

where: 0^ - Principal stress, vertical direction.
Cfn = Principal stress, horizontal direction.
P = Uniform load.
9 = Angle under which the strip is seen.
R = Radius of Mohr Circle.
X = Distance from the center of the Mohr Circle

to the shear stress axis.
T = Shear stress, a
The envelope of circles, when 9 varies, is obtained 

by eliminating 9 in the above equation by taking its 
derivative, with respect to 9. The equation becomes:
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2<Z

Figure 9. Diagram for Stress Computations at Q

VTT

Figure 10. Form of Mohr Envelope, the Tangent Makes an 
Angle 0 with the Vertical (after Simon)
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(T = ~ (9 - sin 9 cos 9) (4-14)

T = 2 sin^ 9 (4-15)

Every tangent to that envelope is such that:

(4-16)

that is to say, the tangent makes an angle equal to 9 with 
the vertical. Fig. 10 gives the form of that envelope.

For the envelope corresponding to points located at 
a depth Z, it is known that 9 cannot be greater than 9max , 
where 9 is defined as:fflcLX •

tan = %

The envelope of Mohr Circles corresponding to 
points located at a depth Z consists of:

1. The portion of the complete envelope corresponding
to o < e < eM .

2. The Mohr Circles corresponding to ©max •

For a soil with weight, a vertical stress can be 
obtained when gravity is added to the stress caused by a 
compactor. The vertical stress at a depth Z is equal to

Nz =6z (4-17)

where: Q = Soil density.
Nz = Vertical stress.
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and is a principal stress. The horizontal stress depends 
not only on Poisson's Ratio r\ but also on the history of 
the mass. In the case of a mass without initial stress and 
which is subjected to the action of gravity, the horizontal 
stress is equal to

where: = Horizontal stress.
ri = Poisson's Ratio.

But *n for a soil varies between 0.5 and 0.25, and

small diameter with respect to the abscissa of its center. 
The effects of gravity may be approximated by a hydrostatic 
stress which is equal to

(4-18)

then the corresponding Mohr
Circle is defined as (10):

(4-19)

x "6 Z 2(T-~n7 (4-20)

then ^ = 1-2%, and 0 ( ^ ( 0.5. The Mohr Circle has a

(4-21)

(This hydrostatic stress is equal to Oz for 
% = 0.5.)
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The Mohr Circle for the combined stresses

(compactor + gravity) at the pointed located at a depth Z 
is thus defined by:

Stresses Under a Circular Load of Radius a
The expressions for stress in a weightless soil due 

to a circular load are much more complicated. However, the 
vertical and horizontal stresses along the central axis, 
which are also principal stresses at a depth Z, are 
expressed as (14):

Study of Loaded Tires
The effect of a load at a given depth depends on 

the contact pressure and on the diameter 2a (Circle) of

(4-12)

(4-22)

^  = P C1 " ( a Z + z V ^ J (4-23)

[(1+2ti)
(4-24a)

When Poisson's Ratio is equal to 0.5 then,
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the contact area (these conditions are created by a tire 
compactor) (14).

The contact area of a loaded tire resting on a 
plane surface has a form roughly elliptic with a minor axis 
of 2a^, parallel to the axle and is almost constant for a 
given tire. The major axis, 28^, varies with the load and 
tire pressure.

By assuming the contact area to be circular, calcu
lations involving highway loads are simplified. However, 
it is probable that the actual contact area is closer to an 
ellipse than a circle.

Another assumption commonly used is that the con
tact pressure is a constant over the entire loaded area:

P - -g (4-25)

where: P = Load per tire
S = Contact area

Study of the Effects of the Tire Compactors
Case of purely cohesive soils: In a purely cohesive

soil the internal friction angle 0 is equal to zero. In 
this condition, the failure line parallel to the X-axis 
(stress) has the following equation:

7" = C (4-26)
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C is a function of density (5, for each water content. The 
condition of tangency between this line and the Mohr Circle
(R,X) can be expressed in the following manner:

Cfi “ $3R — "2... ~ C (4*3)

In a purely cohesive soil and under a given water 
content the cohesion developed at each point by a given 
compactor is equal to the greatest shear stress created at
that point. This stress determines the density reached at
that point.

Maximum Shear Stress at a Given Depth
Assuming first that the compactor has the same 

effect as an infinite strip of width 2a, the largest shear 
stress at a point under the loaded strip is the radius of 
the Mohr Circle and has the value

R = ~ sin 9 (4-12)

Whether the soil is weightless or not, the maximum 
of R at a given depth corresponds to the maximum value of 
sin 9. But the maximum value of 9^ is such that:

tan T 5 = I

which takes place when the point is on the load axis. Then 
there are two cases:



and sin 9 cannot reach the value of 1, then the 
maximum R is reached on the axis and is equal to

r = | sin eM 

or 6m > 7  ^  f  > 1 ^  f  < 1

Then sin 9 is not maximum on the axis, but at the point 
where 9 = -j; that is to say, on the half circle having a 
diameter of 2a, the maximum value of R is independent of

pZ and equal to — .
R ^Designating p by /(, then

7 sin 9M 2 tan ■*—
for - ) 1, A  = ------  = ^ (4-27a)

1 + tan2 ^

that is to say:

~ m (4-27b)
71 1 + a /Z

for | < 1, A = |  = 0.318 (4-27c)

Fig. 11 represents the variation of ^  with respect to 
Assuming now that the compactor effect is that of a 
circular load of radius a, it has been seen that if 
^ ( V*2> the maximum value of R will occur on the load axis
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Figure 11. Variation of X with Respect to — for
Strip Loading Area (after Simon) a



equal

Fig.
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R — P (3/4) ■ w-" *— T77 (4-28a)
(1 + a /Z ) '

If Z = "2^ , R reaches its maximum value which is
to

Rm  = — —  P = 0.29 P (4-28b)
w 2 V I

If Z ) a’2 i R is no longer maximum on the axis.

By letting X equal the ratio p then,

For I > ^  = I (1 / a4 /z2)"3/2 (4-28c)

For ~ * A. ~ — ~—  — 0.29 (4-28d)
^  ̂ 2 / 3

L2 represents the variation of X with respect to ■§.
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CHAPTER 5

STRESSES AND DEFORMATION IN SOIL MASSES

The vertical and horizontal stresses under a 
circular load of radius a are represented by the following 
two equations, as has previously been shown in Chapter 4.

,3
(a* + Z*)07 - p U  - - -? ■2 : 3/ 2 -I (4-23)

O x  = Oy = ! + 2n) - (5 ; ^ T / 5  + ( ^^2)3/2
(4-24a)

Fig. 13 shows a circular loaded area of radius a.
Defining a as the angle between the horizontal 

boundary of the semi-infinite mass and the line AB, equa
tions (4-23) and (4-24a) above may be expressed as follows 
according to Schmitter (15):

= P (1 - sin^oc) (5-1)

Cfx = (Jy = ^ [ 1 + 2ti - 2(1 + tj) sina + sin^a] (5-2)

The normal stress, , is independent of Poisson's
ratio, n, but the horizontal stresses, 0 % and Qy do depend 
upon T).

42



43

Figure 13. Circular Loaded Area of Radius a
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The vertical deformation of the element at depth Z, 

which is being subjected to a triaxial stress condition, 
has the value:

^ (Cfr? ■ 211 (5-3)

where: C = Vertical deformation
E = Modulus of elasticity 
T] = Poisson's Ratio.

By substituting equations (4-23) and (4-24a) in 
equation (5-3) and integrating between the limits of Z = Z 
and Z = oo, we obtain:

W = £ [(2-2Ti2)(a2+Z2)1 / 2 ------------- + (ri+2il2-l)zj
(a +Z^) '

(5-4)

Equation (5-4) gives the yield of point C at the 
depth Z. Fig. 14 shows the arrangement of the circular 
load at the surface of the semi-infinite solid having a 
modulus of elasticity E. By setting Z equal to 0, equation 
(5-4) becomes

W = i?— (2 - 2t|̂ ) (5-5)

where W = Elastic deflection at point C from Z = 0 to oo.

By using equation (5-5), it is possible to calculate 
the deformation on the surface of the solid at the center
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a

U J r

i C

Figure 14. Circular Load at the Surface of the Semi-Infinite 
Solid with Modulus of Elasticity E
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of the loaded area. Equation (5-5) assumes that the load

2is constant over the entire loaded area (71a ).
Study of Multi-Layer System

A roadway generally consists of several layers of 
non-homogeneous materials and may be regarded as a system 
of n-1 layers placed upon the bottom, or nth layer. The 
nth layer would correspond to the semi-infinite solid 
discussed above.

Odemark (16) has devised a method by which the 
stresses and deformations in a multi-layer system can be 
calculated approximately. His method is based on con
version of the upper layer to a thicker equivalent layer 
with a modulus of elasticity , equal to the modulus of 
elasticity Eg of the bottom layer as shown in Fig. 15.

At the surface of the semi-infinite solid, the 
deformation and stresses must be the same for both the real 
system and the equivalent system.

Taking equation (5-4), with ti = 0.5 and substi
tuting — — ==== = cos P, we find for the yield of point C.

V ^ 2+z2

Wh = — — cos P (5-6)

The compression of the layer h, which is assumed to
be part of the semi-infinite solid with the modulus of 
elasticity E^, is,



0

Figure 15. Conversion of the Upper Layer to a Thicker 
Equivalent Layer with a Modulus of Elasticity E-. , 

Equal to the Modulus of Elasticity E2 of tne 
Bottom Layer (after Schmitter)



In equation (5-7), cx refers to a layer of equiva
lent thickness ge , and not to a layer of the thickness h. 
The correction can be written as:

This reduction is necessary because the layer is 
not part of a semi-infinite solid having a modulus of 
elasticity E^, but is supported by a material with a 
modulus Em , which is less rigid by assumption (13).

The deformation in the real system at point C 
Fig. 15 may be found from:

Odemark (16) based his determination of h^ upon the
fact that two layers having the same flexural rigidity are 
equivalent although they have different thicknesses and 
moduli of elasticity. By using the above consideration the 
following equation results:

(5-8)

W = W, + W. = 1.5 P-a o h t

1 - cos oc (5-9)
m

m
(5-10)

where n is a factor to be determined
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Odemark has demonstrated, by using both his own 

values and Burmister's values (17), that the correction
factors for equations (5-8) and (5-10) take the value: 

n^ = n = 0.9

By substituting this value into equations (5-8) 
and (5-10) and then substituting (5-8) and (5-10) into 
equation (5-9), the yield on the surface of a two-layered 
system at the center of the loaded area is given by:

Equation (5-11) shows that the yield of the two- 
layer system can be calculated by multiplying the yield 
obtained for the semi-infinite solid, by a factor F, which

For wheel loads, two assumptions arc commonly made.
The first assumption is that the wheel loads are transferred 
to the roadway through a circular area. The second assump
tion is that the contact pressure between the tire and the 
road surface is constant over the entire loaded area (15).

F (5-11)

is a function of

Wheel load P = contact pressure p
where p = Tire internal pressure.
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Vertical stress arising in an ideal semi-infinite 

solid with reference to various wheel loads and contact 
pressures is shown in Fig. 16. This, diagram shows that, 
with the same total load, but with varying contact pressure, 
a variation in the strain occurs only in the uppermost 
zones, The stresses are the same at about 50 centimeter 
depth with the wheel load of 5 tons and at about 25 
centimeter depth with the wheel load of 2 tons, irrespec
tive of the contact pressure.
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P5 = ̂ 3 /cm 
V E R T I C A L  S T R E S S  --------------

2 . 5 5.0 7.5 10.00

Wheel Load 
2 Tons

20

4 0

Whee1 Load 
5 Tons

6 0

8 0

100

Figure 16. Vertical Stress Arising in an Ideal Semi- 
Infinite Solid with Reference to Various Wheel 
Loads and Contact Pressure (after Schmitter)



CHAPTER 6

SUMMARY AND CONCLUSIONS

Summary
Soil compaction is essentially the process of 

reaching equilibrium between dynamic loading and soil 
strength. Compaction depends,primarily on the intensity of 
pressure of loading rather than the total loading. High 
soil density may be obtained by using stage compaction with 
the use of light pressure roller first, when the soil is at 
a weak stage, and then followed by a heavier roller.
Optimum pressure should be determined by taking into account 
that the soil moisture content may be fixed. Rollers with 
large contact area will give better compaction of moder
ately cohesive soil than rollers with smaller contact areas, 
assuming the contact pressures are the same.

The investigation of soil compaction is a con
tinuing project. It appears that the effectiveness of 
types of rollers, depends on the pressure intensity and 
other characteristics. For a sheepsfoot roller, one must 
consider also foot area, spacing and shape of feet, and 
drum.diameter, Also, it is known that the effectiveness 
and behavior of a sheepsfoot roller depends to a great 
extent on the soil type.

52
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Consideration should be given to the use of rollers 

with larger roll diameters and increased width to prevent 
complete shear failure of a soil. Research should be con
ducted on the effect of draw-bar pull as related to the 
design of steel-wheel rollers.

Roller characteristics should be included in 
specifications for various types of base and pavement 
construction. Various characteristics should be submitted 
for approval based on the type and size of roller to be 
used and also on the type of material to be densified.

Compaction by sheepsfoot rollers occurs first in 
the bottom of a soil layer, and then works upwards. The 
compaction of the soil will increase gradually but the 
upper part of the layer will remain loose. The top of the 
soil mass will remain loose because the feet destroy the 
particle arrangement at the surface.

Compaction with steel-wheel rollers depends on the 
load and diameter of the roller. For a given roller 
diameter, the stress at any depth will depend on the load. 
Large loads will result in large stresses and smaller loads 
will give lower stresses at all levels. In all cases the 
maximum stress will occur at the surface of the soil layer.

Stresses in the soil mass also are a function of 
the diameter of the roller. For a given load, it can be 
said that the larger the diameter the smaller will be the 
stresses. Smaller stresses are due to the relatively large
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contact area of the roller» The maximum stress will occur 
at the surface regardless of the diameter of the rollers.

Compaction with pneumatic-tire rollers depends on 
the load and tire pressure. The latter can be changed for 
control of stress and depth of compaction. With a given 
load, an increase in tire pressure will cause the tire to 
penetrate to a greater depth in the layer, and the stress 
in the soil mass will increase. When the tire pressure is 
decreased a large contact area will occur, penetration will 
be less, and lower stresses will result.

The shear stress in a soil mass will depend on the 
total weight of the roller and on the contact pressure.

For a given total weight, the depth Z at which 
maximum shear stress occurs will vary inversely with the 
contact pressure. For a given contact pressure, the depth 
Z of maximum shear stress varies directly with the total 
weight.

Maximum shear stress occurs when Z/a is equal to 
approximately 0.7 (see Chapter 4). Figs. 11 and 12 show 
the variation of the magnitude of ̂ max the ratio Z/a.

During compaction the strength of the soil is 
increased until it reaches equilibrium with the applied 
stress. This is the basic function of compaction; that is, 
to balance the applied stress against the strength of the 
soil to be compacted.



Conclusions
In order to assess the validity of the mathematical 

development of theory it is necessary to look critically at 
the assumptions on which the theory is based.

The shear stress T  is equal to the cohesion C for 
pure clay soils because the angle of internal friction 0 is 
very small. Because the adsorbed water around the clay 
platelets does not permit the particles to develop much, if 
any, direct particle to particle contact, the internal 
friction angle 0 approaches zero. This produces the 
inherent weakness of clays at high moisture contents and 
low densities.

The circle is chosen as the idealized shape for 
the tire contact area because computations are simplified. 
Other simple geometric figures (i.e., square, rectangle), 
could be used but are not as good an approximation to an 
ellipse as the circle. It can be shown mathematically that 
for a given tire pressure the vertical stress at depth Z 
will be greater if a square contact area is assumed rather 
than a rectangle of equal area. Thus, a square area will 
yield more conservative results than a rectangle. Analo
gously, we may say that by using a circular contact area we 
will obtain more conservative results than would be obtained 
by using an elliptical contact area by approximately 5%.

Related to vertical deformation, the use of q = 0.5 
to q = 0.25 for soils is derived from empirical data. This
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range of values for r\ seems to be reasonable in view of the 
work done in soil mechanics, and would apply to relatively 
strong materials showing low to moderate volume changes 
during loading. The value of % = 0.25 is more conservative 
when computing vertical deformation. That is to say, when 
low values of are used, the computed deformation under 
the applied tire load will be larger. Maximum effect on 
computed vertical deformation, in the range of ri = 0.25 to 
ti = 0.5, is of the order of 15%.

The distribution of the wheel load over the area of
contact does not result in the perfectly uniform pressure 
assumed. However, the variation in contact pressure is 
very small and can be neglected in calculations. There
fore , we assume contact pressure to act over the entire 
area in accordance with Schmitter and Jenatsch (15), 
p. 541.

Using the above four assumptions a maximum error of 
approximately 20% may occur when computing stresses in the
soil mass. The error is always on the conservative side
and is not so great as to invalidate the solution. It can, 
therefore, be concluded that the theoretical development is 
a reasonable valid solution for subgrades and asphaltic 
pavements.
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