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Foreword

The papers printed in this RECORD will be of interest to both researchers
and to practicing engineers concerned with the design and construction of
compacted earth structures. The papers present information on various
aspects of the compaction problem. They include reports on specification
trends and major compaction problems (Johnson, Wahls), available infor-
mation on the structural properties of compacted soil (Langfelder and Ni-
vargikar), and a laboratory investigation of the rheological properties of
compacted soil (Pagen and Jagannath) which leads to a general program to
determine the optimum type and amount of compaction energy. A large field
study to evaluate typical compactors and rapid control methods (Hampton,
Selig, Truesdale) presentsdata indicating the major effect of moisture on the
compaction of soils. These conclusions haveadirectapplicationtoconstruc-
tion practice. A new laboratory compaction test for granular material
(Forssblad)is presented. Papers on rapid nondestructive control tests and
methods (Williamson and Witczak, Anday and Hughes, Weber and Smith,
Sheeran et al) discuss many aspects in whichmanagement of inspection and
utilization of modern equipment and methods increase productivity in the
compaction of granular base materials and soils. Proposed new testing
techniques and evaluation of current compaction and controls methods are al-
so included (Sherman etal, Humphres and Jasper, McDowell, Campen etal).
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Symposium on Compaction of Earthwork and
Granular Bases

Introductory Remarks
A. W. JOHNSON, Engineer of Soils and Foundations, Highway Research Board

¢ONE PURPOSE of an introduction is to place the subject in perspective with times
and places, and with needs that have changed with advances in our state of knowledge.
We can do this by viewing the subject from three vantage points: (a) by reviewing our
knowledge of compaction, the skills used in its application, and the development of
those skills; (b) by assessing our present knowledge and present application in terms
of current practices; and (c) by taking a foreglance into the near future to see how we
may make even better use of compaction.

In organizing this symposium, your Committee did not look deeply into the origin
of modern compaction and the development that followed to learn the scope of engineer-
ing involved. That has been done. The results are available in the literature, in-
cluding several HRB publications (1), However, it may be of interest to note here, as
we review the beginnings when O. J. Porter (2, 3, 4) and R. R. Proctor (5) developed
moisture-density-compactive effort relationships and related the results of field and
laboratory compaction, each developed a system of controls that influenced those
properties of soils that needed to be controlled by compaction. Thus they determined
not only the optimum moisture content and maximum density for given compactive ef-
forts, but they also related those values to values indicative of swell, bearing value,
shear strength, and consolidation of the compacted soils under their own weight in em-
bankments.

After the publication of Proctor's work some of us accepted that part or those parts
of Porter's or Proctor's systems that we could fit into our plans and specifications
conveniently. Some of us recognized a need for the compaction test. Several highway
departments commenced constructing projects under density and moisture control.
Some used the Proctor Plasticity '"Needle, ' at least on an experimental basis in the
control of construction. Some adopted the California Bearing Value Test to aid in the
design and construction of bases and subgrades. In 1938, AASHO standardized the
compaction test. In doing this, AASHO accepted the Proctor mold and rammer but
changed the compactive effort from 25 firm, 12-inch strokes to 25 blows of the rammer
dropping a distance of 12 inches.

Those in positions of authority felt that it was not good engineering to specify that
contractors compact soils to 100 percent of a density value that had become known
erroneously as "the maximum density." This seemed an unusual decision, for there
were few, if any, instances in the specifications that required a reduced percentage
of some predetermined value believed to be desirable. Placing both an upper and a
lower limit on percent density as in specifications for certain other requirements in
road building was believed unworkable for compaction, and there were few of us at
that time who were willing to admit that we were capable of designating the proper lower
limit of percent density for all types of soil and their uses in different parts of the
road structure.

Paper sponsored by Committee on Compaction and presented at the 46th Annual Meeting.
1



Thus, while the compaction test was soon standardized, few accepted the other ac-
companying test methods employed by either Porter or Proctor, nor did we replace
them soon with other acceptable tests to aid in the proper use of compaction.

The foregoing concerned the beginnings of scientific methods for use and control of
compaction. Since that period a number of organizations have developed systems that
relate moisture and density control to some soil property or properties that they de-
sire to control in design and construction. One example of a system of this nature is
described in a paper that is a part of this symposium.

Assessments of our present knowledge are being made from time to time. In one
sense these become our hindsights, but only when they are brought into focus with
previous studies and both are interpreted in the light of what we know today.

In recent years several summaries have been made of current practices concerning
the use of compaction as indicated by limits in state highway standard specifications.
Some reports on methods of designing flexible type pavements have indicated the use
of compaction as a design tool. Ilowever, those summaries of current practices could
well have probed more deeply into both the how and why of the use of compaction. This
symposium includes one paper on current practices. It is based on a comprehensive
study of the state of the art that has been completed recently. It is important that each
of us learns the extent of the differences that exist in the present application of com-
paction and why those differences exist. When we have answered those questions we
may see better what we may gain from the third view in our perspective, namely that
of looking into the future possibilities of compaction.

Our state of knowledge regarding the manner and extent in which the type and degree
of compaction influences soil properties has increased greatly in recent years. Much
of this newly gained knowledge has come from results of laboratory studies. I feel
rather strongly that we have inadequate confirmation from field experience that can tell
us how to translate this knowledge into behavior of those elements that make up the
total road structure. I feel this is true for the variables of soil type as well as for the
attendant climatic, load, time and other conditions as they affect or are affected by
the degree of moisture-density control and the location and dimensional aspects of the
zones involved. More field data are needed on soil responses to the range of conditions
that exist. When those data become available, we should be able to use compaction to
result in even greater benefits than is now possible.

I hope that those of you who use compaction will take advantage of this symposium to
determine (a) if you are using compaction to the greatest advantage; (b) if you can
predict with reasonable accuracy the limiting values of shear strength, consolidation,
swell, or other soil property that is needed in designing and building each element of
the total road structure and how each is dependent upon compaction; and (c) if you
have the means for determining the limiting values of moisture content, density, pulse
velocity, or the means for applying statistical or any other methods that may be of value
in controlling construction satisfactorily. Some progress has been made toward these
goals, but it appears that as engineers and scientists we have little more than begun to
place ourselves in a position where we can use compaction to its best advantage in
providing stable slopes; minimizing post-construction settlements; controlling swell
and shrink of subgrades, shoulders and slopes, erosion of slopes, detrimental effects
of freezing and thawing, detrimental compaction by traffic under in-service conditions;
and in controlling uniformity to provide pavements that do not result in a pitching, roll-
ing or "choppy" ride that should not be characteristic of our road surfaces today.

The idea of using compaction as an engineering tool should no longer need to be
"sold.'" However, because compaction does so markedly influence the behavior of the
soil, there is indeed a strong need to further the understanding of its influence on soil
behavior. There is also a need to continue to work for better means for its control
during construction. All of these items are keys to providing a stronger, better riding,
and safer riding surfaces.
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Some Factors Influencing Shear Strength and
Compressibility of Compacted Soils

L. J. LANGFELDER and V. R. NIVARGIKAR, Department of Civil Engineering,
North Carolina State University, Raleigh

*THE GREAT majority of state highway departments are presently using dry density

as the principal criterion for judging the quality of compacted earthwork. This criterion
implies that increased dry density produces improved engineering properties in the
material. Although the use of dry density for field control can be easily accomplished,
particularly with the increasing use of nuclear devices, its value as a usable criterion
is only valid insofar as the dry density does, in fact, indicate the engineering properties
of the material. The two most important and generally applicable properties that con-
cern the highway designer are the shear strength and the compressibility character-
istics of the compacted materials. However, for certain soils and in many geographic
areas the shrinkage and swell potential and the frost susceptibility may be of greater
concern to the highway designer than the shear strength and compressibility character-
istics.

The major purpose of this paper is to present a review of the presently available
(1966) literature concerning some of the factors, in addition to the dry density, that
affect the engineering behavior of compacted soils. Because of space limitations only
shear strength and compressibility will be dealt with; for clarity of presentation,
cohesionless and cohesive materials will be discussed separately.

SHEAR STRENGTH OF COHESIONLESS MATERIAL
Major Factors

The shear strength of cohesionless materials is essentially controlled by five factors:
(a) mineralogical composition, (b) size and gradation of the individual particles, (c)
shape of the individual particles, (d) void ratio or dry density, and (e) confining
pressure. Assuming that the shearing resistance can be expressed by the Coulomb
failure criterion with zero cohesion, the first four factors mentioned affect the angle
of internal friction, whereas the fifth factor controls the normal stress. The first
three factors are properties of the material and therefore the choice of material should
be based on a consideration of these properties. The confining pressure is prinicipally
governed by the amount of overburden that exists above the compacted material. In-
creased confining pressures for a given cohesionless material will not only produce
larger shearing resistance but will affect the stress-strain behavior of the material.
The magnitude of the confining pressure also affects the dilation characteristics and
consequently affects the shearing resistance. It is, therefore, only the dry density or
void ratio that can be significantly changed during the compaction process. The first
four factors will be discussed briefly in the following sections.

Size and Gradation Effects

Holtz and Gibbs (1) performed a series of triaxial tests in order to study the effect
of the maximum particle size on the shearing resistance of a sand-gravel mixture.

Paper sponsored by Committee on Compaction and presented at the 46th Annual Meeting.
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For a 20 percent gravel and 80 percent sand mixture there appeared to be a slight in-
crease in shear strength when the maximum size was increased from ¥ in. to 3 in.
For the same materials with a 50 percent gravel and 50 percent sand mixture there was
essentially no difference in shearing resistance as the maximum size was increased.

Kolbuszewski and Frederick (2) performed shear tests using different sizes of glass
beads. For the rather limited range of median size of 0.48 mm to 0.86 mm, it was
found that with increasing grain size the shearing resistance first decreased and then
increased in strength over most of the relative porosity range.

Kirkpatrick (g) performed triaxial shear tests on a sand of very uniform particle
size, ranging from 0.3 mm to 2 mm. Microscopic examinations were performed to
insure uniformity of shape and mineralogy, and the sand was fractionated into six
sizes. The results indicate that for equal relative porosities the angle of internal
friction decreases as the mean particle size increases, when no energy correction is
applied to the data. If, however, the angle of internal friction is not determined from
the peak point on each stress-strain curve but rather at the strain where the sample
attains a minimum volume, then the frictional component of the angle of internal fric-
tion thus obtained appears to be essentially independent of grain size. These dataimply
that the effect of grain size is to modify the stress-dilation characteristics rather than
the actual frictional resistance of the material. This is consistent with Skempton's
(4) hypothesis that the contact stresses that exist in a stressed mass of soil approach
the yield strength of the grains. Therefore, the contact stresses should be independent
of the grain size and the frictional component of the shearing resistance will be inde-
pendent of the size of the grains. However, for practical considerations the work re-
quired to cause volume change must be considered together with the work required to
overcome frictional resistance.

Considering all of these data, it appears that the effect of grain size on the frictional
resistance has not been definitely established, although it appears that the effect on the
dilation characteristics causes variation in the shearing resistance.

The principal influence of gradation characteristics is the effect it has on the limit-
ing porosity of a given material. A more well-graded material will have a lower mini-
mum porosity and, because shear strength is inversely related to porosity, a more
well-graded material will have a larger shear strength for any relative porosity than a
more poorly-graded material. The direct effect of gradation can be obtained by re-
plotting Kirkpatrick's data for these sand mixtures in terms of absolute porosity vs
angle of internal friction. Although the variation in gradation is not very large it ap-
pears that the better-graded material exhibits a slightly lower angle of internal friction
than the more poorly-graded material. However, for similar compaction procedures
a well-graded material will obtain a smaller porosity than a poorly-graded material
and will, therefore, exhibit a larger shearing resistance.

Shape and Surface Texture Effects

The shape of individual particles has long been recognized as a factor influencing
the shearing resistance of a granular material. Terzaghi and Peck (5) have indicated
that for a granular material with round, uniform grains the angle of internal friction
varies from about 28. 5 deg with material in a loose state to about 35 deg for the same
material in a dense state; the corresponding values for angular, well-graded soils are
34 and 46 deg respectively. The range of these values is so well accepted in practice
that the effect of angularity is generally used to estimate approximately the limiting
values of the angle of internal friction for a given relative density.

Data by Holtz and Gibbs (1) on an angular quarry material and a river deposit ma-
terial at the same relative density (70 percent) exhibit angles of internal friction of 40
and 38 deg respectively. Holtz (6) states that a reasonable range of angle of internal
friction might be 22 to 45 deg for rounded sandy soils at low and high relative densities
and 27 to 52 deg for angular gravelly materials at low and high relative densities.
Morris (7) presents some interesting data on a Ya-in. maximum size crusher-run
basalt. An attempt was made to separate shape effect from surface texture effects.
These data indicate that merely rounding the particle shape without altering the texture
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results in an increase in shear strength, and smoothing the surface texture without
altering the particle shape results in a reduction in shear strength. Unfortunately,
density data are not presented and therefore it is quite possible that modification to the
material resulted in density changes that affected the data. In general, however,
naturally occuring rounded material will also exhibit a smooth surface texture and
angular material will have a rough texture so that it is not usually necessary to con-
sider these factors separately.

Void Ratio or Dry Density Effects

As previously stated, for a given material it is only the void ratio or dry density
that can be modified by the compaction process. For a given cohesionless material it
appears that the shear strength is directly related to the density but is independent of
the compaction process used to obtain this density. Data presented by Means and
Parcher (8) indicate that for a particular granular material the angle of internal fric-
tion is inversely related to the void ratio. The change in the angle of internal friction
with a change in void ratio appears to differ somewhat depending on the soil being
tested—varying from 2 deg for silty sands to about 6 deg for uniform gravels for a 0.1
change in void ratio. Zolkov and Wiseman (9) have presented similar data on dune and
beach sands that indicate an increase of about 4 deg for a decrease in void ratio of 0.1.

Wu (10) investigated the effect of initial void ratio on the angle of internal friction
by using uniform sands with mean diameters of 0.15, 0.44 and 1.00 mm. The angle
of internal friction for a given void ratio was different for each material; however, the
change in the angle of internal friction increased by about 2 deg for a 0.1 decrease in
void ratio. When these same data are plotted in terms of the angle of internal friction
vs the compacted relative density, the relationship collapses to a unique association
independent of grain size. The angle of internal friction increases about 1 deg for a
change of 0.1 in relative density. These data are consistent with the previous data with
the exception that the mean grain size appears to affect the angle of internal friction at
a given void ratio.

COMPRESSIBILITY OF COHESIONLESS MATERIAL

The compressibility characteristics of compacted cohesionless materials are pri-
marily influenced by the same factors that influence the shear strength, namely, the
mineralogical composition, size and gradation of the particles, shape of the particles,
void ratio and confining pressure. In general, the compressibility decreases with in-
creasing gradation, decreasing as-compacted void ratio, decreasing angularity, and
increasing confining pressure.

The mineralogy of the individual particles contributes to the compressibility char-
acteristics by influencing other properties such as the size, shape, cleavage planes,
elasticity, etc., of the particles. Compression tests on sand-mica mixtures performed
by Gilboy (11) showed that compressibility increases as the percentage of plate-shaped
particles increases. McCarthy and Leonard's (12) investigation on micaceous sands
and silts also indicated that the compressibility is significantly affected by the percent-
age of mica that is present in the material. The presence of plate-like particles, such
as mica, produces two effects that influence the compressibility. First, the surface
properties of these layer-latticed minerals are probably smoother than the massive-
shaped minerals and therefore can be more easily densified. Second, the introduction
of these flat particles produces a decrease in the compacted density which also con-
tributes to an increase in compressibility.

Wu (10) has presented data to indicate that decreasing grain-sized material will
exhibit increasing compressibility. These data are for samples with mean diameter
from 0.51to 1.00 mm. Using the same method of compaction, the initial void ratio
increases with decreasing grain size; however, the initial relative density increases
with decreasing grain size. Therefore, at a constant relative density, the increase in
compressibility would be even more pronounced than indicated. Burmister (ﬁ), work-
ing with materials ranging from gravelly sand to silty fine sand, also found that at



constant relative density (40 percent) the compressibility increased with increasing
fineness of the material.

The influence of relative density on compressibility is similar to the effect of relative
density on shear strength; that is, increasing relative densities for a given material
will cause decreasing compressibilities. Gardner (14) presented such data on Atlantic
City beach sand for a range of initial relative densities from 27 percent to approxi-
mately 100 percent and over a stress range from % ton/sq ft to 55 ton/sq ft.

Schultze and Menzenbach (_1_5) have presented data on 25 clean dry sands indicating
that compressibility increases with increasing initial void ratio. These data also in-
dicate that the compressibility increases for a given initial void ratio as the void ratio
between the maximum and minimum states increases. These increasing compres-
sibilities are due to the properties of the material such as grain shape and grain-size
distribution.

The grain shape appears to have two effects. First, more angular grain shape de-
creases the compacted density that can be obtained and second, it decreases the stress
required to cause crushing of grains. The crushing of grains causes degradation of
the material and nonelastic densification of the materials.

SHEAR STRENGTH OF COHESIVE SOILS

The shearing strength of a compacted cohesive soil is primarily affected by the
water content, gradation, dry density, soil structure, thixotropy and the normal ef-
fective stress acting on the failure plane. The water content that influences the shear
strength is not only controlled by the molding water content, but includes any changes
in moisture conditions that occur after placement. The dry density is controlled by
the amount of compactive effort expended during compaction, the water content at which
compaction takes place, the method used to compact the soil and any density changes
that occur after initial compaction. The soil structure’ is controlled by the method of
compaction used and the water content relative to the optimum water content. The
thixotropic effects for a given soil depend upon the time allowed for strength changes to
occur and the strain level at which strength is defined. The effective stress that acts
on an element of soil is produced by external pressure, such as overburden, and in-
ternal pressure exerted by the apparent negative pore water pressure. The overburden
pressures on subgrades are quite small; therefore, the major contribution to the ef-
fective stress would be the internal pressure.

Influence of Effective Stress

The shear strength of compacted cohesive soils can be interpreted in terms of
effective or total stresses in the same manner as saturated soils; however, the deter-
mination of the effective stress in a compacted soil is complicated because of the three-
phase nature of the system. Because of this complication the shear strength of com-
pacted soils is generally investigated in terms of total stress unless the test specimen
is soaked prior to testing and pore pressures are measured during shear. Neverthe-
less, it is the application of an effective stress and not a total stress that causes an
increase in shearing resistance of a compacted cohesive soil.

The shear strength of a compacted cohesive soil cannot, in general, be determined
from the well-known Terzaghi equation because the pressure in the gas and water phases
of the soil may be considerably different. Bishop (17) proposed the following expres-
sion for defining the effective stress in an unsaturated soil:

c-r=0‘-Xuv'V-ua(1-X) (1)

Lambe (16) defines soil structures as "the arrangement of particles and the electrical forces acting be-
tween them."



where
g = effective stress;
o = total stress;
uy = pore air pressure;
uy = pore water pressure; and
X -

a factor depending primarily on the degree of saturation, but which may

also be influenced by stress history, wetting or drying sequence, and soil

types.

The solution to this expression requires a knowledge of X, uy and uy,. The pore air
and pore water pressures can be determined using modifications of the pressure plate

procedure (18).

The determination of the X-factor requires the testing of duplicate

samples of ‘saturated and unsaturated specimens and the assumption that the angle of
internal friction remains constant upon saturation.

Assuming the Bishop equation adequately describes the effective stress, it is pos-
sible to obtain a qualitative estimate of the change in effective stress along a compac-

tion curve.

On the dry side of optimum water content the air permeability is high and

therefore the pore air pressures produced by compaction should be rapidly dissipated.
At optimum and slightly wet of optimum, although the air permeability is quite small,
the X-factor is large and therefore the term u, (1 - X) should be small compared to
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Figure 1. Relationshipof dry density, pore water
pressure, and X-factor to molding water content.

uy X in Eq. 1. Assuming the ug (1 - X)
term can be neglected, Eq. 1 degenerates
to

c = 0 - qu (2)
For a constant value of total stress, the
effective stress becomes a function of the
X-factor and uy,. Assuming the X-factor
is only related to degree of saturation and
the pore water pressure is related to the
water content similar to the data presented
by Lambe (19), Bishop and Blight (20) and
Olson and Langfelder (21), Figure T sche-
matically represents the relationship of
dry density, X-factor and pore water
pressure to the molding water content.

Figure 1 shows that on the dry side of
optimum, uy, becomes less negative as
molding water content and dry density
increase but X continuously increases;
therefore the effective stress may either
decrease or increase depending on the
interaction of these two factors. This
implies that increased dry density does not
necessarily result in increased effective
stress.

On the wet side of optimum, the degree
of saturation is essentially constant be-
yond optimum water content and thus X
is essentially constant. However,
continues to be increasingly less negative
as molding water content increases. This
implies that the effective stress must de-
crease on the wet side of optimum.

To estimate the change in shear strength
along a compaction curve requires a
knowledge of the change in frictional



resistance as well as the change in the normal effective stress on the failure plane.
This change in frictional resistance will vary along the compaction curve and therefore
it is not possible to establish the change in shearing resistance along the compaction
curve from a consideration of effective stress alone.

Effect of Molding Water Content and Soil Structure

Varying the molding water content of a compacted cohesive soil will have an effect
upon (a) the initial soil structure, (b) the magnitude of the initial pore water pressure,
(c) the dry density of the material, (d) the swelling characteristics, and (e) pore
water pressures developed during shear. Each of these factors will, in turn, influence
the shear strength of the material.

The initial soil structure of a compacted cohesive soil is governed by the molding
water content and the method of compaction. It has been shown (22) that on the dry
side of optimum the soil structure will generally be flocculated regardless of the com-
paction method, but on the wet side of optimum water content the compaction methods
producing large shearing strains will produce dispersed soil structures. Increasing
degrees of dispersion at water contents wet of optimum are produced by the static
method, dynamic method and kneading method respectively. This relationship has
been so widely accepted that it is common to associate a dispersed soil structure on
the wet side of optimum water content with kneading compaction, and a relatively floc-
culated soil structure on the wet side of optimum water content with a static type com-
paction. It appears that a cohesive soil with flocculated soil structure will exhibit a
higher as-compacted shear strength than a soil with dispersed structure because of the
more rigid nature of the soil skeleton and the reduced pore water pressure developed
at low strains.

The influence of induced soil structure on the resulting shearing resistance is also
evidence by the behavior of as-compacted soils at different strain levels. At small
strain levels the initial soil structure still influences the shearing resistance and there-
fore the flocculated structure that occurs on the dry side of the optimum water content
produces larger shear strength than if the material had a dispersed soil structure.

At large strain levels the initial soil structure is essentially destroyed and does not
affect the shear strength.

Because the soil structure is an extremely difficult property to measure for clay-
sized particles, it is usually the practice to infer the soil structure from other meas-
urable properties. For example, Mitchell, Hooper and Campanella (23) have shown
that for essentially the same water content vs dry density curve there is a distinct dif-
ference in water permeability on the wet side of optimum water content for different
compaction methods. Seed, Mitchell and Chan (22) have presented similar data in
terms of shear strength and stress-strain relationships for dynamic, kneading and
static-type compaction. The soil structure at low water contents is flocculated be-
cause of insufficiency of the water available for formation of the double layer and the
absence of interference of the adsorbed water films, and the attraction of the nega-
tively charged surfaces of the clay for the positively charged clay edges and any other
cations present. As the water content increases, there is a tendency for greater in-
terference of the water films and if an opportunity for particle rearrangement exists,
the soil will tend toward a more dispersed structure. Kneading and dynamic methods
of compaction provide this opportunity for particle rearrangement. Therefore, as the
molding water content is increased it should be expected that the shear strength should
decrease based upon only a change in structure.

As previously noted, an increase in molding water content will produce a less-
negative value of pore water pressure which, at least on the wet side of optimum water
content, will cause a lower effective stress because of the increased degree of satura-
tion and, hence, the X-factor is essentially constant for increasing water contents on
the wet side of optimum. This decrease in effective stress should produce a decrease
in shear strength providing the other factors that influence the shear strength are held
constant,

The dry density of a compacted cohesive soil is, of course, greatly affected by the
molding water content at which the soil is compacted. The dry density is a factor
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Figure 2. Relationship of molding water content, dry density and strength; (A) unsoaked, (B) soaked
(after Turnbull and Foster, 1958).

influencing the shear strength of a cohesive soil, although, as will be shown subse-
quently, the available data appear to indicate that increasing the dry density will not
always produce an increased shearing resistance. Various compaction theories (24
25, 26, 27) have attempted to define the mechanism by which the molding water tends
to affect the dry density that can be obtained by a specific compaction technique. Al-
though these investigators have approached the question from different viewpoints, it
is generally agreed that the addition of water to a dry cohesive soil first allows the
particles to be more easily packed (up to optimum). After optimum water content is
reached, the addition of more water acts to displace soil particles. For soils that
exhibit distinct double peaks, Olson (27) suggests that the mechanism producing the
first and lower peak may be different from the mechanism producing the upper and
most generally recognized peak.

Considering the as-compacted state of a cohesive soil, all the available data indi-
cate that for any constant value of dry density the shear strength will decrease with an
increase in molding water content. In fact, CBR data from a series of Waterways
Experiment Station publications (28 29, 30) indicate that for water contents up to ap-
proximately 10 percent dry of optimum the strength in almost all cases decreases or
remains essentially constant with increasing molding water content, even though the
density increases with increasing water content on the dry side of optimum. These
data imply that if increased strength is the primary engineering property sought it
would be advantageous to compact the soil well dry of the field optimum water content.
This would be particularly the case where the natural water content is less than the
optimum water content and water must be added.

The available data on the shear strength of compacted cohesive soils that are soaked
prior to testing indicate that soils compacted well dry of optimum do not retain high
shear strength upon soaking. The soaking of a compacted cohesive soil not only in-
creases the degree of saturation and water content, but may also decrease the dry
density of the soil unless a sufficient confining pressure is applied to counteract the
possibility of swelling. Seed, Mitchell and Chan (22) have presented data to indicate
that for a sandy clay the amount of swelling that takes place because of soaking de-
creases as the as-compacted water content increases. These data indicate that upon
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soaking, the final water content is at a minimum and, therefore, the final dry density
is at a maximum for a sample that had an initial water content slightly wet of optimum.
Data (Fig. 2) presented by Turnbull and Foster (31) for a lean clay indicate that there
is a considerable reduction in CBR values, particularly on the dry side of optimum
water content after soaking with a surcharge equivalent to the expected overburden
pressure. This type of soaking will, in general, allow swelling to occur during the
soaking period. The maximum soaked CBR value for any given dry density occurs at
approximately optimum water content.

Seed and Chan (32) have presented data on a silty clay (Fig. 3) and an expansive
sandy clay both soaked under a low (1 psi) surcharge and tested unconsolidated-
undrained in a triaxial apparatus at 1 kg/cm?® confining pressure. For the silty clay,
it appears that the soaked strength is essentially independent of the initial water con-
tent for strength defined at large strains, but is dependent on initial water content for
strength at low strains. The soaked strength for the expansive sandy clay, for any
given density, increases with increasing molding water content at both low and high
strains. This difference in the effect of the initial water content on the strength after
soaking can be attributed to the swelling potential of the different soils and the strain
level at which the strength is defined. Initial flocculated structure that occurs at
smaller water contents produces larger swelling potentials than those associated with
dispersed structure occurring at high water contents. The effect of the molding water
content on the soaked strength of a cohesive soil depends on whether the increased
strength at low strains caused by a flocculated soil structure is sufficient to counteract
the decrease in strength caused by a greater amount of swell and, therefore, the larger
void ratio. For the silty clay, the swelling potential is small and, therefore, there is
not a greater tendency for swelling on the dry side of optimum water content than on
the wet side of optimum water content. Thus, the influence of the initial soil structure
causes the strength at low strains to be larger on the dry side of optimum water content
for a given dry density. At large strains, the soaked strength of the silty clay is es-
sentially independent of initial water content because the initial soil structure is de-
stroyed. For the expansive sandy clay, the soaked shear strengths at both small and
large strains are dependent on the initial water contents. This is caused by the fact
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that the greater tendency of the flocculated structure to swell counteracts the increased
strength associated with a flocculated structure.

If the surcharge during soaking is sufficient to prevent swelling then it appears that
the maximum strength at a given dry density occurs at approximately optimum water
content. This is consistent with the fact that the shear strength of a compacted cohe-
sive soil at large strains is inversely related to the void ratio.

The development of pore water pressure during the application of a shearing stress
will also depend on the molding water content because of its influence on the soil struc-
ture. For cohesive soils compacted dry of optimum, the flocculated structure will
develop smaller positive pore water pressures at low strains than the small soil com-
pacted wet of optimum. At large strains the initial flocculated structure is destroyed
and the pore pressures tend toward the same value. Other factors being equal, this
equalization of pore water pressure will cause the soil to exhibit approximately the
same shear strength at large strains.

Effect of Dry Density

The changes in shear strength that are produced as a function of changes in dry
density alone can be determined by using several different compaction energies and
comparing the strengths at a constant value of molding water content. This procedure
assumes that there is no effect of possible changes in soil structure as the optimum
water content decreases with increasing compaction energy. As previously noted, this
assumption should be valid if the strength is measured at large strains; however, if the
strength is measured at low strains, the influence of changes in soil structure should
not be neglected. In considering the influence of dry density on shear strength it is also
necessary to make a distinction between soaked and unsoaked strengths. Finally, it
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appears that the method of compaction influences the response of the shear strength
to change in dry density at constant molding water content.

Seed and Monismith (34), Seed, Mitchell and Chan (22) and Casagrande and Hirsch-
feld (35) all have presented data on the relationship between dry density and shear
strength at different molding water contents.
in dry density will cause an increase in shear strength for a given water content, pro-
vided the shear strength is defined at both large strains (Fig. 3B) and moderate confin-

ing pressure (Fig. 4A).

All these data indicate that an increase

In general, the rate of increase in shear strength with an
increase in dry density is largest for the lowest value of water content.

As the molding

water content increases the increase in shear strength is smaller to nonexistent, de-
pending on the soil being investigated. If the stress mobilzed at low strains is plotted
against dry density for constant values of water content on soils compacted by different
methods of compaction, it can be shown that the relationship between stress and dry
density depends on the water content and the method of compaction.
confining pressure (1 kg/cm?), statically compacted samples exhibit an increase in
shearing resistence with density regardless of the strain level at which the strength is
defined. However, for kneading-compacted samples there is a marked change in the
relationship between dry density and developed stress as the water content increases.
Figure 5 shows data by Seed and Monismith (34) for unconsolidated undrained triaxial
tests at 1 kg/cm? confining pressure for kneading-compacted Vicksburg silty clay.
These data are somewhat typical for kneading-compacted soils and indicate the effect
of water content and strain level on the relationship between dry density and developed
stress. It can be seen that the decrease in stress for the higher densities with an in-
crease in dry density is most pronounced for the 1 percent strain data and, except for
the very wettest water contents, nonexistent for the 20 percent strain data. This is
consistent with the conclusions presented earlier, that kneading compaction will pro-
duce a flocculated structure on the dry side of optimum water content and a more
dispersed structure on the wet side of optimum, and that the flocculated structure is

more rigid than the dispersed strucutre.

For a moderate

At the lower strain levels the initial struc-

ture still influences the strength, whereas at the larger strains the initial flocculated
soil structure is essentially destroyed.
It is interesting to note that both field (sheepsfoot or rubber-tire rollers) and labo-
ratory compacted CBR data exhibit relationships between strength and dry density
similar to the relationships found at low tomedium strainlevels for kneading-compacted

specimens tested in the triaxial apparatus.

Figure 6 shows data reported by Turnbull

and Foster (31) for a lean clay compacted by rubber-tired roller and tested using a
CBR piston. It can be seen that at approximately the line of optimum for this soil there
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is a change from an increase in strength to a decrease in strength for increasing dry
densities.

Casagrande and Hirschfeld's (35) unconsolidated undrained strength data on as-
compacted clay tested under a large confining pressure indicate that the strength is
dependent on initial water content, but is essentially independent of the dry density
except at very low degrees of saturation. The difference between these data and the
data at moderate confining pressure is that for these tests the confining pressure that
was applied was sufficiently large to cause essentially complete saturation of the soil
except at the very low degrees of saturation. Therefore, the material essentially
behaved as a saturated clay and the shear strength merely depended upon the water
content.

The relationship between the shear strength after soaking and the initial dry density
depends on the amount of swelling that takes place during the soaking, the compaction
method used, and the soil type. Seed and Chan (Q) have shown, however, that the
soaked strength of a compacted cohesive soil will increase with an increase in initial
dry density, regardless of the compaction method, soil type (although the soils in-
vestigated were limited), amount of swelling during soaking and strain level. An ex-
ception to this conclusion is if strength is defined at low strain and the soil is compacted
by a method that produces large shearing strains. For this condition it is possible to
obtain a decrease in strength with increasing dry density. The standard laboratory
CBR test is performed on a dynamically compacted specimen and the CBR value is
obtained at what appears to correspond to a low strain level. Decreases in CBRvalues
for increasing densities at constant water content have been reported extensively in
the literature. This same condition also may exist in the field where a subgrade has
been compacted by sheepsfoot roller and then soaked during spring thaw, and only
small deformations are tolerable before loss of support to the pavement causes afailure.

Thixotropic Considerations

The process of strength changes with time at a constant water content is generally
referred to as thixotropy in soil mechanics literature. This property is important
when attempting to predict field strengths at some time after compaction from labo-
ratory tests that are generally performed soon after compaction or soaking has been
completed.

Mitchell (23) has hypothesized the cause of thixotropy as being the creation of a new
equilibrium condition resulting from the cessation of external compaction forces. In
order to obtain increases in shear strength with time it is necessary that the final
equilibrium condition be conducive to a flocculent structure and the structure immedi-
ately after compaction be a relatively dispersed structure. This condition can be pro-
duced in certain soils by using kneading compaction methods even up to water contents
slightly wet of optimum. In conjunction with this change in soil structure it was found
that the initial pore water decreases during aging and also the pore water pressures
developed during shearing are smaller for aged samples. It is quite likely, therefore,
that there is an increase in strength in terms of total stress but the strength remains
constant in terms of effective stress.

In addition to the influence of the molding water content on the amount of strength
gain, the strain at which failure is defined also determines the measured amount of
strength increase. This is consistent with the previous discussions that indicated that
the flocculated soil structure is destroyed at large strains. Therefore, the change in
structure, with time, from dispersed to flocculated which produces the larger strengths
(either because of a more rigid structure or decreasing pore water pressures, or both)
is not effective in producing increased strengths at large strains.

Methods for predicting thixotropic strength gains from index-type tests are not
available at the present time. Furthermore, it does not appear to be satisfactory to
extrapolate thixotropic behavior of field-compacted soils using laboratory compaction
procedure because of possible differences in the soil structure produced by these dif -
ferent compaction methods. However, an awareness of the phenomenon will lead to a
better understanding of the behavior of the field-compacted materials that possess this
characteristic.
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COMPRESSIBILITY CHARACTERISTICS OF COMPACTED COHESIVE MATERIALS

The compressibility characteristics of cohesive materials are significantly influenced
by soil type, molding water content, dry density, degree of saturation, and the compac-
tion method. The amount of compressibility for a given range of pressure is influenced
by the combined effect of these factors. In general, the compressibility increases with
increasing liquid limit, increasing molding water content, decreasing dry density,
increasing degree of saturation, and compaction procedures that produce large shearing
strains during the compaction process. It is evident, therefore, that the compres-
sibility characteristics of cohesive soils are much more complicated than the compres-
sibility characteristics of cohesionless materials whose behavior is controlled primarily
by the relative density and gradation characteristics. Furthermore, the time rate of
compression is an important factor in cohesive soils, whereas in cohesionless ma-
terials the rate of compression is generally rapid enough to eliminate the consideration
of time rate of compression. The influence of these various factors will be discussed
in the following sections.

Void Ratio vs Pressure Relationships Between Saturated Undisturbed
Cohesive Materials and Compacted Cohesive Materials

The void ratio-pressure relationships of compacted cohesive materials are quite
similar to the void ratio vs pressure relationships for undisturbed natural clays pro-
viding the sample is not saturated at some intermediate confining pressure. Leonards
(@) observed that the compression index decreased for statically compacted clays that
were soaked prior to consolidation with a decrease in the as-compacted void ratio.
These data do exhibit a rather distinct break in the slope of the void ratio vs logarithm
of pressure relationship similar to the changc in slopc at the prcconsolidation pressure
observed in undisturbed clays. The pressure at which the change in slope occurred
was found to increase with a decrease in the as-compacted void ratio. It may be
reasoned that this change in the slope of the void ratio vs logarithm of pressure curve,
which is similar to preconsolidation pressure for natural clays, is caused by the built-
in soil structure produced by the compaction process. This built-in soil structure is
influenced not only by the compaction procedure but also by the ability of the soil to
respond to this compaction process. It has been shown previously that the soil struc-
ture produced by various compaction procedures is essentially the same for a soil
when it is being compacted on the dry side of optimum. However, when the material
is being compacted on the wet side of optimum, it has been shown indirectly that the
structure would depend on the compaction process. Based on data presented by Seed,
Mitchell and Chan (22), it can be seen that the ratio of secant moduli for different com-
paction procedures varies significantly on the wet side of optimum (Fig. 7). It is,
therefore, obvious that the compressibility characteristics for materials that are com-
pacted on the wet side of optimum will be greatly influenced by the compaction procedure
used to compact the soil. In general, it appears that the compressibility will increase
for a soil compacted by static, vibratory, impact, and kneading compaction methods,
in that order. That is, the statically compacted specimens should be less compres-
sible than the specimens that are compacted using kneading methods for the same
water content and dry density on the wet side of optimum; however, on the dry side of
optimum the compressibility should be approximately the same regardless of the com-
paction method used.

Yoshimi and Osterberg (37) have presented compressibility data on Vicksburg silty
clay prepared by kneading methods. These data also exhibit a distinct break in the
slope of the void ratio vs logarithm of pressure relationship similar to saturated un-
disturbed materials. It is interesting to note from these data that the change in slope
that is similar to the preconsolidation pressure occurs at a consolidation stress
slightly less than the compaction stress used to prepare the compacted samples. It
might be reasoned that the increase in compressibility at values in excess of the com-
paction pressure is caused by an additional breakdown in the structure of the compacted
material once the compaction pressure has been exceeded. Based on this reasoning it
may be concluded that if the stresses that will act on a material during its service
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Figure 7. Relative strength at different strain levels for different methods of compaction: (A) per-
formance at 5 percent strain; (B) performance at 25 percent strain (after Seed et al, 1960).

history are lower than the compaction stress, then the compressibility will be mini-
mized; however, if the stresses that will act on the material are in excess of the com-
paction stress it might be assumed that the compressibility will be much larger.

The reasons for differences in the compressibility characteristics of a material on
the wet side and dry side of optimum have been explained by Lambe (26) on the basis
of a change in the soil structure that occurs as the material is compacted on the dry
side, at optimum, and on the wet side of the compaction curve. These arguments are
similar to those proposed by Seed et al based on the secant modulus at low strains.
For a fairly small consolidation pressure range it appears that the samples that are
compacted wet of optimum will experience a larger change in void ratio than when the
material is compacted dry of optimum. However, for a large pressure range it appears
that the total change in void ratio or compressibility is essentially independent of the
initial conditions. This may be attributed to the fact that at sufficiently large consoli-
dation pressures the soil structure of the material compacted either wet or dry of
optimum water content will become highly dispersed and essentially independent of the
initial soil structure and, therefore, the overall compressibility will be essentially the
same.

Effect of Saturation on Compressibility

The previous section dealt with samples that were tested in the as-compacted state
or samples that were saturated prior to testing. In the field, however, the material
is generally compacted and then saturation may occur at a later stage when a confining
pressure will exist on the material. The effect of saturating the material under various
confining pressures was investigated by Jennings and Burland (38). This change in
void ratio upon soaking can be quite large and may in fact be of the same order of
magnitude of void ratio change that occurs during a large increase in externally applied
pressures. For soils that appear to be subject to this collapse phenomenon it appears
that increased compaction which produces a decrease in the void ratio will significantly
aid in reducing the amount of void ratio decrease that, will occur upon saturation of the
material. The amount of collapse may also be reduced by increasing the degree of
saturation of the material during the compaction process; however, this increase in
degree of saturation and/or water content will lead to greater compressibility caused
by external pressures.
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Correlation of Soil Type With Compressibility

In fully saturated natural soils, it is well known that certain index properties may
be used to indicate compressibility characteristics of cohesive materials, For example,
the relationship between the liquid limit of a low to medium sensitivity material can be
used to estimate the compression index of that material. For compacted cohesive ma-
terials, the problem becomes more difficult because not only are the properties of the
materials involved but also the effect of the compaction process which is used to com-
pact the soil. Regardless of the compaction procedure, however, certain conclusions
can be drawn concerning the relationship between material properties and the compres-
sibility of the material. Investigations by Gould (39) on rolled fill material indicate
that the compressibility is significantly influenced by the plasticity of the fines in the
soil. It was observed that fine sand and silt with little or no plasticity, when placed
dry of optimum, have low compressibility, whereas clays of low to medium plasticity
compacted dry of optimum exhibit higher compressibility. It was found that, ingencral,
the compressibility increases in the following order: (a) gravel and sands with silty
fines, (b) silts of low plasticity, (c) gravel and sands with slightly plastic fines, (d)
sands with clayey fines, (e) mixtures of gravel sands and silts with clay, and (f) clays
of low to medium plasticity. Gould concluded that this trend emphasized the importance
of the plasticity of the fine fraction on the compressibility compared to gradation or
grain size characteristics. Recent laboratory investigations by Matyas (40) provide
additional evidence of the fact that compressibility is significantly influenced by the
type and amount of fines and also by the molding water content.

It may be concluded that soil type is undoubtedly one of the basic factors influencing
the compressibility characteristics of a compacted cohesive material, but additional
factors such as the method of compaction, molding water content, and degree of satura-
tion will also have significant effects upon the compressibility characteristics.

CONCLUSIONS

The available data in the literature indicate that dry density alone is not always a
reliable index of shear strength and compressibility of compacted materials. Several
other factors also play an important part in determining engineering properties of these
materials, The following conclusions may be drawn from a review of the literature on
shear strength and compressibility of compacted materials.

1. The shearing resistance of compacted cohesionless materials is related to
properties of the material and the density obtained by compaction. The most important
factors that will produce increasing shearing resistance are increasing angularity of
the particles, increasing surfaceroughness and improved gradation. Improved grada-
tion and possibly increasing amounts of larger-grained material mainly increase the
amount of dilation during shear, which leads to increasing shearing resistance.

For a given cohesionless material the shear strength is inversely related to the void
ratio or directly related to the dry density obtained by compaction. This relationship
is valid regardless of the compaction method used and any strain up to peak strength.

2. The compressibility of a compacted cohesionless material is influenced by the
same factors that influence the shear strength. In general, the compressibility de-
creases with improved gradation and decreasing as-compacted void ratio. Unlike the
effect on shear strength, increasing angularity will produce increasing compressibility.

3. Based on effective stress theory, it can be shown that the initial effective stress
may either increase or decrease with increasing water content along a compaction
curve on the dry side of optimum, but that the effective stress will always decrease
with increasing water content along the compaction curve on the wet side of optimum.

4. Cohesive soils are found to have differences in shear strength that are caused
by differences in soil structure. A flocculated soil structureis more rigidand produces
smaller initial pore water pressures during shear than the same soil with a dispersed
soil structure. This leads to increased strengths, particularily at low strains. The
soil structure that is produced by compaction is governed by the soil type, the molding
water content, and the compaction method.
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5. The as-compacted shear strength of a cohesive soil for a constant dry density
will always exhibit a decrease in shear strength with an increase in water content. In
fact, most data indicate that the as-compacted shear strength will decrease over the
entire range of water contents usually investigated, even though there is an increase
in dry density with an increase in water content on the dry side of optimum water con-
tent.

6. The as-compacted shear strength of a cohesive soil, for a constant water content,
will exhibit an increase in shear strength for all water contents with an increase in dry
density only when the strength is defined at large strains. At low strain levels the
strength may increase or decrease with dry density depending on the water content and
the method of compaction.

7. For soaked conditions, the resulting shear strength is determined by the com-
bined effect of swelling during soaking, initial water content, and as-compacted soil
structure. For CBR-type tests that allow swelling to take place it appears that the
maximum soaked shear strength occurs at approximately the as-compacted optimum
water content.

8. The strength of a compacted cohesive soil may change significantly with time
after compaction because of thixotropic effects.

9. Compressibility of compacted cohesive materials is influenced by soil type,
molding water content, as-compacted dry density, initial degree of saturation and
compaction method.
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The object of this study was to determine what basic characteristics of
soils must be used to better specify desired soil compaction. The den-
sification of soils was studied from a rheological point of view, using
data from laboratory tests. The plan of the study was to describe the
mechanical properties of highway subgrade materials by fundamental
strength properties, which can be used to show changes in the strength
properties of the material caused by the type or amount of compactive
energy applied.

Experiments were performed tovalidate the application of the linear
viscoelastic theory and mechanistic models to soils, and to determine
the limitations of such approaches to compaction problems. Various
types and amounts of compaction energy were programmed for the se-
lected soils. Experiments were conducted using unsaturated soils over
a range of molding water contents, input of compaction energies, satu-
rations, dry unit weights, stress-strain levels and other environmenta
conditions.

Stress relaxation experiments as well as confined and unconfined
constant-load creep tests were carried out to study the mechanical re-
sponse of soils on the phenomenological level prepared by several dif-
ferent types of compaction methods. The study utilized the electrical-
mechanical analogy and the complex elastic modulus to define the
mechanical response of soils.

-

®IN HIGHWAY and airfield construction projects, soils are used as embankment ma-
terials, and as a result are required to support both the static load of the overburden
pavement system and the transient traffic loads under all environmental conditions.
To place the soil in the optimum state so that the material is able to support these
loads under all adverse conditions, the soil is mechanically stabilized by the process
of compaction. Compaction is generally defined as densification of soil by the applica-
tion of external mechanical energy to improve the strength, to increase the stiffness,
to reduce permeability and swelling characteristics, and to improve other properties
of the soil for better overall performance under service conditions. The principal
variables which influence the state of the compacted soils are the type and amount of
compaction energy, soil texture, and moisture content (1, 2, 3, 4, 26, 27).

To calculate the stress and the deformation experlenced by the subgrade the
stress-strain characteristics under normal working conditions of the compacted soil
are required as well as the mechanical properties of the other components of the pave-
ment system. Generally, a study is performed in the laboratory utilizing soil specimens
compacted by laboratory compaction methods which simulate field construction, al-
though direct field compaction studies would be more useful. For a given compaction
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energy the soil specimens compacted at the optimum moisture content yield the maxi-
mum dry density, and these test specimens are generally employed in determining the
strength and deformation characteristics of the soil. In many cases the design strength
of the soil is based on empirical strength values taken from test specimens at their
worst anticipated condition in the field, obtained by soaking the material. However, if
proper drainage is achieved, this process is questionable.

In order to evaluate the effectiveness of compaction in the field construction. the
general practice is to utilize the dry unit weight of the compacted soil as a parameter
which in turn is obtained by using nuclear devices, sand cone, balloon, etc. Other
parameters in use today are the needle penetration resistance, seismic, bearing, shear
strength evaluated by vane shear tests and the unconfined compressive strength when
final strength is specified. These parameters are not a direct measure of the me-
chanical response of soil as a subgrade, but they indirectly indicate the strength of the
material. It is well known that the strength-deformation characteristic of a soil at or
near the failure state is different from that at low stress-strain states under in-service
conditions. A more rational method for evaluating compaction characteristics may be
a technique in which the soil is subjected to the stresses and environmental conditions
similar to those it will be subjected to under in-service conditions, and then the funda-
mental strength properties of the material are evaluated. In some pavement design
theories, the materials constituting the several loa--distributing layers are treated as
ideal elastic materials in order to approximately determine the stresses and strains
in different layers (5, 6). It is well known that no pavement material is perfectly elastic
because all materials have time-dependent stress-strain characteristics. Therefore,
in defining the stress-strain time-dependent rheological characteristics of a compacted
subgrade. the compacted soil may be more rationally treated as a linear viscoelastic
material under specified conditions. Soil, being a natural material, is not an ideally
linear viscoelastic material, just as there is no perfectly elastic Newtonian or plastic
material (_'Z, §). But within a certain stress-strain range comparable to the highway
service conditions measured at the AASHO Road Test, the mechanical behavior of soils,
as an engineering approximation, can be treated like that of a linear viscoelastic ma-
terial. The AASHO Road Test field measurements indicate that the stresses and strains
experienced by the subgrade are low when compared to the loads and deformations at
the failure state as measured by the unconfined compressive strength. The low stress-
strain state experienced by subgrades has been shown by this research to be within the
linear range of the soils and hence, as an engineering approximation, compacted soils
used for the subgrade of pavement structures can be treated as linear viscoelastic ma-
terials. By establishing the linear viscoelastic nature of soils, the viscoelastic con-
stants of the material can be evaluated by any of the rheological tests which are all
interrelated by the viscoelastic theory (9, 10).

The objective of this study was to investigate the possibility of evaluating soil com-
paction utilizing rheological techniques and the limitations of such approaches. This
was accomplished by evaluating the rheological strength parameters of compacted soils
which are fundamental properties of the material and independent of the type of test.
These parameters have been utilized to evaluate the optimum combination of (a) the
amount of compaction energy utilized, (b) the type of compaction energy applied, and
(c) the molding moisture content for the soils used in laboratory tests. Once having
established that the viscoelastic procedure can be used to more rationally evaluate the
state of a compacted soil and supplement present techniques, then evaluation for a
given soil can be better accomplished under many climatic and loading conditions. The
parameters used to evaluate soil compaction also have immediate applications in pave-
ment design techniques (11, 12), which utilize the fundamental strength properties of
the material, the complex moduli (13).

MATERIALS
The following four soils were rigorously investigated in this study.

1. Kaolin Clay—This plastic kaolinite clay mined and processed in Edgar, Florida,
is a relatively uniform soil when compared to other natural soils. The major portion
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TABLE 1
CLASSIFICATION OF THE FOUR SOILS INVESTIGATED

. Atterberg Limits Soil Classification
Soil Specific Gravity
LL (%) PL(%) PI(%) Unified AASHO FAA
Kaolinite clay 58 36 22 2.60 MH A-7-5 (16) E-8
IITRI clay 37 15 22 2.170 CL A-6(13) E-7
Clayey sand 20 19 1 2.70 sc A-2-4(0) E-3
Silty clay 25 18 7 2.72 CL A-42 (8) E-6

®Ohio specification (A-4b).

of the research effort was concentrated on this soil because of its relatively uniform
composition and negligible thixotropic effects.

2, IITRI Clay—A moderately plastic clay used by IITRI in the field study phase of
this research. '

3. Silt—A natural soil obtained in the Cleveland, Ohio, area.
4. Clayey Sand— Another naturaZ soil obtained at a construction site in Columbus,
Ohio.

Considering the nonuniformity of almost all of the natural soils, it was decided to
use the relatively "ideal" mined soil, Kaolin, to perform the major portion of the basic
research work reported here and to obtain the trend of the soil's response. If was
postulated that the research results observed for Kaolin would be applicable to other

natural soils. This was found to be true after subsequent tests were performed on the
other three natural soils to confirm the research results. ASTM standard tests for
identification and classification of the materials were conducted on the four soils

(Table 1). In this paper only the results of the research on the kaolinite soil are pre-
sented for the impact compaction method. Comparable results andtrends were obtained

for the other three soils and the kneading type of compaction investigated.

Sample Preparation

The soil passing a number 12 sieve was oven-dried and mixed with the required
amount of distilled water following the mixing procedure specified in ASTM D 698-64T.
The mixed soil was then stored in a sealed plastic container in a humid room for a
minimum of 24 hr to allow the molding water to equally distribute itself within the soil.

Test specimens were prepared using the drop hammer (impact) type of compaction,
The mechanical drop hammer compaction apparatus developed and built at Ohio State
University is described in detail elsewhere (yl_). The input compaction energy was
varied by changing the total number of drops or blows applied to the sample. The
human element involved in preparing the soil samples is critical and extreme care
must be used by the laboratory technician to obtain identical samples.

The mold used produced a sample of 1.3125 in. diameter and 2.816 in. in height
after the sample was trimmed and extruded. All samples were prepared by compacting
the soil into the mold in five equal layers. After extruding the sample out of the mold,
the test specimen was weighed, wrapped in a plastic bag, and completely coated with
wax. The samples were then stored in a humid room until testing and also until all
thixotropic strength changes in the soil with age were negligible. Each data point was
reproduced by repeating each test a minimum of four times.

TESTING APPARATUS AND EXPERIMENTAL PROCEDURE

To evaluate the rheological parameters for a linear viscoelastic material the fol-
lowing basic rheological tests were conducted: (a) confined and unconfined creep tests,
(b) stress relaxation tests, and (c) deformation at a constant rate of strain.
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Creep Tests

The creep test apparatus consists of a Clockhouse triaxial cell, two linear displace-
ment transducers (LVDT), one for measuring the axial deformation and the other for
measuring lateral deformation. The transducers are connected to a two-channel Brush
recorder or a Sanborn recorder to obtain continuous recordings of the axial and lateral
deformations. Samples were enclosed in two rubber membranes, and after the rheologic
test, the samples were tested for unconfined compressive strength and evaluation of
moisture content. The creep test procedure generally consisted of cycling the desired
load through two load and unload cycles, each of 5 min duration, in order to condition
the sample under the specified load. The third loading cycle which was used to obtain
the experimental data was of 15 min duration in the case of short-term creep tests and
approximately 1500 min duration under load in the case of long-term creep tests and
15 min in the unload state. Axial strain was measured with an LVDT and a dial gage in
order to check the deformation readings.

Stress Relaxation Experiments

The stress relaxation apparatus consisted of a Genor triaxial cell and Instron testing
machine. The stress generated was measured by a load cell and continuously recorded.
The relaxation tests basically consisted of applying a predetermined constant strain
and measuring the stress generated as a function of time. The test procedure consisted
of applying a predetermined deformation and allowing the stress relaxation to take place
for a 10-min period. Then the applied deformation was removed until the stress gen-
erated was zero. This straining and relaxation cycle was repeated seven times. The
stress response in the sixth cycle was used to obtain the data.

Unconfined Compression Tests

In unconfined compression tests, a relation between stress and strain is obtained by
continuously axially straining the sample at a constant rate of strain until failure. The
test was performed following ASTM specification D 2166-63T using a Karol Warner un-
confined compression tester at a strain rate of 2.82 percent per min.

RELATED THEORY AND EXPERIMENTAL RESULTS
Notation

The following notation is used throughout the ensuing discussion:

Ec(t) = creep modulus;
Er(t) = stress relaxation modulus;
|E*| = absolute value of complex elastic modulus;
V* = complex Poisson's ratio;
t = time;
€ = strain;
€(t) = time-dependent strain;
vyd = dry unit weight;
S = saturation;
a'c = ultimate unconfined compressive strength;
n, = viscous coefficient of Newtonian flow;
Ty = axial stress;
g = phase angle of E*;

w = circular frequency in radians per second;
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W = water content; and

)xo = coefficient of tractive viscosity.

Dry Density—Moisture Content—Compaction Energy

The principal variables investigated utilizing the Kaolin soil were (a) the molding
moisture content, (b) soil saturation, (c) the amount of compaction energy and (d)
the type of compaction energy applied. The five molding water contents ranged from
21 to 31 percent, which covered both the dry and the wet side of the optimum moisture
content for the compaction energy levels studied. The degree of saturation ranged
from 95 to 65 percent.

Using the mechanical drop hammer device, it was possible to prepare identical
samples with normal care by technicians, and this device expedited the research work
on the three other natural soils. The five levels of compaction energy used were 25,
40, 60, 80, and 120 total blows per sample. Figures 1 and 2 show dry density and un-
confined compressive strength vs moisture content. After extruding the compacted
soil samples from the mold the specimens were weighed and representative samples
were tested for unconfined compressive strength, ¢;, and the moisture contents deter-
mined.

Thixotropic Tests

In order to study the thixotropic characteristics of the compacted soil, identical
soil specimens were prepared and placed in plastic bags which were coated with wax
and then stored in a humid room until tested. Specimens were tested in unconfined
failure strength experiments and in constant-load creep tests at different ages to study

the effect of age on the strength characteristics of the compacted soil. The unconfined
compressive strength, ¢’., and the axial strain, €zz, at a loading time of 30 sec due

to an axial stress of 12 psi in the third loading cycle, were used as the strength param-
eters to determine the age at which the strength of the remolded compacted soil reached
an equilibrium state. Tests indicated that Kaolin soil has no significant thixotropic
characteristics and the curing age has a negligible effect on the creep and failure

strength of the soil.
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Figure 1. Dry density vs moisture content.
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Mechanical Conditioning of Soil

Constant-load creep tests in both the confined and the unconfined state as well as
stress relaxation tests were the principal rheological tests performed in this study.
It was found that the axial and lateral strain response of the soil under load in the first
loading cycle was significantly higher than in the subsequent loading cycles. This phe-
nomenon may be due, among other factors, to the initial seating adjustment of the
LVDT and soil sample (even though a small set load is used in the loading procedure),
a decrease in the void ratio because of decrease in the air content of the soil, and a
form of mechanical conditioning of the soil under load. The load to apply an axial
stress of 12 psi was cycled six times, each cycle consisting of 15 min under load and
15 min under no load. The relative axial strain in each load cycle and relative axial
recovery strain during the unloading period were plotted vs time. Figure 3 indicates
that the second cycle and all later cycles are approximately constant. Therefore, all
the creep test data were obtained trom the response of the material in the third load
cycle.

It was also found that reducing the duration of the mechanical conditioning cycle
from 30 to 10 min during the first two cycles had a negligible effect on the response
of the material in the third cycle. Therefore, a load cycling pattern of 5 min under
load and 5 min under no load was used for the first two cycles. The third cycle, which
was used to obtain data, was either of 15 min duration under load in the short-term
creep tests or up to 1500 to 2000 min duration under load in the long-term tests when
the soil was allowed to reach a steady-state strain condition. In each case the rebound
of the soil was evaluated for 15 min or greater.

Stress Relaxation Tests

In the stress relaxation test, a constant strain is applied to the specimen and the
stress generated as a function of time is evaluated. After a given time the strain is
removed until the specimen relaxes to the zero stress state. The response under the
first cycle of strain is significantly different, as in the creep tests, from the response
of the soil in subsequent cycles. The stress relaxation modulus, Er(t), which is de-
fined as the time-dependent stress at any time, t, divided by the applied constant strain,
was utilized as a rheological strength parameter to study the response of soils under
constant strain cycles. In the cases where the moisture contents are dry of optimum,
the samples seem to reach a stable condition after the second or third cycle, while the
samples with a moisture content higher than the optimum did not appear to reach a
steady-state condition until the sixth cycle. Therefore, the response under the sixth
cycle was used to evaluate the rheological strength and deformation properties of the
soil.

Viscoelastic Linearity Experiments

The viscoelastic linearity tests, which were extremely important to this phase of
the study, were performed to determine if materials such as unsaturated soils com-
parable to those used in highway embankments can be defined by linear viscoelastic
concepts, and to determine the range of stresses and strains within which these prin-
ciples are applicable to soils. The linear viscoelastic response of a material is, of
course, a function of the environmental conditions of the test and the material studied.
Similar restrictions are also required in the classical elastic, plastic and Newtonian
liquid theories. The axial, radial, and volumetric strains at several loading times in
the third loading cycle were used as parameters to evaluate the linear viscoelastic
range of stress in constant-stress creep tests in both the confined and the unconfined
test conditions. Identical specimens were testedin the constant-load creeptests in which
the axial stress varied from 4 psi to120 psi. The load in each test was cycled as pre-
viously mentioned, and the strains at selected loading times were analyzed. In the
case of drop hammer compacted specimens, the linear viscoelastic range (_1_5, 186,

17) for the unconfined state was up to 20 psi, as shown in Figure 4. In the confined
‘creep tests with a confining pressure of 12 psi, the linear range of axial stress was
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increased to 75 psi. Figure 5 shows the triaxial creep linearity tests; the straight
line portion of the graph indicates the linear viscoelastic range of stress. An identical
procedure was used to evaluate the radial and volumetric strains from the same
constant-load tests performed on the Kaolin. The radial, the axial and the volumetric
strains illustrated that the linear viscoelastic theory is a good approximation to depict
the response of the soil at the stress levels and conditions studied. The linearity data
were obtained from the strain-time plots in which only the stress level is varied,
Another form of rheologic test used in this study to evaluate the linear viscoelastic
response of soils was the stress relaxation test. Identical specimens were subjected
to different strains ranging from 0.1 percent to 0.84 percent, and the stress generated
at times of 0, 24 and 600 sec in the second and sixth straining cycles were selected as
parameters to determine the linear range. Figure 6 shows stress vs strain obtained
from the relaxation tests; the straight line portion indicates the linear viscoelastic
range. The drop hammer compacted Kaolin soil is found to be linear in the stress
relaxation tests up to a strain of 0.7 percent, generating a stress of nearly 100 psi.
Of course, this linear range is a function of many factors, such as soil type, soil
structure, molding moisture content and the testing environmental conditions. There-
fore, within the linear range the response of compacted soils to stress and strain can
be studied from the material science point of view as a linear viscoelastic material.
The classical elastic theory deals with the response of purely elastic materials
where stress is proportional to strain. However, elastic materials are idealizations.
Real materials existing in nature generally show stress and time anomalies. A visco-
elastic material is one which exhibits both elastic and viscous characteristics, and
stress is related to strain by a function of time. To describe the response of such ma-
terials by the model representation (13, L?_), a mechanical system is used consisting
of Hookean springs and Ncwtonian dashpots connccted in scries or parallel in various
configurations.
a finite number of springs and dashpots such as the Kelvin, Maxwell and Burgers models
(15, 18), which have been applied by many engineers in studying polymers. Several
authors (19, 20, 11, ﬁ) have suggested that it is possible to represent the response
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of viscoelastic materials using more refined models consisting of a larger number of
elements in the model. Such concepts have been applied to bituminous materials with
success.

The generalized Voigt and Maxwell models consist of n + 1 and n number of elastic
and viscous elements, respectively. Under a constant stress the Voigt model exhibits
creep behavior; the creep compliance, Je (t), used in this study is defined as the time-
dependent axial strain divided by the constant axial stress:

1 t
J@®) = +— + J{) + —
c E0 ) 170
where
n
I® = X J.-etTy
& -1 1

Such a model under given conditions has constant element parameters defining the
material properties. The generalized Maxwell model represents a continuous spec-
trum of relaxation times. In a parallel arrangement the stresses are additive and
response of the material is described by

n
EM = X, BV
r =1 1

Each Maxwell element consists of a spring and dashpot in series. In addition to the
model theory there are several other methods for specifying the response of a linear
viscoelastic material such as the operator equation and the electrical analogy (21, 22).

The general stress-strain equations of a linear viscoelastic material are defmed in
the frequency domain in terms of algebraic coefficients which are only functions of
frequency. These coefficients are complex numbers whose magnitude and phase define
the properties of the material. The detailed analytical and graphical methods for ob-
taining the complex moduli of a given material are presented in the literature (11, 21,
28, 29, 30). The parameters may be obtained experimentally by a series of dynamlc
tests a'single static creep test or a stress relaxation test. The first method yields
dlscreet pairs of the magnitude and phase of the moduli at each frequency used, while
the second and third methods yield analytical expressions for the modulus as a con-
tinuous function of frequency.

The static test methods were applied to determine the complex creep modulus, E*,
and the complex transverse modulus, T*, of soils. The phenomenological theory of
linear viscoelastic behavior is of great value for interrelating the dynamic, creep and
stress relaxation types of experimental measurements, and for describing the re-
sponse of soils in the time or frequency domain. In theory, once the response of a
linear viscoelastic material is evaluated in one type of test (creep), the response of
the material in different independent types of tests may be determined (dynamic and
stress relaxation) (13). The literature shows that, by means of the linear viscoelastic
theory, it is possible to represent the response of a viscoelastic material with a me-
chanical model and predict the response of the material in the other types of tests (18).
Both creep and stress relaxation tests were performed and an excellent correlation
between the results of the two types of tests was obtained in this study.

Using the interrelations among the viscoelastic materials, the complex moduli of
the material were determined from the static test results. The impedance of the me-
chanical system, E*, using a Voigt model representation can be shown to be of the form
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E*(jw) = 1 i i i T
E, +jor, E, + jwk, i E;-t-jwkn * jwk + 'E_o

where E and A are the spring and dashpot constants, respectively (11).

As shown by the several types of linearity tests, the compacted Kaolin soil can be
approximated to a linear viscoelastic material within the normal stress ranges experi-
enced in highway embankments (10, 24). For a linear viscoelastic material it is pos-
sible, in theory, to transform the creep compliance directly to the stress relaxation
modulus. The mathematical relations and formulas relating the creep compliance to
the relaxation modulus have been developed by Secor and Monismith (_2_0) and Ferry
(18). The References contain the complete details of the mathematical development of
the necessary equations. The equation used for this transformation of creep compliance,
J c(t), to the relaxation modulus, Er(t)’ is of the form

n-2

. (tn_l) : ty - iz__:o E, (ti+‘/2) [f(tn'ti) 5 f(tn'ti+1)]
2/ T f(tn . tn-l)

where
t = time,
Er(t) = stress relaxation modulus,
_ t
ft) = oj' J, (t) dr, and
J c(t) = creep compliance.

By the use of the above equation and the assumption that in the numerical integration
the creep compliance is assumed to be constant betweent = 0 andt = t,;, the first
time increment, this assumption allows the first value of the compliance function to be
defined by
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If we are dealing with a linear viscoelastic material it would then be possible to cal-
culate the values of the stress relaxation modulus over the same time range as those
obtained from the creep test. An IBM 7094 Scatran computer program was written to
transform the creep compliance function to the relaxation modulus function.

Figure 7 shows stress relaxation modulus vs time obtained directly from stress
relaxation tests and also by the transformation procedure mentioned using creep test
data. The excellent agreement of the data can be noted. The test specimens were
conditioned identically for these tests by use of the Instron testing machine. The close
agreement between the two tests is a direct measure of the degree to which the com-
pacted soil is a linear viscoelastic material, and provides additional verification of
applying rheological concepts to soils. '

EVALUATION OF COMPACTION BY RHEOLOGICAL TECHNIQUES

Rheological parameters of a linear viscoelastic material can be evaluated from any
or all of the rheological tests previously mentioned at stresses within the linear range.
Data from the third loading creep cycle, such as the axial and radial deformations, can
be evaluated and the instantaneous deformation determined at very low loading times,
down to approximately 0.01 sec.

The complex elastic modulus, E#*, is a complex number consisting of a real part,

E, (w), which is made up of the instantaneous elastic response as well as portions of
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the retarded elastic response, and an imaginary part, E, (w), which includes a part of
the time-dependent elastic component and the total viscous response of the soil under
load (23, 18). It should be noted that in many cases the axial deformation at 30 sec
may be roughly equal to the instantaneous elastic response. The elastic portion of the
creep modulus, E,, at a loading time of 30 sec was also used as a rheological param-
eter to study the effect of the principal variables of moisture content and the input of
compaction energy. The axial strain data as functions of time were used to evaluate
the absolute value of the complex modulus, |E*|, and the phase angle of the modulus,
¢E, as functions of loading frequency by transforming the experimental results from
time domain to frequency domain.

Soil Specimens Prepared by Impact Compaction

Using samples prepared by the drop hammer type of compaction energy, creep
tests under an axial stress of 12 psi were performed. The elastic creep modulus eval-
uated at a loading time of 30 sec was used as a parameter for the analyses of the data.
In Figure 8, plots of the elastic creep modulus vs compaction energy are presented
for constant molding moisture contents and degrees of saturation. Similar plots to
evaluate compaction using the magnitude and phase of the complex modulus, E¥*, as
parameters are shown in Figure 9.
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Curve fitting techniques were applied to the typical plots of the basic creep test
data of strain vs loading time to fit an exponential equation to the strain-time creep
curve using a method described in detail in the pavement design literature (11). A
second Scatran computer program was written to transform the exponential strain-
time equation from the time domain to the frequency domain and determine the magni-
tude and phase of E* and T* over a wide range of frequencies from 0.1 to 1000 radians
per sec.

Long-Term Creep Tests

A second type of constant-load creep test was utilized to study the long-term re-
sponse of the soil in which the specimen was under load until the strain reached a
linear steady-state flow condition. Figure 10 shows the axial strain vs time on a log-
log scale. It should be noted that strain and time are related by a power function of
the form € = ct™ in the initial stages of the mechanical response of the soil, as in-
dicated by the straight line portion on the plot. Strain and time also related by an
equation of the form € = ¢’ + m’t, which is the linear relation indicated by the straight
line portion of the curve on the natural scale plot shown in Figure 11 during the steady-
state portion of creep behavior. The slope of the steady-state portion or steady-state
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strain rate during the final stages of the creep plots can be used to find the coefficient
of viscosity, Ay, of the soil. This Ay represents the viscosity element of the outside
dashpot if the material is represented by a generalized Voigt model.

Stress Relaxation Tests

Another independent basic rheological test performed in this study was the classical
stress relaxation test. At any experimental time it was possible to calculate the stress
relaxation modulus, E.(t), which is defined as the time-dependent stress at a given
time divided by the applied constant strain. Because most of the relaxation of stress
takes place within the first minute, the E,.(t) at 1 min was selected as a parameter to
study the effect of the variables of moisture content and input of compaction energy.
Figure 12 shows interpolated data of the relaxation modulus E,(t) vs compaction energy
at constant moisture contents and also constant saturations.

DISCUSSION OF RESULTS

The effect of compaction energy on the selected rheological parameter can be studied
either at a constant moisture content or at a constant degree of saturation. By inter-
polation of the basic experimental data, it is possible to plot the soil parameters of
dry density, unconfined compressive strength, creep modulus, complex moduli, and
others vs compaction energy and to analyze these parameters at constant moisture
contents, such as the optimum dry unit weight moisture content, or constant satura-
tions. Figures 13 and 14 show dry density and unconfined compressive strength vs
compaction energy. These plots generally indicate that at a constant saturation the
parameters of dry density and unconfined compressive strength increase with an in-
crease of compaction energy; however, the strength properties of a compacted soil as
indicated by rheological parameters do not proportionately improve with the increase
of compaction energy. This may be due to many factors, such as the nature of the
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structural arrangement of soil particles of the compacted soil and possible degradation
of soil grains under high compaction energy, which were beyond the scope of this study
of the phenomenological response of soils.

Figure 15 shows elastic creep modulus, E¢, vs compaction energy. The maximum
possible value of E; is the desirable characteristic. The optimum compaction energy
found by the E, criterion in the case of impact compaction is quite different from the
optimum energy determined by the maximum dry density criterion, and would be the
most economical compacted state to be desired in field construction for the particular
soil, type of compaction and conditions investigated. If comparable experimental data
can be obtained for the field strength-compaction energy relation of a soil it will be
possible to expend less compaction energy on a given soil and obtain a more stable
material for the construction of engineering structures.

The creep modulus parameter continues to increase with an increase in compaction
energy. However, the rate of change in strength parameter is small beyond 80 blows
compaction energy and, therefore, an optimum energy can be arrived at keeping in
view the ratio between the increase of creep modulus and input of compaction energy.

From the creep data of axial strain as a function of time, using the electrical-
mechanical analogy (9), it is possible to transform the creep moduli from the time
domain to the frequency domain and calculate the magnitude of the elastic complex
modulus, |E*|, and its phase angle, ¢g, directly in the frequency domain. The pa-
rameters |E*| and ¢ can be evaluated for a particular frequency of loading to define
the response of a viscoelastic material to any type of loading function. Table 2 indi-
cates the approximate correspondence between the frequency of loading in the laboratory
and the speed of a moving traffic load. Therefore, the complex parameters evaluated
at any given frequency can be related to a corresponding traffic load moving at a par-
ticular speed (12). Figure 9 shows the parameters |E*| and sg at «w = 0.1 radians
per sec vs compaction energy at constant moisture contents. Figure 16 shows |E*| vs

TABLE 2
TEST FREQUENCY AND VEHICLE SPEED CORRELATION

i‘ 11/2 Cycles ﬂ
tension
Wl P
b \_/

compression

9' Radius of Influence

Time of Influence

Vehicle Speed
in mph

of One Cycle
in Seconds

w —- Frequency
in Radians/ Second

0. 065

15

30

63

1.02

0,27

0.135

0.1

6.2

23.3

46.6
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compaction energy. The same optimum value of compaction energy can be evaluated
using either E; or |E*| as parameters, which in this case is 80 blows. The E, com-
paction parameter is easily evaluated in laboratory tests and the optimum level of com-
paction energy is the same as the optimum obtained using |E*| and ¢ to evaluate soil
compaction.

It was found that IE*I does not generally change significantly beyond a frequency of
0.1 radians per sec. However, the phase angle, ¢g, continues to vary slightly with
frequency. Values of |E*| below a frequency of 0.1 radians per sec pass through a
transition zone near this frequency. It should also be noted that this fundamental ma-
lerial property, E*, is independent of the type of test and can also be directly utilized
in pavement design procedures now in the research phase (E, §_}. The parameters at
a frequency of 0. 1radians per sec were plotted to evaluate the effectiveness of com-
paction, although any frequency could have been used. The desirable characteristics
for the compacted soil, in the light of material science concepts, are a maximum value
of |E*| and a minimum value of ¢r,. The values of |E*| increase with an increase of
compaction energy except for the Eigher moisture contents, but the rate of increase is
not proportional to the increase in compaction energy and this should guide the engi-
neer in selecting the optimum compaction encrgy.

In order to completely define the stress-strain response of a linear viscoelastic
material, two material constants are required as in the case of the elastic theory. The
second suitable material constant which can be evaluated experimentally is the com-
plex transverse modulus, T*, which relates axial stress and radial strain. This pa-
rameter was also utilized in this study on a limited basis. The complex transverse
modulus can be evaluated by measuring the lateral strain. Thus, in the viscoelastic
theory both |E*| and ¢g, |T*| and ¢ are the material constants necessary to define
the state of a compacted soil.

In Figure 10 the response of a soil under load in a creep test was represented by an
equation of the form € = ct™, The values of ¢ and m may be utilized as parameters
to determine the optimum combination of moisture content and compaction energy.
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SUMMARY

1. Compacted soils behave as linear viscoelastic materials within a given range of
stress or strain depending on the environmental conditions and compaction methods.
Soils compacted and utilized for subgrades under highway pavements are subjected to
stresses and strains within the linear range noted by direct experimental testing.
Therefore, as an engineering approximation, the response of compacted soils under
highway pavements can be treated and studied as that of a linear viscoelastic material.

2. General experimentation is usually conducted on samples previously untested;
however, the loading history influences the mechanical behavior of the soil. Compacted
soils exhibit a form of mechanical conditioning and when experimental specimens are
tested both the deformation and strength properties measured will vary with subsequent
repetitions of loading and unloading, suggesting that a conditioning of the samples by
the testing loads may yield more realistic results in the case of highway pavement
studies.

3. The total deformation under load in the creep test could be separated into three
components: (a) the instantaneous elastic, (b) the retarded elastic, and (c) the vis-
cous. As an approximation, the elastic creep modulus evaluated at a loading time of
30 sec was used to represent the instantaneous or elastic response. Using the creep
modualus at 30 sec loading time as a parameter, the compaction characteristics of
soils were evaluated. In the case of drop hammer compaction the value of E. increases
with an increase of energy but the rate of increase is not proportional to the increase
in the input of energy.

4. Analogous to Young's modulus, E, for an ideal elastic material the complex
elastic modulus, E*, or the magnitude of the complex elastic modulus, E* ;| and the
corresponding phase angle, ¢p, can be used as rheological strength parameters in
evaluating the state of a compacted soil. The rheological parameters increase with
increases of compaction energy, but not in the same proportion. From Figures 9 and
16 it can be concluded that 80 blows is the optimum compaction energy based on eco-
nomie considerations.

5. In the stress relaxation tests, the desirable characteristic is a maximum value
of Er(t). Eighty total blows per sample was the optimum compaction energy yielding
a maximum possible value of E.(t) at a constant saturation.

6. The strain-time response in a creep test indicates that the axial strain and time
are related by a power relation of the form € = ct™ during the elastic and portions of
the retarded elastic strain of the total response. During the steady-state flow portion
of creep response the strain-time function can be describedas ¢ = ¢’ + m't.

7. To rigorously define the stress-strain-time behavior of soils two material con-
stants are required as in the elastic theory. The complex elastic modulus, E*, and a
second modulus (which can be any one of the following: complex Poisson's ratio, V*,
complex transverse modulus, T*, complex shear modulus, G*, and the complex bulk
modulus, K*) will be sufficient to describe the true stress-strain-time response of any
viscoelastic material. In many pavement design procedures, such as Westergaard's
or Boussinesq's, an appropriate value of Poisson's ratio is often assumed and used in
design techniques. Likewise an approximate and suitable value of V* can be assumed
with the additional insight of laboratory tests of the measured lateral strains or volu-
metric changes. Using two material constants, the classical elastic equations can be
used in the frequency domain (25) in predicting the performance of a subgrade under
any type of loading. Once the optimum saturation or molding moisture content and the
maximum possible or most economically desirable value of E*, T*, V* etc., are
determined, then a suitable type of compaction program in field can be evaluated to
yield an optimum compacted soil.

The conventional soil compaction parameters, dry density and unconfined compres-
sive strength, both increase with an increase of the compaction energy and are not
fundamental properties of the material. It is established that there is an optimum level
of compaction energy beyond which additional compaction will resultin overcompaction
of the material and a reduction in the overall strength of the soil. Therefore, using
conventional soil strength parameters it may be difficult to find the most effective level
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of compaction energy. By verification of the linear viscoelastic response of soils
under environmental conditions comparable to highway service conditions it is now
possible to utilize rheological parameters such as E;, E.(t), E*, and others to evaluate
soil compaction.
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Field Study of Soil Compaction

DELON HAMPTON, Senior Research Engineer, and
E. T. SELIG, Manager, Soil Mechanics, IIT Research Institute, Chicago

Full-scale field tests dealing with soil compaction for
highway construction were undertaken to determine the
following: (a) the desired characteristics of compacted
soil, (b) how best to measure and specify the proper
compaction, and (c) the effectiveness of various methods
of achieving compaction. The test variables included
were type of soil or base course material, moisture con-
tent, lift thickness, type of compactor, compactive effort,
and number of roller coverages. Measurements of the
soil properties were made using a cone penetrometer, 6-
in. bearing plate, CBR apparatus, seismograph, portable
nuclear moisture/density instrument, nuclear Road Log-
ger and sand cone, together with conventional moisture
content procedures. The experiments were divided into
6 sets, 3 for subgrade soils and 3 for base course ma-
terials, each incorporating some of the independent var-
iables for different purposes. Statistical techniques were
used for planning the experiments and analyzing the data.
This paper describes the scope of the field tests, the
plans and procedures and the type of information being
obtained.

®IN 1964, the U. S. Bureau of Public Roads in conjunction with 14 states and Puerto
Rico undertook sponsorship of a comprehensive study of soil compaction. The re-
search comprised three parts. North Carolina State of the University of North Carolina
at Raleigh was to evaluate the state of the art of compaction of soil and rock materials
for highway purposes, The Ohio State University was to study fundamental properties
of soils in the laboratory, on a rheological basis, to determine whal the basic prop-
erties of soils in relation to soil compaction are. The third part of the compaction
triology was undertaken by the IIT Research Institute,

The objectives of this study were to determine (a) the desired characteristics of
compacted soil, (b) how best to specify and measure the proper compaction, and (c)
the effectiveness of various methods of achieving compaction. The test plan consisted
of full-scale field tests using commercial compaction equipment, laboratory investiga-
tions of soil behavior, and analysis and experiments as required to interpret the field
results and develop the theory.

The purpose of this report is to describe the field tests so that the reader can better
understand and assess the test results and conclusions from the study which are con-
tained in two other papers published in this RECORD (1, 2) as well as those that may
be published at a later date. Specifically, the paper describes the plans for the field
tests, the factors considered in the design of the experiments, and the procedures fol-
10wed in conducting the tests,

The field tests were conducted from June through October 1965 at Hazelcrest,
Illinois. From the outset, considerable effort was devoted to a comprehensive review
of the field test plans. Although the test objectives were reasonably well established,
the best plan for obtaining them was not easy to determine because many factors, both

Paper sponsored by Committee on Compaction and presented at the 46th Annual Meeting.
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technical and nontechnical, had to be considered simultaneously. Each piece of com-
paction equipment and each soil has its own unique characteristics. The test plan had
to accommodate these differences and still provide a valid comparison between the re-
sults for each set of variables. Bias, such as produced by weather and unknown factors
influencing the results, had to be averaged out. The thousands of possible combina-
tions of independent variables involved in the study had to be reduced by some rational
process to an amount which could be handled within the time and funds available, A
tentative selection of the variables was made during contract negotiations to provide a
starting point for the program. These were revised in light of further information
gathered during the research. Pilot tests (3) to provide necessary information to fa-
cilitate proper planning of the main field test program were conducted at the Hazelcrest
test site during the last two weeks of October 1964.

The general criteria for establishing the test plan were as follows:

1. Represent as broad a range of compaction equipment and soil conditions as pos-
sible,

2. Select lift thickness to cover the range of principal interest, 6 to 18 in.

3. Provide a variation in moisture content from dry to wet of optimum,

4. Choose methods of measuring soil properties to be indicative of the various im-
portant characteristics and at the same time be rapid and nondestructive, and have
potential for use as construction control tests.

5. Consider methods of soil preparation.

6. Select the specific test variables to permit analysis of the results on a statistical
basis, taking into account the large variability anticipated in the field.

The detailed test plans were prepared after an analysis of the pilot test results,
discussions with the project steering committees and a review of the overall research
objectives. These plans are presented in this paper together with a brief description
of the apparatus and procedures used.

EXPERIMENTAL PLAN

The basic independent variables considered for inclusion in the field test plan were
(a) subgrade soil and base course material types, (b) moisture content, (¢) compac-
tion equipment type, (d) level of compactive effort, (e) number of roller coverages,

(f) 1ift thickness, (g) characteristics of foundation beneath lift being compacted, and
(h) method of soil preparation.

It was intended that the range of variables selected be as broad as possible to per-
mit a comprehensive study of the problem of soil compaction. The tests were con-
ducted in the field under as realistic conditions as possible to permit the most direct
and immediate application of the results to construction practice. Selection and group-
ing of the major variables were based on a valid statistical plan to provide the most
information for the number of tests possible within the available funds, recognizing
that large variability should be expected in the field. To satisfy these conditions, it
was decided that replicate tests should not be included and that the size of the experi-
ment, i.e., number of related tests, should be large enough to assure distinguishing
real effects from random variations of the magnitude anticipated. The viewpoint was
taken that a full factorial experiment would provide the best chance of success in inter-
preting the results.

A range of moisture content for each of the soils was considered essential for three
principal reasons: (a) moisture content significantly influences soil properties, (b)
optimum moisture content varies with compactive effort which is both different and
unknown for each compactor, and (c) an understanding of field moisture-density rela-
tionships would be a significant aid in the accomplishment of the study objectives.

Compaction of subgrade soils most commonly involves multiple lifts. It is generally
believed that during the compaction of the topmost lift the underlying lifts will also be
affected and their properties in turn will influence the compaction of the topmost lift,
However, even though these are important considerations, it was decided to eliminate
them from the test plan in favor of other factors. This was done by constructing all
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TABLE 1
CLASSIFICATION OF SUBGRADE SOILS

o 2‘;3?}1‘: c Iii‘q@ g Pllas?ic -y Classification
oY L(;“;“ Index Color  ynified  AASHO
System  System
Clay 2.70 36.7 14.7 22.0 Tan CL A-6(13)
Silty clay 2.70 32.8 19.3 13.5 Gray CL A-6(9)
Silty sand and gravel 2.70 21,32 14.0% Tq* Gray SM-SC  A-4(1)
Silt 2,71 25.1 21,5 3.6 Tan ML A-4(8)
Sand 2,70 - — Nonplastic Light brown sP A-3(0)

“Material passing No. 40 sieve,

test sections as single lifts on a prepared soil foundation whose strength was generally
greater than that of the lift being compacted. The order of testing was randomized to
help minimize any bias which might occur because of changes in the foundation during
the summer. The major problem with the single-lift approach occurred with the
sheepsfoot roller, because it usually will not compact the entire lift thickness. To
provide some adjustment for this situation, the sheepsfoot lifts initially were made 2
in. thicker than those for the other compactors.

The selected test plan included the following test conditions:

1. Five subgrade soils (Table 1) and five base course materials (Table 2).

2. Four moisture contents for the subgrade soils, selected to bracket the estimated
equipment optimum and the Proctor standard and modified optimums, and a single
appropriate moisture content for the sand and the base course materials.

3. All test sections with as nearly as possible the same foundation conditions (the
embankment lifts were constructed individually and then removed after final inspection).

4. Nominal loose lift thicknesses of 6, 12 and 18 in. for the subgrade soils and
thicknesses of 6 and 12 in. for the base course series.

5. At least one piece of compaction equipment from each major category.

6. The use of a disk and a pulverizing mixer as alternatives for soil preparation.

Not all combinations of these conditions could be studied because of the extremely large
number of tests this would require. Instead, six series of tests were designed, each in-

i

corporating some of the independent variables for different purposes.

TABLE 2
CLASSIFICATION OF BASE COURSE MATERIALS

Liquid Plastic Specific
Designation Limit Limit Gravity G?‘:E::Sm
of Fines of Fines (G)
Open-graded gravel or clean
gravel = oy 2.75 _
Dense-graded gravel with plastic
fines or plastic gravel —_ 18.1 2.16
Dense-graded gravel (PI = 0-6)
or crushed gravel 14.8 Not 2.76
Obtainable
Open-graded crushed stone or
clean limestone — - 2.74 =
Dense-graded crushed stone or
crushed limestone 17.0 Not 2.77 B

Obtainable
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The following basic types of compaction equipment were selected:

1. An intermediate pneumatic tire roller with variable wheel load and a heavy pneu-

matic tire roller.

2. An intermediate steel wheel vibratory roller providing two frequencies and a
heavy vibratory roller.

3. A plate vibrator providing two frequencies.

4. A segmented pad roller with variable contact pressure,

5. One self-propelled sheepsfoot roller with variable foot pressure and one vibra-

tory sheepsfoot.

6. One combination pneumatic-vibratory-smooth wheel roller for special tests.
7. A three-wheel smooth wheel roller with variable ballast.

The advice of a manufacturers' steering committee was sought in selecting the particu-
lar pieces of compaction equipment to satisfy these criteria. The specific operating
conditions for each piece of equipment were established based on the instructions of the
manufacturers. The general characteristics of the compactors are given in Table 3.

TABLE 3

COMPACTOR CHARACTERISTICS

Conditions Used in Tests

Type Designation
Intermediate P1 Seven 11.00 x 20, 16-ply tires at 105 psi inflation pressure,
pneumatic 15,300 1b total weight, speed 3 mph, self-propelled.
P2 Same except 24, 000 1b total weight.

Heavy pneumatic P3 Four 18.00 * 25, 24-ply tires at 70 psi inflation pressure,

37,800 1b total weight, speed 1.5 mph, towed by dozer.

P4 Same except 52, 700 1b total weight.

Intermediate v Smooth steel roller 75 in. wide by 47 in. diameter, static weight
vibratory 10,500 1b, vibration frequency 1500 vpm, speed 1.5 mph, towed

by dozer.

Vi Same except 1400 vpm.

v2 Same except 1600 vpm.

V2s Same except 1600 vpm, speed 1.0 mph,

V4 Smooth steel roller 72 in. wide by 51 in. diameter, static weight
8100 Ib, vibration frequency 2320 vpm, speed 1.5 mph, towed
by dozer.

Heavy vibratory V3 Smooth steel roller 78 in. wide by 60 in, diameter, static weight
21,700 1b, vibration frequency 1300 vpm, speed 1.5 mph, towed
by dozer.

VM Same except 1200 vpm.

Smooth wheel SW1 Three steel wheels, rolling width 83 in., total weight 25, 000 lb,

speed 1.5 mph, self-propelled.
SwW2 Same except 31,400 lb total weight.

Combination C1 Eight 7.50 X 15, 10-ply tires at 100 psi inflation pressure, 15,500
1b on tires, 26,900 lb total weight, speed 2 mph,

C2 Same tires with 6900 lb weight followed by 72 in. wide by 32 in.
diameter steel drum with 6900 1b weight, total weight 26, 900 1b,

C3 Same as C2 plus vibration at 100 vpm imposed on drum.

C4 Drum only with 12, 500 1b weight, 26,900 1b total weight.

Segmented pad T1 Four steel wheels with segmented pads 44 or 69 sq in, each,

32, 000 1b total weight, speed 3 mph, self-propelled.
T2 Same except 34, 600 lb total weight.

Plate vibrator PVl Six vibrating shoes at 400 1b static weight each, 4.4 sq ft area,

frequency 2200 vpm, speed 1.5 mph, self-propelled
PV2 Same except 4 shoes vibrating at 2900 vpm,
PV2Ss Same as PV2 except speed = 0.3 mph.

Vibratory sheepsfoot SV Drum 72 in. wide by 42 in, diameter with 112 feet 7 in. long at 7.5
sq in. contact area, static weight 9250 1b, frequency 2000 vpm,
speed 1.5 mph, towed by dozer.

Sheepsfoot S1 Twin-drums 5 ft wide by 5 ft diameter each with 120 {eet at 7 sq
in. contact area, static weight 21, 000 1b on both drums, speed
3 mph, self-propelled.

S2 Same except 30, 000 1b weight,
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The following types of measurement on the compacted materials were included:

Penetration resistance vs depth with cone penetrometer.

Deflection under load applied to 6-in. circular bearing plate.
California Bearing Ratio.

Moisture and density with portable backscatter nuclear instruments.
Moisture and density logs with a nuclear Road Logger,

Density with sand cone and moisture content using oven-dried samples.
Seismic velocity with seismograph.

. Lift thickness before and after compaction.

O =IO U > WD ==

In addition, measurements were made periodically on the foundation soils. Modified
Proctor and CBR tests were made in the field on samples from each subgrade soil
lift, and ambient temperature and humidity were recorded.

SUBGRADE SOILS

The combination of variables investigated in the subgrade soil tests is given in
Table 4. These were accomplished in 3 test series for convenience. Since series 1
initiated the field test program, it served in part as a check on procedures before em-
barking on series 2, the main series of subgrade soil tests. Series 3, dealing only
with sand, was conducted last. These tests provided 336 test sections to represent the
soil types, lift thicknesses and compaction methods of Table 4, together with variation
in moisture content, compactive effort and method of soil preparation.

For analysis the test sections were grouped in several ways. Series 2, the prin-
cipal subgrade soil series, provided 256 test sections combining the following vari-
ables:

1. Four soils—moderately plastic clay, silty clay, silty sand and gravel, and silt.

2. Lift thicknesses of 6 and 12 in.

3. Four moisture contents,

4. Four compactors—intermediate pneumatic, intermediate vibratory, segmented
pad and self-propelled sheepsfoot.

5. Two levels of compactive effort for each roller.

6. Soil preparation by pulverizing mixer.

This series resulted in a basic body of statistically meaningful data on which most of
the analysis and evaluation of soil properties and measurement techniques for sub-
grade soils was based.

A second subset provided 36 test sections from series 1 and 2 combining (a) silty
clay; (b) four moisture contents; (c) lift thickness of 12 in.; (d) nine different pieces
of compaction equipment, each at a single level of effort (all equipment in Table 3 ex-
cept plate vibrator); and (e) soil preparation by pulverizing mixer. This series per-
mitted observing, for a single soil type and lift thickness, whether or not there would
be any fundamental differences in conclusions for a wide range in type of compaction
cquipment.

A third subset of 24 test sections from series 1 provided information on methods of
soil preparation by comparing the results using disking vs pulverizing mixer prepara-
tion for (a) heavy pneumatic roller on silty clay; (b) heavy vibratory roller on silty
sand and gravel; (c) combination roller on silty clay; (d) lift thickness of 12 in.; and (e)
four moisture contents.

A fourth subset of 16 test sections from series 1 provided information on thick lifts
by combining (a) lift thickness of 18 in.; (b) two rollers—heavy pneumatic and heavy
vibratory; (c) two soils—silty clay, and silty sand and gravel; and (d) four moisture
contents, Because the pulverizing mixer could not handle 18-in. lifts, preparation was
accomplished by adding and disking three 6-in. thick layers of soil.

A fifth subset of 16 test sections from series 3 provided information on compaction
of sand by combining lift thicknesses of 12 in. and 18 in. and eight pieces of compac-
tion equipment (all in Table 3 except the two sheepsfoot rollers).



TABLE 4
SUBGRADE SOIL TESTS

Soil Type

Compaction Method
Loose Lift
Thickness Pneumatic Vibratory
(in.) Combination
ter. Heavy Inter. Heavy

Segmented  Plate Smooth Sheepsfoot

Pad Vibrator Wheel

g

Vibr, Self-Prop.

Moderately plastic clay

Silty clay

Silty sand and gravel

Silt

Sand

&

[&]

BE (=

D066
(=] [e]
5]
0066
3

12 A A A A A A A A
18 A A A A A A A A

Note: Numbers indicate amount of test sections for each combination reguired by planned variation in moisture content, compactive effort and method of soil

preparation.

[ Series 1

O Series 2 A Series 3

6%
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Finally, some additional special tests from series 1 are included for general in-
formation. These were vibratory sheepsfoot on 12-in. lifts of three soils (clay, silty
clay and silt) at four moisture contents.

BASE COURSE MATERIALS

The combinations of variables investigated in the tests on base course materials are
given in Table 5. Ninety test sections are represented. Moisture content was not a
control variable as in the subgrade soil tests. Instead, one replicate of each test sec-
tion was provided at the moisture content existing in the materials as they were brought
from the quarry stockpiles.

The tests were planned in 3 series (Table 5), but conducted simultaneously for con-
venience. The results are grouped into 3 subsets for purposes of analysis. The prin-
cipal one provides 64 single-moisture test sections from series 5 combining the follow-
ing variables:

1. Two base course materials—dense-graded gravel and dense-graded crushed
stone,

2. Lift thicknesses of 6 and 12 in,

3. Four compactors—intermediate pneumatic, intermediate vibratory, plate vibra-
tor and smooth wheel.

4. Two levels of effort with each compactor.

5. One replicate of each set of conditions.

This series provides the basic body of data on which the analysis and evaluation of soil
properties and test techniques for the base course series will be based.

A second subset of 16 test sections from series 5 and 6 provides a comparison a-
cross all equipment types for one soil type by combining (a) one material—dense-
graded crushed stone; (b) lift thickness of 6 in.; (¢) all eight compactors in Table 5;
(d) one level of effort with each compactor; and (e) one replicate of each set of condi-
tions.

The third subset consists of 30 test sections from series 4 and 5 to compare the re-
sults with all five base course materials by combining (a) all five materials in Table
5; (k) lift thickness of 6 in.; (c) three compactors—intermediate pneumatic, inter-
medlate vibratory and plate v1brator; (d) one level of effort with each compactor; and
(e) one replicate of each set of conditions.

TABLE 5
BASE CQURSE TESTS
Compaction Method
Loose Lift
Material Thlekness Pneumatic Vibratory o Segmented Plate SHigk
(in.) Combination Pad Vibrator  Wheel
Inter. Heavy Inter. Heavy 9 €0
Open-graded gravel or 6
clean gravel 12

Dense-graded gravel 6
with plastic fines or 12
plastic gravel

Dense-graded gravel 6 4
(PI = 0-6) or crushed 12 4

CIEE) B
CEE) BE

gravel O
Open-graded crushed stone 6 [E]

or clean limestone 12
Dense-graded crushed 6 A A é é

stone or crushed 12

limestone

Note: Numbers indicate amount of test sections for each combination required by planned variation in compactive effort plus one replication
of conditions.

[J Series 4 O Series 5 /\ Series 6
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SEQUENCE OF OPERATIONS

A complete review of the sequence of operations employed in all 6 test series is
beyond the scope of this paper. However, to provide insight into the order and coor-
dination of tests, the procedures used during test series 2 (the main series) are out-
lined. In this series each individual lift was 160 ft long by 15 ft wide and divided into
4 equal test sections oriented end-to-end, each with a different moisture content (Fig.
1). Location flags were used to mark the position at which measurements were to be
taken.

The pulverizing mixer was used for all soil processing to provide uniform distribu-
tion of moisture and to avoid undesirable density gradients in the loose lift material.
Immediately prior to initiating compaction, moisture samples were taken from one lo-
cation in each test section, with one 300-gram sample taken for each 3 in. of lift thick-
ness. Simultaneously, two 1-gal cans of soil were taken from the same location in
each section for modified Proctor compaction tests and unsoaked CBR tests. The tests
were carried out during the time the lift was being compacted and tested. In addition,
approximately 6 gal of soil were taken randomly along the lift and stored in 50 gal
drums to acquire during the test program a large sample of material representative
of each stockpile.

Two coverages, usually consisting of single passes, were then made with the se-
lected compactor. At the completion of the second coverage, measurements were
made with the portable nuclear, Road Logger, seismic, penetrometer and plate appa-
ratus. With the exception of the Road Logger, all measurements were made once in
each test section at the same predetermined random location. The Road Logger made
one pass along the length of the lift within the compacted width. Two more coverages
were then made with the compactor and the testing process repeated at a new random
location. The remaining sets of measurements were made after 8 and 16 coverages.

On completion of the growth measurements after the 16th coverage, lift thickness
measurements were taken. Then the lift was stripped down approximately 2 in. for a

TEST SECTIONS
(15 by 40 FT EACH)

LOCATION FLAG

MEASUREMENT LOCATIONS
(10 PER SECTION)

Figure 1. Lift layout with four test sections.
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6-in, lift or 5 in. for a 12-in. lift and additional thickness measurements made. In
general, the stripping operation was completed in about 20 min.

Final inspection tests were then performed. These included all previous measure-
ments, and in addition, CBR tests in each test section, sand cone tests in sections 1
and 2 and moisture content determinations in each test section. The sand cone tests
and moisture samples were taken at the exact location at which the final hand nuclear
measurements were made. After these tests were completed, the remainder of the
lift was removed and the test area prepared for another lift,

Approximately 25 to 30 min were required for each set of growth measurements,
and about 45 min for final inspection measurements. Compaction and stripping time
consumed approximately 50 min. Total time required for a test totaled approximately
3% hr. Instrument and equipment malfunctions and inclement weather frequently in-
creased the required time,

PREPARATION PHASES
Test Area

Preparation of the test site was started in September 1964 prior to the pilot studies.
The area was cleared and graded and the 5-acre portion to be used for the test sections
was inspected for suitability as a foundation for the compacted lifts. Pockets of un-
satisfactory soil were removed and replaced with a moderately plastic clay so that the
entire 5 acres would be relatively uniform in composition.

The clay, silty clay, and silty sand and gravel used in the tests (Table 1) were ob-
tained from selected borrow pits at the test site. About 3000 cu yd of each of these
materials were stockpiled on the site and then mixed by a bulldozer to insure homo-
geneity. The silt was hauled to the site from a location about 10 miles away. It was
also mixed by a bulldozer. The sand was obtained from a location near Lake Michigan,
It was very uniform and required no further processing.

The base course materials were hauled to the site from quarries in Thornton and
Joliet, Illinois, and were deposited directly in the test areas as required for compac-
tion. It was felt that the quarry control would be sufficient to assure adequate uniform-
ity between test sections.

At the completion of site preparation, eight 30 by 120-ft test areas were laid out
side by side. Soil within these areas was compacted by 18 coverages with a self-
propelled sheepsfoot roller followed by 2 coverages with a 50-ton pneumatic roller.
Each of the 8 test areas was then divided into four 30 by 30-ft test sections. This ar-
rangement was made to provide up to four different moisture contents in each lift with
the same soil. By putting all four levels of moisture in a single lift for the subgrade
soil tests, moisture increments could be more precisely controlled. After subgrade
soil series 1, the test sections were extended in length to 40 ft and reduced in width to
20 ft. This provided a more suitable layout for preparing and compacting the soil.

Measurements of penetration resistance, bearing plate, and CBR were then made
in each test area to obtain quantitative measures of the foundation conditions. These
measurements were repeated periodically to determine variations in conditions. After
a general increase in penetration resistance in all sections for the first month, fairly
uniform results were obtained thereafter.

Subgrade Soil Processing

It was desired that the stockpiled soils be uniformly dried to a moisture content
equal to or less than the lowest of the four preselected test values for each lift before
placing them in a test area. Drying was best accomplished at the stockpile, but some
drying had to be accomplished after the soil was placed in the test area. In addition,
a compromise had to be found between the amount of time which could be devoted to
drying the soil and the minimum moisture content acceptable. In general, the minimum
moisture content tested was Z to 3 perceni higher than the preselecied desired
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TABLE 6
RELATIONSHIP BETWEEN SOIL TYPE AND MOISTURE CONTENT

Nominal Moisture

Rangeelton Content Moisture

T-99 to T-180

Soil Type Optimum Moisture *#) lncx('e)ment
) 1 2 3 4
Clay 10-16 8 11 14 17 3
Silty clay 9-13 T 9 11 13 2
Silty sand and gravel 7-10 5 7 9 11 2
Silt 11-13 T 8 1 13 2

minimum. This was considered acceptable, since the optimum moisture content for
each compactive effort would still not be generally exceeded.

Prior to placing the soil in the test areas, elevation marks were placed on the grade
stakes defining the corners of each test section. Reference elevation marks were ob-
tained by means of a stringline stretched across the section between stakes and ad-
justed to an average height of 6 in. greater than the planned lift thickness. This was
a rapid and accurate method of setting elevation guide marks.

Soil was transported from the stockpile to the test areas with a self-loading scraper.
For test series 1 the scraper laid the soil in two parallel strips. The motor grader
then spread the soil to the proper width and leveled the surface. Additional soil was
placed, spread, and leveled until the desired loose thickness was obtained over a width
sufficient to accommodate at least two adjacent nonoverlapping passes with the par-
ticular compactor being tested, allowing a minimum of 2 ft of shoulder on each side.
The scraper and grader operators were instructed to follow the same wheel paths when
traversing the lift each time to avoid compacting the material in the areas where the
test measurements were to be made. This was particularly important in spreading
the second and third layers of the 12- and 18-in. lifts when prepared with the disk.

For series 2 the soil was deposited in a single lane by the scraper and spread to a
width of 12 to 15 ft by the motor grader. After a sufficient amount of soil had been
deposited, stringline measurements were made and the final grading carried out topro-
vide the desired lift thickness. Enough additional soil was placed at the ends of each
lift to provide 10- to 15-ft long ramps.

After arriving at estimates of initial moisture content and wet density, the number
of cubic feet of water to be added to each test section was calculated. The selected
nominal moisture contents for each soil were as shown in Table 6. The moisture order
assigned each section within a lift varied randomly as prescribed by the statistical
plan instead of increasing monotonically from one end of the lift to the other.

Three techniques were used for mixing the water and soil: (a) surface sprinkling
followed by a towed disk, (b) surface sprinkling followed by a pulverizing mixer, and
(c) direct addition of water during processing by a pulverizing mixer, Sprinkling and
disking was found to be unsatisfactory for mixing water into the more cohesive soils
due to the immobilization of the disks because of clogging by soil and the tendency, in
the wetter sections, for soil to be transported from one test section to another. Sprin-
kling and pulverization proved to be the most advantageous so it was used for most of
the subgrade soils. Direct addition of water during pulverization, though most desir-
able, could not be satisfactorily accomplished because of a variety of difficulties with
the water dispensing system on the mixer.

SOIl. TESTING INSTRUMENTS

The instruments used for measuring soil properties are briefly described here; ad-
ditional details are given elsewhere (1, 3, 4,5).
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Figure 2. Penetrometer apparatus. Figure 3. Bearing plate apparatus.
Penetrometer

The field penetration apparatus was designed to measure and record continuously
the penetration resistance vs depth (Fig. 2). The penetrometer used was the standard
Corps of Engineers 30 deg (included angle) cone with a ¥»-sq in. base area. The rate
of penetration was maintained at a constant value of 2 in./sec by the hydraulic control
system. The maximum depth of penetration was 15 in. No preparation of the soil
was required and the total measurement time was less than 1 min.

Bearing Plate

A rapidly loaded 6-in. diameter plate (Fig. 3) was developed in which load could be
automatically applied and removed at a controlled rate of 500 1b/sec, and a contin-
uous record of load vs deformation obtained. A maximum load of 4500 lb was provided
using the weight of the test vehicle as a reaction. If a sinkage of 1 in. was developed
the load cycle was automatically terminated. Prior to the test, uncompacted soil had
to be removed and the surface smoothed. Displacement was referenced to the soil
surface by a special mechanism.

Field CBR Test

The CBR apparatus (Fig. 4) included a piston, surcharge weights, and a loading
device. The piston was 5 in. long and had an end area of 3 sq in. (diameter of 1.95
in.). A 6-in. diameter plate was fixed to the top end of the penetration piston to per-
mit it to be clamped to the bearing plate apparatus,

Three annular steel rings were used to produce the same surcharge pressure as
the 20-1b weight for the laboratory CBR test specimens. The loading device consisted
of a hand pump connected into the hydraulic system. This pump allowed load to be
applied at slower rates than provided by the automatic control system of the bearing
plate.
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Figure 5. Portable nuclear moisture/density
Figure 4. Field CBR apparatus. apparatus.

Portable Nuclear Moisture/Density Instruments

Two model 5901 d/M combination backscatter moisture-density gages (Fig. 5)
were furnished for use on the compaction field studies by the Nuclear Chicago Corp.
This gage has a single 4-mc radium beryllium source which emits both gamma rays
and neutron radiation permitting measurement of both moisture and density. A two-
position switch on the gage housing provides for selection of either moisture or density
measurement,

A series of tests was conducted in the laboratory prior to entering the field for the
purpose of becoming familiar with the characteristics of the instrument, and for es-
tablishing calibration curves for the soils used in the study. The calibration curves
were checked against those provided by the manufacturer, and where significant dif-
ferences existed the calibration curves developed in the laboratory took precedence.

Standard blocks of material were used to provide reference measurements of wet
density and moisture density (moisture content in 1b/cu ft), and to provide a continuous
check on the operation of the gage and scaler. The gage seating technique used a
cushion of dry sand following the removal of loose soil and trimming of the surface.
Three 1-min readings were then obtained on the lift for both moisture and wet density
and divided by the average of respective sets of reference counts taken before and
after the measurements on the soil. The moisture density and wet density were deter-
mined from the count ratio by using the appropriate calibration curve,

Nuclear Road Logger

The Road Logger (Fig. 6) is a specially designed vehicle manufactured by Lane-
Wells Co. that is equipped to record the wet density and moisture density of the
material over which it is driven. Either stationary or continuous moving logs at
driving speeds up to 3 mph may be obtained. Measurements are recorded on a strip
chart presenting direct reading of wet density and moisture density vs distance of
travel.

The moisture density and wet density measuring systems are mounted on two-wheel
carriages which rest on the ground surface when logging in order to minimize the var-
iations of surface roughness. The system investigates a single track along the ground
surface approximately 12 in. wide. Material to a depth of approximately 8 in. influ-
ences the reading, but the measurement is highly weighted toward the surface since the
influence of soil diminishes exponentially with depth. When logging, the moisture
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Figure 6. Road Logger apparatus. Figure 7. Seismic apparatus.

density and wet density plotted is a continuous average of the values over a preset
distance of past travel, generally 6 ft. No soil preparation was needed except for the
lifts compacted with the sheepsfoot rollers,

Seismograph

A seismograph was used to determine rapidly the velocity of impulses through the
compacted layers. Theoretically, seismic wave velocity is related to the density and
elastic properties of the soil.

The instrument selected was a Minnetech Labs Model MD-3 (Fig. 7) modified to
permit measurements over horizontal distances of 3 to 24 in. It consisted of four es-
sential parts: (a) counter, (b) triggering device, (c) sensing device, and (d) a means
to induce an impulse into the soil. A metal bar or spike held firmly on the ground
surface was struck with a hammer, The triggering circuit was arranged so that the
circuit was closed (starting the counter) when the hammer made contact with the bar
or spike. A geophone, anchored to the soil by either a flat plate or spike, served as
the sensing device,

CONCLUSIONS

The purpose, scope and operational procedures used in the compaction study have
been described to provide the necessary background for understanding and appreciating
the results of this study. More detailed information on the test plan, compaction and
testing equipment, and test procedures are given elsewhere (3, 4, 5).

Over 10, 000 measurements were taken and are now in the process of analysis. Some
of the results are presented in two companion papers in this RECORD (1, 2). Even
with the aid of statistical methods and computer techniques, the complete realization
of the potential of the data will not be realized for some time, since a considerable
amount of analysis is required for proper interpretation. In addition, it should be rec-
ognized that in spite of the great mass of data collected thus far, more research is
required both in the field and in the laboratory to supplement data previously collected.
This is necessary to broaden the scope of understanding of all aspects of the compac-
tion proccss and the properties of compacted soils.
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Evaluation of Rapid Field Methods for

Measuring Compacted Soil Properties

W. B. TRUESDALE, Research Engineer, and E. T. SELIG, Manager, Soil Mechanics,
IIT Research Institute, Chicago

One of the objectives of a recently completed field test pro-
gram was to study rapid methods of measuring properties of
compacted soils for purposes of construction control. A num-
ber of techniques for determining density, strength and stiff-
ness characteristics of soils were evaluated in tests providing
a range of soil types and a variety of compaction methods.
Commercially available devices were (a) a portable backscatter
nuclear moisture/density instrument, (b) anuclear Road Logger
for measuring moisture and density, and (c) a seismograph. In
addition, apparatus was designed and constructed for rapidly
measuring penetration resistance using a cone penetrometer,
stiffness using a 6-in.-diameter bearing plate, and CBR. For
comparison, conventional sand cone and moisture content
measurements were obtained. The results show the suitability
of the devices for detecting changes in compaction with com-
paction effort, the correlation between the different methods
and the variability of the observed properties.

®ONE objective of a full-scale field compaction study recently undertaken was to eval-
uate rapid nondestructive tests for measuring properties of compacted soils. Compac-
tion specifications are usually based on an optimum moisture content and maximum
dry density as determined from standard laboratory compaction tests. Compaction
control is based almost solely on field measurement of density, which generally is ob-
tained by the sand cone or rubber balloon test, with nuclear measuring techniques com-
ing into greater prominence each year.

With the exception of nuclear techniques, which are not yet fully accepted, field and
laboratory tests are generally too time-consuming to keep pace with present construc-
tion methods. In addition, it is quite possible that compaction specifications should ac-
tually be based on some property other than density; i.e., some other property (or prop-
erties) might provide a more direct measure of the important performance capabilities
of the compacted soils.

Hampton and Selig (1) discuss the scope of the compaction study, the field test
plan, and the equipment and apparatus used. Selig and Truesdale (2) discuss the in-
fluence of the test variables on compaction and the measured properties of the com-
pacted material. This paper describes the several field methods selected to measure
the moisture, density, strength, stiffness and seismic wave velocity of soils, and dis-
cusses their advantages and limitations as rapid, nondestructive tests and the degree
to which the measured properties correlate. Measurements made were: (a) moisture
and density with a portable nuclear gage, (b) moisture and density with a mobile nuclear
logging device, (¢) moisture and density with sand cone apparatus, (d) penetration re-
sistance, (e) plate bearing stiffness, (f) seismic wave velocity, and (g) the California
Bearing Ratio. In addition, samples were taken from each test section for determina-
tion of moisture content by oven-drying methods,

Paper sponsored by Committee on Compaction and presented at the 46th Annual Meeting.
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DESCRIPTION OF APPARATUS

Hampton and Selig (1) briefly described each type of apparatus used in the field tests
and presented illustrations of their operation in measurement applications. This paper
deals primarily with the techniques employed in using the apparatus, the problems en-
countered and the time required for measurements,

Portable Nuclear Instrument

The portable nuclear instruments used were two Nuclear-Chicago Model 5901 d/M
gages with Model 2800 A scalers. This gage is a backscatter instrument permitting
measurement of either wet density or moisture density. (Moisture density is defined
as moisture content in 1b/cu ft of water.) Standard blocks of material were furnished
to provide reference measurements for density and moisture in order to check the
overall operation of the probe and scaler.

The gages were calibrated in the laboratory on soil samples taken from the stock-
piles used for the field tests. Calibration curves were established in terms of count
ratio, and all measurements made in the field were converted to count ratio. The count
ratio was obtained by dividing the backscatter measurement on the soil by the counts
obtained for the instrument on the appropriate moisture or density reference block.
During the field tests, sets of five 1-min counts on these blocks were obtained at 2- to
4-hour intervals for both moisture and density. The average of three 1-min counts
was obtained on the soil. The count ratio was calculated by dividing this measurement
by the average of the two sets of standard counts taken before and after the field meas-
urement,

The purpose of the count ratio is to compensate for variations in counts caused by
such effects as temperature, location, and/or time on the instrument. The assumption
is that the percentage change in counts produced by these undesirable effects is the
same for the soil measurements and the reference readings, so that the count ratio
will be unaffected. The degree to which this was true in the field tests can be deter-
mined by analysis of the test data with and without dividing the soil measurements by
the reference counts. This has yet to be done, but there is evidence that unless the
instrument effects are pronounced, the use of count ratio does not improve accuracy.

In performing the field measurements, soil was removed to the depth of disturbance
caused by the compactor, e.g., below the depths of foot penetration with a sheepsfoot or
below rut depth with a pneumatic compactor. The soil surface was leveled and a thin
layer of sand spread on the surface. The gage was then placed on the sand bed and
rubbed down into firm contact with the soil.

The most general criticism of portable backscatter instruments is the limited depth
of soil involved in the measurement. No direct study was made of this problem on the
compaction study, but it is generally acknowledged that the measurement is highly
oriented toward the surface with the majority of the backscatter counts being deter-
mined by the top 1-in. layer of soil. The gage is also sensitive to seating techniques
and soil surface conditions.

Aside from soil surface preparation, the gage used was simple and easy to operate
and had very little downtime throughout the entire test series. A set of measurements,
i.e., moisture and density, at a given location required approximately 12 min. This
involved three 1-min readings each for moisture and density, totaling 6 min, with the
remainder of the time required for surface preparation and data recording.

During the study a variety of portable nuclear gages representing most of the manu-
facturers were given preliminary evaluation. Three major problem areas were en-
countered. First, in a high percentage of cases the instruments required adjustment
before reliable operation was obtained. Second, in almost no instances were the cali-
bration curves provided with the instruments in dgreement with those obtained on this
study, and the measurements at the same locations with the different instruments were
not the same. Third, suitable operating procedures were not available and the opinions
of manufacturers and users with respect to measurement accuracy and proper tech-
niques varied widely.
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Road Logger

The Road Logger is a development of the Lane-Wells Co. which detects backscattered
radiationto provide measurement of soil moisture and density. The measurements are re-
corded inthe form of a strip-chart plot (Fig. 1)whichgives a direct reading of average wet
density and moisture density vs distance oftravel. The moving logs represent continuous
average measurements through integration of the count rate over a fixed distance of
past travel. A single operator drivesthe vehicle and monitors the recording instruments.

The nuclear probes are mounted on two-wheeled carriages. During measurements,
the carriages are lowered until their wheels touch the ground, thus providing a con-
trolled gap between the probe and soil surface. Material to a depth of 8 in. is reported
to influence the measurements, but, as with the portable backscatter gages, the meas-
urement is weighted toward the surface because the percentage of backscattered radia-
tion detected diminishes exponentially with depth.

Although the general principles of this instrument are similar to those of the port-
able nuclear instrument, the Road Logger embodies several features which reduce the
effects of the undesirable factors influenc-
ing the behavior of nuclear instruments.
By appropriate shielding, the emitted and
| detected radiation is collimated so that
11—  the Road Logger reading is affected by a
JF-—=  greater depth of soil and is less weighted
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toward the surface. The controlled gap,
or standoff, reduces the effect of surface
roughness and eliminates the seating error
present when no gap is used. For ex-
ample, the creation of a Yie-in. gap for
the portable instrument will cause about

a 9-pcf change in density, whereas a %-in,
change in gap for the Road Logger will
cause only about a 1-pcf change in density.
Standoff variation with the Road Logger
will occur if the carriage wheels ride

over an uneven soil surface; however, as
long as the average gap remains constant

i over the integration distance this will

F produce minimal error,

= - Finer discrimination of energy level of
i detected radiation with the Road Logger

i is believed to reduce the effect of soil

- composition on the moisture and density

i readings. Instrument variations with time
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and ambient conditions can be minimized
with the Road Logger by periodic checking
with the built-in calibration blocks. A
calibration check can be accomplished in
a period of 1 to 5 min depending on the
extent of adjustment required.

In general, the Road Logger was found
easy to operate, It does, however, re-
quire assignment of relatively high caliber
personnel, and with the particular units
used on the field test program consider-
able downtime was encountered due to
mechanical and instrumentation difficul-
ties. The Road Logger is not suitable for
use with compactors such as the sheeps-
foot which do not provide a firm surface.
Figure 1. Road Logger moisture-density log. However, with proper procedures uneven
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Figure 2. Penetrometer mechanism.

surfaces can be handled. Perhaps the biggest advantage of the Road Logger is that the
uniformity of density and moisture over large areas can be quickly determined.

Penetrometer

The penetrometer apparatus used in the field tests was developed at IITRI (Fig. 2).
It incorporated the standard Corps of Engineers 30-deg cone tip with a %-sq in. base
area. The electrohydraulic supporting system was designed to provide a constant rate
of penetration of 2 ips independent of the resistance of the soil. The force required to
cause this rate of penetration was plotted on an x-y recorder providing a continuous
record of resistance vs distance of penetration throughout the compacted layer. The
apparatus was mounted on a truck to provide a portable reaction frame,

The steel penetrometer shaft slides vertically through the center of a ring mechanism
which rests on the ground surface to serve as the penetration displacement reference.
The joints of the mechanism were designed to permit the ring to adjust for an uneven
soil surface without affecting the displacement measurement or the movement of the
penetrometer. The shaft was relieved above the cone in an attempt to eliminate fric-
tion between it and the hole made by the cone.

When retracted for traveling, the ring and cone were suspended about 15 in, above
the ground surface. At the beginning of a measurement the entire assembly was lowered
until the ring touched the ground and seated itself. The penetrometer shaft continued
to move downward at a constant rate, unwinding a cable connected to a potentiometer
mounted on the ring assembly. In this manner no penetration was recorded until the
ring was positioned on the ground. When the cone penetrated the soil te a depth of
15 in., a limit switch was activated causing the penetrometer to retract. After retract-
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ing to its initial above ground position, a second limit switch ended the cycle. The
total cycle time was about 1 min,

One of the primary advantages of this device was its independence of operator tech-
nique. The system was completely automated and required only minimal surface prep-
aration. The device was the most reliable in operation of all the instrumentation used,
having only a slight amount of downtime throughout the test series.

The primary problem encountered with the measurement was data interpretation,
Peak value of penetration resistance is easy to discern from the records, but this was
not felt to be the most representative measure of lift penetration resistance. The
average penetration was believed to be most representative, but judgment was required
to establish the average value because of variation in resistance over the depth of the
layer.

The penetrometer was rugged enough to withstand the interference of rocks and
gravel in the soil, but the readings are not considered meaningful in base course
materials or soils with high gravel content. This was the only device used in the tests
which could examine the uniformity of the compacted layer throughout its thickness
and provide a representative average. It was also the only method independent of sur-
face conditions. An examination of the data suggests that side friction on the pene-
trometer shaft was probably not negligible, hence subsequent apparatus should provide
a force sensor at the tip of the penetrometer.

Bearing Plate

The plate bearing test provided a measure of soil bearing strength and stiffness.

In the standard field bearing test, a 30-in. diameter plate is slowly loaded while meas-
urement is made of plate sinkage. Such a test is obviously not suitable for compaction
control. For the compaction field tests, a rapidly loaded 6-in. diameter plate was

used instead. One advantage was that plate response was primarily a measure of in-
dividual lift strength rather than some composite measure of lift and foundation strength
as would be obtained with a large-diameter plate. Theoretical computations and field
experience indicate that for short-term loading, a condition present here, the region

of significant stress increase extends down to a depth roughly two times the width of
the loaded area. Thus the effective depth of measurement for the 6-in. plate is approxi-
mately 12 in., but weighted toward the surface, while the effective depth of the 30-in,
plate is 60 in. The other advantages were that the reaction load requirements were
compatible with vehicular mounting for portability and that the test could be performed
rapidly.

A schematic of the bearing plate apparatus developed by IITRI for use in the field
tests is shown in Figure 3. A 6-in. diameter steel plate is attached to the end of a
steel shaft by a swivel joint to permit it to adjust to the slope of the ground surface.

A crossarm is attached to the loading shaft by a bushing and swivel joint so that the
reference feet, which also swivel, can adjust to the soil surface. An electrohydraulic
system was used to provide a prescribed time-dependent load on the plate. The load-
sinkage output was displayed on an x-y recorder.

Prior to the seating of the plate, the ground surface was leveled and smoothed to
remove loose material and to eliminate the need for large plate adjustments. For
lifts compacted with the sheepsfoot roller, soil had to be removed down to the foot-
prints over an area 8 in. wide by 40 in. long to accommodate the plate and reference
arm. When the entire assembly was lowered for a test the reference feet first touched
the ground, establishing the zero deflection position and activating the potentiometer.
The shaft loading the plate then slid through the center bushing in the crossarm until
the plate made contact with the groundand came to rest under a prescribed seating load
(200 1b). The load cycle was then activated and the plate loaded at a rate of 500 1b/sec
to a maximum load of 4500 lb or a maximum sinkage of 1 in.

The plot of load vs displacement was obtained beginning at the time when the ref-
erence feet first touched the ground. If the plate sinkage exceeded 1 in. during any
stage of the loading, a limit switch was contacted causing the load to be automatically
removed and the plate retracted. Totaltime for a testincluding surface preparation was
approximately 3 min, except that whenthe sheepsfoot roller was used the time was doubled.
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Figure 3. Bearing plate mechanism.

Although this apparatus was generally reliable, under continual heavy use the power
requirements were beyond the capacity of the battery. However, this problem arose
only two or three times during the testing program. On those occasions plate tests
were performed by coupling a hand hydraulic pump into the system. Because the plate
is sensitive to surface conditions, considerable variability will be introduced unless a
rapid means of preparing the surface can be developed. This test can be used for all
soils and base course materials.

California Bearing Ratio

The CBR test is a penetration test having the function of measuring the soil resist-
ance to penetration prior to reaching its ultimate shearing value. The CBR is defined
as a ratio, in percent, of the load at 0.1 or 0.2 in. penetration in the material being
tested to the load at the same penetration in a standard well-graded crushed limestone.

The apparatus fabricated for performance of field CBR tests included a piston, sur-
charge weights, and loading device. The piston had an end area of 3 sq in. (1.95 in. in
diameter) and was 5 in. long to enable it to pass through the surcharge weights and
penetrate the soil. A 6-in, diameter plate was fixed to the top end of the penetration
piston to permit it to be clamped to the bearing plate apparatus. The surcharge con-
sisted of 3 annular steel rings 10 in, in outside diameter and 2% in. inside diameter by
1 in, thick. These weights produced a surcharge pressure per unit area equivalent to
a 20-1b surcharge for the laboratory CBR test.

The loading device consisted of a hydraulic hand pump connected to the bearing plate
hydraulic system. The hand pump allowed load to be applied at different rates and
permitted control on the strain rate and maximum load applied. However, it was dif-
ficult to apply the rate of penetration slowly enough to equal the standard rate. The
applied load and distance of penetration were plotted on an x-y recorder.

Because the test was accomplished with the aid of a hydraulic hand pump, there was
virtually no possible source of trouble and no downtime was experienced. The total
time required for a CBR test was approximately 3 min. Preparation was limited to
leveling the soil surface over an area large enough to accommodate the surcharge
weights. No sand cushion or seating cap was used for either the piston or the weights
in order to minimize the total measurement time. This may have affected the CBR
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values. This test also requires the development of a rapid means of surface prepara-
tion, if it is to be useful for checking compaction.

Seismograph

The seismograph is used to determine the propagation velocity of small disturb-
ances through soil. The test is a rapid and nondestructive one which requires little or
no soil preparation. Theoretically the seismic wave velocity is related to the density
and elastic properties of the soil. The purpose of using the seismic test in this study
was to determine if the wave velocity is suitable for indicating changes in compaction
through changes in these other properties.

The seismograph used in the field tests was a model MD-3 provided by Minnetech
Labs, Inc, It was modified to permit measurements over horizontal distances of 6 to
24 in. in the soil. This is much less than the distances normally considered in seismic
surveying. The majority of commercial instruments are not suitable for this close-in
work because they do not adequately measure the short travel times involved. The
selected horizontal distances are based on the thickness of the layers being tested. As
a rule the distance should not exceed three times the layer thickness so that higher
velocity underlying layers will not influence the measurement in the top layer being
tested.

The only preparation was to remove loose soil, The total test time was approxi-
mately 3 min. Because the seismograph used was a developmental model some dif-
ficulties were encountered, but these were gradually ironed out during the program.
This technique may be used with all soil and surface conditions.

The apparatus consists of four essential parts: (a)a means to induce a seismic
wave into the soil, (b) a triggering device, (c) a sensing device, and (d) a time counter.
The wave was induced by striking a metal bar or spike held firmly on the ground sur-
face with a hammer. The triggering circuit was arranged so that the circuit was closed
(starting the counter) when the hammer made contact with the bar or spike. A geophone
anchored to the soil by either a flat plate or spike served as the sensing device.

A set of five readings was taken at each of five 3-in. intervals over horizontal dis-
tances from 18 in. to 6 in. between the hammer and the geophone on 6-in. lifts, and
from 24 in. to 12 in. on lifts of 12 in. or greater in thickness. The bar was used as
the wave-inducing device exclusively on base course materials, Either the bar or
spike was used on soil lifts depending on surface conditions produced by the compactor.
The bar was generally used if the compactor produced a reasonably smooth, firm sur-
face condition, Wave velocity was determined as the slope of the best fit straight line
to a plot of average travel time vs distance from the geophone. In general, there was
a consistent relationship between the five sets of readings at any measurement location.

Seismic measurements indicate if layering occurs when the density of the layers
increases with depth. In such cases over short distances the earliest wave arrival
time will be through the upper layer, but beyond a distance determined by the upper
layer thickness, the earliest arrival time will be through the lower denser layer where
the wave velocity is greater. However, there will be no indication of layering in cases
where density decreases with depth, because the earliest wave arrival will always be
through the upper more dense layer.

Other Tests

Sand cone tests were performed on approximately half of the 256 test sections. They
were performed as part of the final lift inspection and were taken at the immediate
location of the final portable nuclear measurements. The test was performed as pre-
scribed by ASTM standard D 1556-64, Ottawa sand was used and the apparatus cali-
brated frequently as outlined in Note 4 of the standard. Moisture determination was
made based on oven-drying of the entire sand cone sample for a minimum of 24 hours.

Immediately prior to initiating compaction, moisture samples were taken from a
randomly selected location within each test section. Samples of approximately 300
grams each were taken at 3-in. intervals through the lift thickness.
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TABLE 1
RELATIVE SIGNIFICANCE OF INDEPENDENT VARIABLES ON SOIL MEASUREMENTS

Avg, or Individual Effects Joint Effects
Measurement Sha'ved

M T 8 C E MT MS MC ME TS TC TE SC SE CE Cov
Final w S 1 1 na
Initial w 1 1 8 4 na
Proctor w 1 1 2 na
Portable nuclear v, S 1 1 1 7 2 L § ]
Portable nuclear yy A 1 1 1 1 6 5 1
Portable nuclear wg S 1 1 1 b 1.
Portable nuclear wg A 1 X 8 1 5 3 1
Road Logger vy, S 1 2 1 6 6 5 5 5 na
Road Logger Wq S 1 1 4 3 na
Sand cone yy, S 1 1 6 4 5 na
Pen resistance S 1 2 2 2 4 6 na
Pen. resistance A 1 1 1 1 4 1 T na
Plate load S 1 4 5 4 T na
Plate load A S 1 1 2 5 na
CBR S E B 7 4 na
Seismic velocity S 5 4 6 6
Seismic velocity s 6 4 7 na
Seismic velocity A 1 6 6 1 6 1 6

Error Probability (%): 1 =0.1,2=0.5,3 = 10,4 = 2.5,5 = 5,0, 6 = 10.0, 7 = close to 10.0.
Yw = Wet density, wq = moisture density, w = moisture content (%).

At the same time, samples were taken at another location in each section for T-180
compaction tests, Two 300-gram samples also were taken from each of these com-
paction samples for moisture determination. Additional moisture samples were taken
at the final inspection of each test lift in those sections in which sand cone tests were
not performed. These samples were approximately 5 lb each and were obtained at the
immediate location of the last portable nuclear measurement., All moisture samples
were oven-dried for a minimum of 24 hours.

EVALUATION OF METHODS OF MEASUREMENT

In assessing the relative merits of the various methods of measuring properties of
compacted soil several factors will be considered:

1. Ability to detect the effect of the independent variables, i.e., moisture content,
lift thickness, soil type, compaction equipment, compactive effort, and number of
coverages on the measurements;

2. Range and variability of the measured properties; and

3. Correlation between different methods of measuring a given property and be-
tween the different properties.

The test series consisted of 64 lifts with 4 moisture zones each or a total of 256 test
sections. Since measurements were made at one location in each test section after
compaction coverages 2, 4, 8 and 16, a possible total of 1024 observations could be
made with each instrument during the compaction process. An additional 256 observa-
tions were possible on the shaved lift after 16 coverages of the roller, The data for
each measurement were reduced on an electronic digital computer and analyzed in-
dividually using statistical analysis of variance procedures. The analysis yielded the
following information: (a) the independent variables (assignable causes) which had a
significant effect on the measured quantities, (b) the variability (chance causes) as-
sociated with the measurement, (c) estimated mean value of the measurement for each
level of the independent variables and their two-way interactions, and (d) coefficients
for computation of the characteristic growth curves for each level of the independent
variables and their interactions. Correlation betWween measurements can be obtained
through comparison of the generated expected mean values.

Significance of Independent Variables

Two considerations regarding the effect of the independent variables on the meas-
urements are: (a) does the property being measured vary significantly with respect
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to the independent variables, and (b) can each particular instrument sense the real
changes which occur? To answer these questions, Table 1 summarizes for each meas-
urement those variables and their joint interactions which the statistical analysis in-
dicated had a significant effect. The independent variables are M = moisture level,

T = lift thickness, S = soil type, C = compactive effort, and E = compaction equipment.
Combinations of any two letters indicate joint effects; ""Cov'' indicates covariate,

Each measurement is subdivided into two groups where appropriate to represent
the average of the growth values (A) for coverages 2, 4, 8 and 16 and the values for the
shaved lifts (S) after compaction. The confidence level of significance is expressed in
terms of the probability that the indication of significance is a chance occurrence. The
probabilities selected range from 0.1 percent to 10 percent. In all cases not marked
the probability exceeded 10 percent.

Table 1 shows that initial, Proctor, and final oven-dried moisture contents were
essentially functions of only moisture level, soil type and their interaction. With one
exception, all other independent variables showed no significant correlation (at or close
to the 90 percent confidence level) with the oven-dried moisture determinations. It was
desired that correlations exist only for moisture level, soil type, and joint moisture-
soil effects, the latter because the planned moisture increments were different for the
clay soil than for the other soils. Correlation between the moisture content measure-
ments and any other variable would indicate an unwanted bias in the test plan, which
would effect the analysis of all other measurements. A possible bias is indicated by
the initial moisture measurement with respect to compactive effort. It is significant,
however, only at the 90 percent confidence level, i.e., such a correlation may be ex-
pected to occur by chance approximately 1 time In 10. No correlation is seen between
compactive effort and either the Proctor or final moisture measurements. Based on
these observations, it is concluded that the test plan was adequately randomized.

Joint effects of thickness with soil and compactive effort, and joint effects of soil
with compactive effort are not significant with respect to any measurement. Hence,
within the detection ability of any measurement, the effects of the independent variables
thickness, soil and compactive effort are independent of each other; for example, the
effect of soil type on any measurement holds for both values of thickness and both values
of compactive effort.

The column titled covariate applies only to the portable nuclear and seismic instru-
ments. Two different portable nuclear instruments were used for the tests and three
different switch types were employed with the seismic unit, The introduction of a co-
variate term in the analysis of the data was made to permit determination of effect on
the results caused by these changes. The analysis adjusted the data to remove such
effects if they existed.

The instrument effect for the portable nuclear moisture density measurements was
highly significant. An instrument effect also showed up for the wet density growth
measurements. This effect was not evident for the wet density measurements on the
shaved lifts. The level of significance makes it highly unlikely that only a chance oc-
currence is being observed in the growth measurements with respect to the covariate
effect. It is believed most likely that the measurements on the sheepsfoot-compacted
lifts are producing the covariate significance. The considerable effect of these lifts
on the portable nuclear measurements will be demonstrated later.

A covariate effect was also evidenced with the seismic instrument, but at a much
lower level of significance. Because of this, the seismic data were also analyzed, dis-
regarding the covariate effect for the shaved lift measurements. There was no change
in those variables which influenced the measurement and only slight change in the
significance levels of the effects.

Other observations which should be made from Table 1 are:

1. The effect of moisture level can be detected by all measurements and, with the
exception of the seismic measurements, the level of significance makes it highly un-
likely that detected effects occur by chance.

2. The Road Logger, bearing plate (growth), CBR and seismic instruments detected
changes in measured properties with changes in lift thickness, while the portable nu-
clear gage, penetrometer and sand cone detected no difference.
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3. The bearing plate, CBR and seismic
measurements were rather insensitive to
soil type, while soil type was highly sig-
nificant with respect to the other
measurements.

4. There was little detectable effect of
compactive effort alone, but the joint effect
with equipment indicates that the influence
of changes in compactive effort depends
on the compaction equipment being used.

5. The type of compactor used resulted
in detectable differences in wet density,
penetration resistance, and bearing
strength.

6. Only interrelationships of moisture-
soil, moisture-~equipment, and thickness-
equipment appear to be of measurable
consequence.

Variability of Measured Properties

7 Og=106 The statistical analysis which deter-
mined the effects of the independent vari-
ables on the measured values predicted
the best estimated mean values associated
with each level of the variables. These
are equal to the averages of the actual
measurements only when no data are

S Oyg'lo7 missing from any test section. To each
measurement a standard deviation can be
(b) Penetration Resistance assigned which defines the variability of

that individual observation or measure-
ment. The analysis performed predicted
this standard deviation based on the re-
sidual variance after the effects of the
selected independent variables had been removed. Each level of each variable may
have a different variability associated with it, but it is not possible to determine these
differences with the particular test plan and analysis used; therefore, the variance is
considered to be constant for all effects. The error produced by this assumption is
believed to be of second order.

The analysis computes the total variance (UT ) of each measurement and permits it
to be separated into the two components corresponding to '"within-lift"” (GW ) and '"be-
tween-lift" (UB ) variability. These variances are related by

Figure 4. Standard deviation vector diagrams.

O'Ta = 0’“7a + ch

The within-lift variance (ow %) represents the variability about the mean of each test
section caused by such factors as the variation in moisture content from the nominal
values, the point-to-point variation of properties within each test section, and meas-
urement errors such as seating effects for the neclear gage. The vanance °W2 is
comprised of within-test section (os ) and between-test section (ch ) components,
but the experiments conducted only provide a direct estimate of oy 2 The value og?
includes the effects of changes in environmental condltmns lift foundation conditions,
and heterogene:ty of the soil stockpile. The value op 1nc1udes the errors contributing
to oy * and orB

Figure 4 shows components of error in terms of standard deviation for the portable
nuclear gage and penetrometer measurements. In Figure 4a the large triangle rep-
resents the total error o and its two components oy and og. The errors oy and
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op are in turn divided into two components, one representing the estimated measure-
ment error and the other representing the density variation in the soil itself. The com-
ponents of oy are shown in the lower tr1ang1es in Figure 4. They include rneasure-
ment errors 0,2 caused by random backscatter' and 0. 4 caused by seating effects?®

The vector sum of these is subtracted from oy to obtain owg, the within-lift soil den-
sity error. The between-lift component (og ) is shown divided into the maximum meas-
urement error due to temperature (04 3) and the remaining portion which is the between-
lift soil density error (ogg). The total soil density error (opg ), which is the vector
sum of oyg and ogg, is shown as a dashed line.

The values ogg and oyg are approximately the same. A major cause of this vari-
ability is believed to be difficulty in moisture control. It is evident that opg does not
represent a normally distributed error, since normal distribution theory indicates that
5 percent of the data will fall beyond + 20 or +10.8 pcf. The distribution of opg is
probably peaked; however, the possibility also exists that unknown effects including
three-way and higher interactions between independent variables may have caused these
computed standard deviations to appear higher than they actually are.

Also, the density measurement errors due to temperature (0 3) and backscatter
(Oyz) were small in comparison to the other errors with which they are associated.
Their elimination by modification of the measurement procedures would produce no
significant improvement in the estimation of the soil density in these experiments.

The seating error 04 is important with respect to oy, but will not substantially re-
duce o

Flgu'I;e 4b shows the extent to which replicate measurements would have improved the
ability to detect changes inpenelrationresistance. Twomeasurements of penetrationre-
sistance were made, each ata different point inevery test sectionafter the 16th compactor
coverage., Thispermits the oy tobe brokendowninto within-section (os )and between-
section (owp ) components. It may be seen that any replicating of measurements would
have resulted in little gain. Assume that enough replicates (repeated measurements
within a test section) were made to reduce Us//- to a negligible amount. Then oy
would become equal to oypg, a reduction of 10 1b or 8.5 percent, and o would become
equal to °T a reduction of only 8 lb or 5.1 percent.

The values shown in Figure 4 represent error in single observations. If more than
one observation is made, then the appropriate error component will be divided by the
square root of that number of observations. It is evident that the best procedure to
use is that which replicates the measurement's largest error component. According
to Figure 4a, the most suitable procedure to use with the backscatter instrument would
be to obtain a series of readings at random locations in each test section, making only
one l-minute count at each location; i.e., eliminate any gage rotation and duplicate
counts at each location and use the time saved to include as many locations as possible.
However, information from the penetrometer measurements indicates that even this
would probably not have substantially reduced the total measurement error and there-
fore the cost of the additional measurements would not have been justified. Only rep-
lication of test conditions by using new lifts would have improved on the accuracy of
the experiments.

To compare the various methods of measurement on the basis of measurement
error, it is necessary to reduce all errors to a common (normalized) form. The range
of values of the properties measured is believed to be the most relevant base for this
conversion. - This range was determined as the difference between the minimum and
maximum values of each measured property for all combinations of the independent
variables. Table 2 gives the standard deviation, range, mean value and ratio of stand-
ard deviation to range for each measurement.

The within-lift standard deviation is probably a reasonable estimate of the vari-
ability of properties within a compacted embankment. According to Table 2, the vari-
ation in moisture content had a standard deviation of 1.2 percent. Associated with this

'Computed assuming standard deviation of counts is 1//N, where N is the number of counts.
ZEstimated based on laboratory studies.
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TABLE 2
MEAN, RANGE AND VARIABILITY OF MEASURED PROPERTIES

Standard Deviation

Measurement Dimension Meuan Ra;ge ow/R op/R
ow 9B or

Final w % 11.7 11.4 1.2 1.0 1.6 0.105 0.140
Portable nuclear y, pef 126.7 27.6 4.3 4,0 59 0.156 0.214
Portable nuclear wg pef 11,5 9.7 1.4 1.2 1.9 0.144 0.196
Road Logger vy pef 128.5 32.0 3.6 4.7 59 0.113 0.184
Road Logger wgq pef 13.8 12.1 1.2 1.6 2.0 0.099 0.165
Pen. resistance 1b 364 529 117 106 158 0.222 0.299
Plate load 1b 1720 1814 677 445 810 0.373 0.446
CBR % 15 26.6 7.3 8.8 11.4 0.274 0.277
Seismic velocity ips 1192 890 344 119 364 0.387 0.410

were standard deviations of about 4 pcf for wet density, 117 1b for penetration resist-
ance, 677 lb for plate load, 344 fps for seismic velocity and 7.3 percent for field CBR.

The ratio of variability to range is one valid criterion for comparing methods of
measurement. The lower the ratio, the greater is the ability to detect changes in
properties for a given number of measurement observations. This method of ranking
would rate measurement of density best, CBR second, penetration resistance third,
and seismic velocity and plate load about the same as last. This ranking should not
be considered as absolute, however. The ratio of variability to range can be reduced
by 1//N (N = number of observations). Thus, if time and cost considerations permit
more measurements of one type to be made than the others, then considerable change
in ranking can occur.

One advantage of the continuous logging capability of the Road Logger is also seen
from these ratios. The Road Logger measurements provided an estimate of the aver-
age value for each section, The effect of this is evidenced in the oy /R ratio which is
much smaller for the Road Logger than for the portable nuclear instrument. The Road
Logger should be able to detect more effects of the test variables than the portable
nuclear instruments. The data in Table 1 indicate that this was in fact the case.

CORRELATION OF MEASUREMENT METHODS

The preceding discussion dealt with the various property measurements individually.
The remaining discussion considers the correlation between measurements both of the
same property, such as nuclear vs oven-dried moisture content, and different prop-
erties, such as penetration resistance vs density.

Moisture and Density

Oven-dried measurements of moisture content were available from sampling each
test section prior to initiating compaction, from the field Proctor test (samples for
Proctor tests were also taken from each test section prior to initiating compaction),
and from each test section upon completion of testing on the shaved lift surface.

Of these three, it is believed that the final moisture content measurements were the
most representative of lift moisture content during compaction. These samples were
approximately 5 lb in weight and included a normal amount of coarse material such as
gravel content. The initial moisture contents were obtained from the average of two
to four 300-gram samples, and the Proctor moisture contents from the average of two
300-gram samples. These samples probably did not contain a normal amount of coarse
material, because the larger size particles were excluded.

Moisture content determinations were also obtained from the portable nuclear and
Road Logger measurements. Figure 5 compares all moisture content (%) measure-
ments with respect to the final oven-dried measurements. The initial, Proctor, and
Road Logger measurements correlate well, but are generally slightly higher in mag-
nitude than the final measurements, with the Road Logger moistures tending to be
slightly low at the high end of the range. The portable nuclear measurements are
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considerably lower than the final moisture contents over the entire moisture range.
This' is believed to be due primarily to error in the portable nuclear measurement of
moisture density rather than wet density.

Figure 6 compares Road Logger and portable nuclear measurements of moisture
density. Correlation is linear and consistent for all moisture-soil combinations, but
the portable nuclear measurements are all low with respect to the Road Logger meas-
urements. The better agreement of the Road Logger with the oven-dried moisture
contents suggests that it is the portable nuclear measurements which are in error,

Figure 7 shows the difficulty of obtaining accurate measurements with the portable
nuclear instrument on sheepsfoot lifts during compaction. The measurements on lifts
compacted with the sheepsfoot roller are considerably different from those for all other
rollers. For the sheepsfoot lifts, the portable nuclear measurements of moisture
density were too high and the measurements of wet density were slightly low. These
errors are additive in the moisture content determination. There were several prob-
lems with measurements on sheepsfoot-compacted lifts. First, it was difficult to
determine just how much material should be removed for the measurement. Second,
it was difficult to prepare a smooth and level surface. Finally, there were large local
variations. Points which had been directly under a foot were hard and firm, while a
few inches away the material would be much looser. This was particularly true during
the early stages of compaction,

Figures 8 and 9 compare portable nuclear and Road Logger shaved lift measure-
ments of wet density for data averaged over moisture-soil and moisture-equipment
combinations, respectively. With the exception of the curves for the silty clay soil
and the segmented pad roller, both sets of data would be fairly well represented by a
line parallel to the 45-deg line (1 to 1 correlation), with the portable nuclear reading
about 2 1b/cu ft lower than that of the Road Logger. There is, however, no apparent
reason why either silty clay soil or segmented pad roller should cause a relative
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influence on the nuclear measurements. As such, the best overall relationship would
be expressed by straight lines skewed to 45 deg. The general predominance of the
points below the 45-deg line may to some extent be due to missing data caused by equip-
ment malfunctions.

The average wet densities, as determined from the analysis of variance, for all
measurements with the two nuclear methods agree within 2 pef—128.5 pcf for the Road
Logger vs 126.7 pcf for the portable nuclear instrument. It is believed that correla-
tion between these two methods would have been better had there not been missing data
points. Of the 256 shaved lift observations, 232 were obtained with the portable nuclear
instrument and 212 with the Road Logger. Of these, 208 observations were in com-
mon, i.e., performed on the same test section. The means of these common observa-
tions were within 1 pcf—127.7 pcf for the Road Logger vs 126,6 pcf for the portable
nuclear instrument.

Since each of the above means are based on more than 200 observations, it is safe
to assume that the means are normally distributed. Estimates of variance of the
means should also be quite good, based on the large number of observations. A sta-
tistical test may be applied to determine if real differences exist between the Road
Logger and portable nuclear means. The critical region for the test is chosen to con-
sist of the two equal tails of the distribution of the two means (yy)gy, and (ry)pN. If
the usual critical region size of 0.05 is selected, then the differences in the means
determined from the analysis of variance come near being significant while the dif-
ferences of means determined for common observations are not significant. Thus,
within the variability associated with the means, the differences are small enough to
consider the means as the same,

Valid comparisons with sand cone measurements are quite limited. More than
50 percent missing data exist with the sand cone measurements. Consequently, the
results given by the analysis must be highly qualified. However, both the analysis
and means of common observations indicate the sand cone wet densities were about
4 pcf less than the nuclear measurements. It is believed that the nuclear measure-
ments are the more correct. The main problem or source of error in sand cone tests
is believed to be the low relative density of the sand cone calibration—approximately
96 pcf. A slight disturbance could easily increase the density to 100 pcf, introducing
a 4 percent error.

Soil Strength and Seismic Velocity

Comparison of seismic velocity, plate bearing load, penetration resistance and CBR
values with wet density for the four moisture levels is made in Figure 10. All data
are averaged for each of the four moisture levels, thus each point represents approxi-
mately 64 observations. Moisture level increases from left to right in the figure. The
general shape of the curves relating measurements of soil strength, i.e., plate bearing
load, penetration resistance, and CBR, with wet density are quite similar. The strength
values decrease with increase in wet density, which in turn corresponds to increase in
moisture level. These curves will bend back toward the origin at higher moisture
levels. Seismic wave velocity appears to reach a peak value within the range of wet
density encountered. Its behavior is quite different from that of strength.

Figure 11 compares penetration resistance and plate bearing load with CBR, averag-
ing independently over moisture level and equipment type. The relationships changed
with soil type. The best correlation was between plate load and CBR. The only poor
feature of the correlations is the low value of penetration resistance for the pneumatic
compactor (P) measurements. While no apparent reason for this discrepancy can be
given, the effect is considered real, since it represents the mean of 64 observations.

Correlation of seismic velocity with strength measurements is not presented be-
cause, in general, it was found to be quite poor. This is evident in Figure 10 where
seismic velocity increased and then decreased with increasing wet density while all
strength measurements continued to decrease.
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SUMMARY AND CONCLUSIONS

The field compaction study included the evaluation of several methods of measuring
the properties of compacted soils. The large variability associated with individual
measurements restricted the study of the data with respect to the independent variables
to the predicted averages of many observations. While this requires that conclusions
drawn be rather general in nature, several important statements can be made with a
high degree of certainty.

The test plan appeared to be the most efficient for accomplishing the intended scope
within the funding allocated. Replicate measurements within test sections would not
have materially improved the ability of the data to detect the effects of the independent
variables, and such replication would have increased the cost of the field operation by
possibly 50 percent. Replication of lifts or significantly improved moisture control
would have at least doubled the cost.

Variability of properties in a compacted lift are much larger than generally assumed
or admitted. Single observations of any of the properties measured would seem to be
of little value in assessing the adequacy of compaction. Either many properly selected
measurements are required or considerable judgment based on observed construction
procedures and compactor performance is necessary. Little reliable variability data
are available from actual construction jobs. One of the most important contributions
of further field studies of compaction would be the gathering of such information.

Allmeasurement of soil properties included inthe field tests were capable of detecting
the changes occurring with additional roller coverages. The effects of the independent vari-
ables onthe property of wet density were among the easiest to detectbecause the ratio of
variability to range was smallest for the nuclear instruments. However, if multiple
observation of other measurements could be as easily obtained as single nuclear meas-
urements, then the detectability with the former could be as good because the relative
variance would be determined by the ratio of the number of observations with the two
methods.

On the whole, the portable nuclear instrument gave the same measurement of wet
density as the Road Logger, even though the Road Logger used much higher strength
nuclear sources and thus was less sensitive to soil composition and surface conditions
and provided a greater depth of averaging. Calibration of the portable nuclear gages
still appears to be a problem needing study for both density and moisture measure-
ments. General experience indicates that the operator cannot assume that these gages
will work properly and that the supplied calibration curves will be correct. A thorough
check-out is required with every new gage. Standard operation procedures for nuclear
measurements on soil are badly needed. If properly functioning and properly used,
the portable nuclear gages can give useful results. Considering actual variability of
the measured properties in the field in relation to the instrument variability, it is not
considered worthwhile to obtain more than one 1-min count at any location or even to
rotate the gage and repeat the reading at the same location. All replicates should be
obtained at different locations. Rapid and accurate methods for preparing the soil
surface would be a significant aid in improving and speeding up measurements with
these gages.

The Road Logger appears to provide good readings of both wet density and moisture
density; therefore, the dry density and moisture content calculations should be reliable.
The logging capability of the Road Logger makes it the only device which provides in-
formation on uniformity of compaction over large areas easily and quickly. Such in-
formation is as important as the numerical values obtained. This advantage was illus-
trated in this program by the lower ratio of within-lift variability to range, and by the
ability to detect changes in wet density with some independent variables which were
not apparent with the portable nuclear measurements. However, the Road Logger is
restricted to use on rather uniform surface conditions. It could not, for example, be
used on the type of surface condition created by a sheepsfoot compactor.

On the whole the same general type of information was obtained with the penetrom-
eter, plate, and CBR soil strength measurements. The penetrometer has four im-
portant advantages with respect to all other measurements: (a) it requires almost no
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surface preparation, (b) it is free of operator error, (c) it is extremely rapid, and (d)
it permits an examination of vertical variations in the lift. It cannot be used with base
course materials, however. The bearing plate, to be useful as a control device, re-
quires the establishment of a technique for rapid surface preparation. It can be used
on all soil conditions, The CBR is not recommended as a control device, but was in-
cluded in the test program for comparison purposes only. For any soil strength meas-
urement to be used as a compaction control device, some measure of moisture content
will also be required.

It was not evident from these tests how the seismic device could be applied to com-
paction control. A better understanding of the influence of the properties of compacted
soils on its measurements is needed to properly assess its role. The method was
rapid, nondestructive, required little soil preparation and was able to detect clearly
changes with roller coverage.

One of the most useful measurements to be able to perform rapidly and accurately
is moisture content (#). This could be the most valuable inspection measurement for
obtaining the desired compaction end result. Finally, the experience on this study
suggests that the use of more sophisticated measuring apparatus which can permit
more rapid and thorough inspection and control, even if requiring greater capital in-
vestment of operating cost, is entirely justified by the benefits to be gained in improved
performance, lower maintenance costs, and very likely more efficient construction
procedures.
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Properties of Field Compacted Soils

E. T. SELIG, Manager, Soil Mechanics, and W. B. TRUESDALE, Research Engineer,
IIT Research Institute, Chicago

Soil compaction tests were conducted in the field by constructing test
sections of soil in single lifts on a prepared foundation using a variety
of commercial rollers. Thetestresults were obtained using the follow-
ing specific independent variables: (a) four subgrade soils, A-6(13),
A-6(9), A-4(1) and A-4(8); (b) four moisture contents for each soil
ranging from dry to wet of optimum; (c) two lift thicknesses, 6 and
12 in. ; (d) four rollers, sheepsfoot, pneumatic tire, vibratory smooth-
wheel, and segmented pad, at two levels of effort for each roller; and
(e) roller coverages upto 16. Measurements were made of the strength,
stiffness and density of the soil using a variety of techniques. A full
factorial experiment consisting of 256 test sections torepresentall com-
binations of these selected variables was designed to detect, using
analysis of variance techniques, the effects of the variables on the
measured soil properties, taking into account the large variability exist-
ing in the field. The results describe the measured CBR, penetration
resistance, bearing stiffness, seismic velocity and density, and show
howthey were affected bythe test variables. The CBR and density are
also compared with the values obtained using standard laboratory tests.

oA research program was undertaken to investigate the properties of field compacted
soils and the factors involved in construction which influence these properties. Tests
were carried out in the field in an attempt to simulate many of the environmental and
operational conditions encountered in construction. Details of the test plan and pro-
cedures are described in a companion paper in this RECORD (1). A general familiarity
with that paper will be assumed. The methods of measurement are evaluated in another
companion paper (2).

The results discussed in this paper were obtained from the statistical analysis of
the principal series of tests on the subgrade soils. These provided 256 test sections
combining the following variables:

1. Four soils—moderately plastic clay, silty clay, silty sand and gravel, and silt.

2. Lift thicknesses of 6 and 12 in,

3. Four moisture contents bracketing the laboratory standard and modified Proctor
optimums.

4. Four compactors—intermediate pneumatic, intermediate vibratory, segmented
pad and self-propelled sheepsfoot.

5. Two levels of compactive effort for each roller.

6. Soil preparation by a pulverizing mixer.

Standard compaction tests were conducted on each of the four soils in the laboratory,
and the modified Proctor tests were repeated in the field using samples taken from the
prepared lifts. In both cases unsoaked CBR tests were performed on the compacted
specimens.

Paper sponsored by Committee on Compaction and presented at the 46th Annual Meeting.
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Single lifts were prepared containing four test sections, one for each nominal mois-
ture level. Initial moisture content was measured in each test section. After 2, 4, 8
and 16 coverages with a roller, the following measurements were made in each test
section:

1. Average penetration resistance through lift.

2. Load on 6-in. diameter bearing plate causing 0.1 in. sinkage.

3. Seismic velocity.

4. Wet density and moisture density (moisture content in 1b/cu ft of water) with a
backscatter nuclear instrument.

5. Wet density and moisture density with a nuclear Road Logger.

At the completion of 16 coverages the lift was stripped to approximately one-half of
its thickness and the measurements repeated (the penetrometer measurements were
taken before stripping). In addition, final moisture content and CBR were measured
and sand cone tests performed on two of the four test sections.

This paper discusses the factors which significantly affected the measured proper-
ties, the magnitude of the effect, the nature of the growth curves, and the correlation
between the different types of measurements.

EFFECT OF INDEPENDENT VARIABLES ON PROPERTIES

The independent variables and number of levels of each variable considered in the
field tests were: moisture—4, lift thickness—2, soil—4, compactive effort—2, and
compiction equipmenl—4. A statislical analysis using unulysis of variance lechnigues
was conducted to determine which of these independent variables influenced the meas-
ured properties and the magnitude of these effects. The statistical model for the
analysis was constructed so that the joint effects of any two of these variables could be
determined, as well as the individual effects of each alone. In addition, the variability
associated with each measurement was estimated. It must be kept in mind that the
measurement techniques also may have a considerable influence on the results; there-
fore, to the extent that these latter effects are correlated with the independent variables
in a manner which cannot be predicted, then the observations will be biased. A dis-
cussion of the variability and methods of measurement is contained in a companion
paper (2).

Table 1 lists the soil measurements and ranks the effects of the independent vari-
ables in order of significance. In addition to the five independent variables, the ten
possible combinations of these variables are included. (The independent variables are
designated as follows: M = moisture level, T = lift thickness, S = soil type, C =
compactive effort, and E = compaction equipment. Combinations of any two letters
indicate joint effects.) The significance is expressed in terms of a probability of error
in an assumption that the given variable really affects the measurement rather than
being a chance occurrence. The categories range from less than 0.1 percent to 10
percent. Traditionally, a 5 percent limit is often selected as an upper bound, but for
this analysis the limit was extended to 10 percent. Any unmarked variable exceeds
that limit.

The effect on the measured values in Table 1 was based on analyses of the data from
individual coverages and also the average of coverages 2, 4, 8 and 16 when such data
were available. When several analyses were made for a particular measurement, the
results were combined and the lowest error probability (highest significance) for each
effect was shown in the table.

Moisture Content and Field Proctor Tests

The initial moisture content and sand cone moisture content, and the wet density,
moisture content and CBR from the field Proctor test, were examined as a group to
determine the possible existence of any unwanted bias in the test results. Only the
moisture content (M) and soil (S) independent variables should be significantly correlated
with these measurements, according to the test plan. Any other significant effects
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TABLE 1
RELATIVE SIGNIFICANCE OF INDEPENDENT VARIABLES ON SOIL MEASUREMENTS

Individual Effects Joint Effects
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Note: Error Probability (#): 1 = 0.1,2 = 0.5,3 = 1.0, 4 = 2.5, 5 = 5.0, 6 = 10.0.
vy = Wet density, Yy = dry density, w = moisture content (§), wg = moisture density,

would be present by chance and might distort the data interpretation. Table 1 shows thatfor
each of the five measurements the effects of M and S were highly significant (at the 0. 1 per -
cent level), and the only other consistent effect present was the joint interaction of moisture
and soil (MS). For thethree moisture measurements no other effects were significant, ex-
cept for compactive effort (C)in one case where it was just significant at the 10 percentlevel.

Of the five measurements only the CBR showed important deviations from the ex-
pected behavior. Compactive effort (C), equipment (E) and their joint interaction (CE)
were' significant at the 2.5 and 5 percent levels. The explanation for this occurrence,
in view of the results with the other four measurements and an examination of the data,
appears to be some chance correlation in the CBR test and not a bias in the test plan
itself.

The relationships for the Proctor wet density and CBR will be discussed later. The
relationship between the measured moisture contents for the three methods and the
prescribed levels of M and S are shown in Figure 1. The results show a continuous
increase in moisture content with moisture level. The increase with soil type for each
moisture level is in the same order as the optimum moisture contents from the Proctor
test. For all four soils the T-99 optimum is bracketed and, except for the clay, the
T-180 optimum is also bracketed. The clay was wetter compared to its optimum than
the other soils and the silt was dryer.

Nuclear Moisture and Density

The wet density (¥y,) and dry density (¥q) measurements from the portable nuclear
gage and the Road Logger on the compacted lifts were all affected by the variables M
and S at the most significant (0. 1 percent) level. The compaction equipment had a
highly significant effect on the portable nuclear density measurements, although it was
only significant at the 10 percent level for the Road Logger. Joint effects of ME, TE,
SE, and CE for wet density and MS and SE for dry density were also present for the
nuclear devices. The results are shown in Figure 2.

The wet density increases continuously with foisture level, hence the compaction
appears to be dry of optimum on the whole for the compactive efforts used. The wet
density also increases with respect to soil type in the same order as the Proctor max-
imums, except for the silt, which gave the lowest value instead of 1ying between the
clay and the silty clay. The main reason for this is that the silt was compacted drier
of optimum than the other soils (Fig. 1), and the clay was compacted closest to optimum
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Figure 1. Moisture variation with moisture level and soil type.

for the average compactive effort. But this situation could also result if silt did not
compact as effectively as the other soils. The dashed line in Figure 2 indicates the
probable relationship if the moisture contents for all of the soils were the same rela-
tive to their respective optimums.

The sheepsfoot (S), pneumatic (P), and vibratory (V) rollers statistically gave about
the same wet densities, and the segmented pad (T) roller gave significantly greater
values on the average (Fig. 2). The values shown are averages for all soils, compac-
tive efforts, moisture levels and lift thicknesses used in the tests. The relative re-
lationships between the results for the four compactors will change with the specific
conditions. The segmented pad roller, which gave the highest overall density, was the

heaviest roller of the four, even at its lowest compactive effort. In addition, the re-

sults with the sheepsfoot roller are undoubtedly influenced adversely by using single-
lift test sections.
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The joint effect ME was caused by a greater change in wet density over the existing
moisture range for the pneumatic and vibratory rollers than for the sheepsfoot and
segmented pad rollers. The MS effect was primarily a result of the difference in the
relationship of the moisture range to the optimum moistures for each soil type (Fig. 1).
The presence of an SE effect indicates that the relative performance of the rollers
changes with soil types. The highest wet densities in each case were obtained with the
segmented pad roller. For the silty clay, silt and clay the other three rollers gave
lower values not significantly different from each other. However, for the silty sand
and gravel the vibratory roller equaled the results with the segmented pad roller; the
pneumatic roller did almost as well.

The Road Logger also showed a highly significant effect of T and C. The wet density
decreased an average of about 5 pcf with an increase in T from 6 to 12 in., and in-
creased an average of 3 pcf with an increase in compactive effort. The portable nuclear
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instrument showed the same trends, but the magnitude of the change was not large
enough to be significant at the 10 percent level or better. The joint effect TE occurred
because the overall reduction in wet density with T increase was caused primarily by
the pneumatic and segmented pad rollers, whose effect was 6 and 8 pcf, respectively.
There was a tendency for a decrease in wet density with C for the sheepsfoot roller,
little effect of C for the vibratory roller and significant increases of 6 and 7 pcf for the
segmented pad and pneumatic rollers, thus causing the CE effect.

The moisture density (wd) with both nuclear instruments was affected by M and S at
the highest level of significance. The trends were similar to those for the moisture
content given in Figure 1. For the portable nuclear instrument, E was also a highly
significant factor, but this was entirely caused by high readings obtained during the
compaction of lifts with the sheepsfoot roller. The stripped measurements on these
lifts were back in line with those for the other rollers—eliminating the E effect. The
interaction effects for ME were present in each case, because of the interrelationship
between the amount of compaction and the distribution of moisture content for each
roller. The trends are the same for each roller, however. The MS effect reflects a
difference in the distribution of moisture over the four levels with change in soil type.
This is indicated to some extent in Figure 1. In several cases, the nuclear instruments
indicated a change in ranking with respect to moisture density for the silt and silty clay
as the moisture level changed.

The effect of C on moisture density was cause by a slightly higher (0.5 to 0.9 pcf)
moisture density at the higher compactive effort than at the lower one. The significance
of the joint effect CE resulted because the effect of C changed with the roller type. The
pattern was the same as that for wet density, i.e., increase entirely due to the pneu-
matic and segmented pad rollers, no change for the vibratory roller, and a decreasc
for the sheepsfoot roller. Moisture density increases with both increased compaction
and increased moisture content. Both probably contributed to the observed CE effect.

Penetrometer, Plate, CBR and Seismic Measurements

Moisture was the most significant factor influencing the strength and stiffness prop-
erties, since it was significant at the highest level for all such measurements, i.e.,
penetrometer, plate, CBR and seismic (Table 1). The effects of the remaining factors
are not nearly as consistent; however, the factor ME was significant in all cases and
the factors T, E, and MS were significant in three out of the four cases.

The general relationship between M and the final measurement of seismic velocity,
penetration resistance, bearing plate load and field CBR is shown in Figure 3. All
but the seismic velocity show a consistent decrease with increase in moisture level as
expected. The seismic velocity increased up to the third moisture level and then de-
creased. The trend is more like that of dry density than strength or stiffness. The
same trend was evident for the average of the growth measurements.

There was a consistent decrease in the measured properties for an increase in lift
thickness from 6 to 12 in., except for the penetrometer. This trend for CBR held for
all S, C and M. There was a TE effect because the decrease was all caused by the
pneumatic and segmented pad rollers. There was no change for the vibratory roller
and a small increase for the sheepsfoot roller. The magnitude of the decrease dimin-
ished with increasing M. This trend was not detected from the average of the growth
measurements for seismic velocity, but it was exhibited by the final measurements for
all M, S, C and E. Again the decrease diminished with M. The average of the bearing
plate growth measurements showed a consistent decrease with thickness increase for
all M, S, C and E, although the changes were not large enough to be statistically signif-
icant. The same general trend was exhibited by the final plate readings, except for a
slight increase for the vibratory and sheepsfoot rollers.

The penetrometer did not show a significant T effect for either the growth or final
measurements. However, there was an effect of T in relation to M and E. The resist-
ance increased with T for all but the third moisture level. According to the TE effect,
there was a large increase in resistance for the sheepsfoot roller and a consistent de-
crease for the segmented pad rollers. For the pneumatic and vibratory rollers, the
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Figure 3. Penetration resistance, CBR, plate load and seismic velocity variation with moisture level.

change was either negligible or inconsistent. Considering the other three measure-
ments, these observations suggest that side friction on the penetrometer shaft may have
influenced the readings.

The factor C, itself, did not have a significant effect on any of the four measure-
ments, although the general trend was an increase with increased effort; however, the
joint effects with M, S and E were present in some cases. The significant effects of
S and E are shown in Figure 4. The penetration resistance decreases with soil type in
the order: silty sand and gravel, silty clay, silt, and clay, which is the same order as
decreasing maximum dry density from the Proctor test. The seismic velocity follows
the same trend for the first three soils, but the clay has the next to highest velocity.
The effect of E on plate load, seismic velocity and penetration resistance is similar to
that for wet density; i. e., the sheepsfoot, pneumatic and vibratory rollers gave results
not significantly different from each other, while the values for the segmented pad roller
were significantly higher.

The joint effect CE was significant for the bearing plate only. This was caused by
a decrease for the segmented pad roller with increased compactive effort. This trend
was also indicated by the penetrometer. The effect for the sheeps foot roller was
mixed, while for the vibratory and pneumatic rollers there was a tendency for the prop-
erties to increase with compactive effort.

The final plate load increased with compactive effort for the two lowest moisture
levels and decreased for the two highest levels, giving an MC effect. However, seismic
velocity indicated an increase with compactive effortatall four moisture contents. The
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Figure 4. Penetration resistance, plate load and seismic velocity variation with soil type and
compaction equipment.

plate load, penetration resistance and CBR decreased with M in the general manner
shown in Figure 3 for the silty sand and gravel, silty clay and clay. However, these

values did not change significantly for the silt, thus giving rise to an MS effect.

The

seismic velocity followed the general pattern of Figure 3 for all soils at the end of
compaction, but there was little change for the average of the growth measurements

for silt, thus creating the MS effect.

For the plate load and penetration resistance,

the trend in Figure 3 was followed for each roller, except that there was a maximum
in the middle range of moisture levels for the vibratory roller giving an ME effect.
The ME effect for seismic velocity occurred because of a change in the position of the
maximum within the range of moisture.

TABLE 2
RANGE AND AVERAGE OF PROPERTIES FOR ALL EFFECTS

Range
Measurement Dimension Range Average —_— (%)
Average
Moisture content % 13.5 12. 1 112
Field CBR % 26.6 15.0 177
Wet density pef 29.8 127. 6 23
Moisture density pef 10.9 12.6 87
Dry density pef 21.5 115.0 19
Penetration resistance 1b 529 364 145
Seismic velocity {ps 830 1192 75
Plate load 1b 1814 1719 105
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Range of Values

The overall range and average of each of the measurements for the range of inde-
pendent variables used in the tests are shown in Table 2. The average values were
obtained by pooling all of the final measurements in each case for all of the test sec-
tions. The range was determined by subtracting the largest and smallest estimated
mean values from the group representing all of the combinations of independent
variables.

The largest change with respect to the average value occurs for the field CBR, whose
range is 177 percent of its average. Next in decreasing order are the penetration re-
sistance, moisture content and plate load which have ranges exceeding 100 percent of
their average values. Moisture density and seismic velocity range about 80 percent of
their averages. As expected, the property which changes the least with respect to its
magnitude is density, the wet and dry densities having a range of about 20 percent of
their average values. It might be expected that the best properties to measure are
those whose percentage change is the largest; however, such a conclusion depends on
the associated measurement variability. This latter question is examined in a com-
panion paper (2).

CHARACTERISTICS OF GROWTH CURVES

The remaining independent variable, which has not been involved in the previous
discussion, is the number of roller coverages. The mathematical model used in the
analysis was so constructed that the shape of the growth curves for each measurement
could be evaluated independently of the magnitude of the measurements. The factors
influencing the shape of these curves are given in Table 3 in the same manner as was
done for the measurements themselves in Table 1.

Portable Nuclear Measurements

The individual factors affecting the shape of the wet density growth curves obtained
with the portable nuclear instrument were S, C and E. The curve shapes for S and E
are shown in Figure 5. In order to establish the actual quantitative relationship be-
tween the curves in a set, the indicated mean value of each curve should be added. This
will shift the curves vertically without a change in shape. By removing the mean values
the comparison of shapes may easily be made; e.g., if the shapes are identical then the
curves will be coincident regardless of the magnitude of the measurements.

Figure 5a shows that the vibratory and pneumatic rollers had achieved their maxi-
mum amount of compaction by the end of 16 coverages for all four soils on the average,
but density was still increasing at a significant rate for the segmented pad and sheeps-
foot rollers. However, in terms of absolute density, the sheepsfoot roller was still at
the lowest level at the end of 16 coverages, because its mean value of wet density was
muchlower than those for the other three rollers. Increase in density was still occurring

TABLE 3
RELATIVE SIGNIFICANCE OF INDEPENDENT VARIABLES ON GROWTH CURVE SHAPE

Individual Effects Joint Effects
Measurement

M T S C E MT MS MC ME TS TC TE SC SE CE
Portable nuclear vy 2 6 1 6 4 5
Portable nuclear wqy 6 6
Portable nuclear vg 6 1 6 5 3
Plate load 1 6 5 6
Pen. resistance 1 4 5 5 6
Seismic velocity 2 5 2 2

Note: Error probability (%): 1 = 0.1,2.=0.5,3=1.0,4 = 25,5 = 5.0, 5 = 5.0, 6 = 10.0.
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Figure 5. Average portable nuclear wet density growth curves for compaction equipment and soil type.

for the clay, silty clay and silty sand and gravel (Fig. 5b) at the end of 16 coverages,
with the greatest change being in the clay. The silt compacted at a greater rate in-
itially, but reached a maximum wet density at about 10 coverages and then began to
show a decrease. The compaction occurred at a slightly greater rate for the higher
compactive effort than for the lower, but the difference was small.

The MT effect indicates that with the 6-in. layer the rate of compaction increased
with increase in moisture ievel; for the iZ-in. layer, the reverse was true. Only the
curve for the highest moisture in the 6-in. lift had reached a maximum by 16 cover-
ages. The fact that M alone did not affect the shape suggests that the resulting
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Figure 6. Average penetration resistance growth curves for soil type and moisture level.

moisture-density curves had the same shape after every coverage on the average. For
each individual soil, however, moisture did influence the shape. This MS effect may
reflect the relationship of the actual moisture content to the optimum for the soil and
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compactive efforts involved. The ME effect indicates a change in the effect of mois-
ture on the shape with change in compactor.

The growth curves for clay, silty clay, and silty sand and gravel were generally the
same within each equipment group, although the clay density was always increasing at
the greatest rate for each roller after 8 coverages. The silt curves were the most
distinct and were the principal reason for the SE effect. The silt density was still in-
creasing some after 16 coverages for the segmented pad roller. For the pneumatic
and sheepsfoot rollers the curves leveled out after 8 coverages; however, for the vi-
bratory roller there was a distinct decrease.

Theoretically, moisture density should increase with roller coverages in the same
manner as wet density; however, the change is small enough with respect to the ac-
curacy of the measurement that it can be considered constant in most cases. The
change from 2 to 16 coverages for the pneumatic and segmented pad rollers was an in-
crease of less than 0. 2 pef and for the vibratory roller an increase of less than 0. 6 pcf.
For the sheepsfoot roller, the moisture density decreased about 1 pcf. The MS effect
was inconsistent, showing a decrease with coverage more often than an increase, the
maximum change being 1 pcf in any case.

Penetrometer Measurements

The rate of increase of penetration resistance with coverage decreased continuously
with moisture level increase (Fig. 6a). As a result, the total change in resistance
between 2 and 16 coverages decreased with moisture increase. The shapes had much
less curvature than those for density. The penetration resistance curves for the clay,
silly clay, and silty sand und gravel were similar to those for wet density, except for
less rapid initial rate of change (Fig. 6b). The shapes for silt were quite different,
however. For this soil the penetration resistance changed in an approximately linear
fashion up to 8 coverages and then continued to increase at a slower rate thereafter.

At the higher compactive effort there was less difference between the shapes for each
moisture level than at the lower effort.

The shapes of the penetration resistance curves for the four compactors were simi-
lar, although the segmented pad roller showed the greatest rate of increase at 16 cover-
ages and the greatest change from 2 to 16 coverages. The lowest rate and smallest
change occurred for the pneumatic roller. The CE effect was produced by the sheeps-
foot roller, whose growth curve changed in shape with change in compactive effort.

The overall trend was the same as that for the other rollers, but it had a double curva-
ture which reversed direction with change in C.

Bearing Plate Measurements

The most significant factors influencing the bearing plate growth curve shape were
E and M. As with the penetrometer, the rate of increase of plate load decreased with
increase in moisture (Fig. 7a). The biggest difference occurred between the third and
fourth moisture levels. The pneumatic and segmented pad rollers gave the greatest
increase and rate of increase of the four compactors over the range of 2 to 16 cover-
ages. Next in order was the vibratory roller and then the sheepsfoot roller (Fig. 7b).
In most cases the plate load was still increasing at a significant rate after 16 coverages.

The difference in the growth curve shapes for the four soils decreased with increased
compactive effort. The same was true for the compaction equipment. The difference
in growth curves for the sheepsfoot roller in the four soils was small. The vibratory
roller showed the greatest change from 2 to 16 coverages for the clay and essentially
identical results for the other three soils. The pneumatic roller showed the greatest
change for the silt and the same results for the other three soils. All four soil curves
were different for the segmented pad roller.

Seismic Velocity

The only individual factor affecting the shape of the seismic velocity growth curves
was moisture. The greatest change in velocity occurred for the two intermediate mois-
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Figure 7. Average bearing plate growth curves for moisture level and compaction equipment.

ture levels and the highest moisture level had the smallest change. The trend was an
increase in the magnitude of the change from moisture level 1 to 3 and then a decrease
for moisturelevel 4 (Fig. 8). These differences were accentuated for the 6-in. lift
thickness and decreased for the 12-in. thickness, giving an MT joint effect. The same
trends generally held for all soils except the silt in which case the trend was inverted;
i. e., the magnitude of the change decreased from moisture level 1 to 3 and then in-
creased again for moisture level 4. In all cases the seismic velocity was still increas-
ing after 16 coverages, except for the sheepsfoot roller at the highest moisture con-
tent. In this case the velocity continued to decrease beginning with coverage 2.



90

200

Moisture Level

100
8
>
S
o
)
>
L

5 0
o
w
k=
o
4
o
£
o

—100

— I
2002 4 8 16

Roller Coverages

Figure 8. Average seismic velocity growth curves for moisture level.

MOISTURE-DENSITY-STRENGTH RELATIONSHIPS

Standard (T-99) and modified (T-180) Proctor compaction tests were performed in
the laboratory on samples of soil taken from the stockpiles used for the field studies.
In addition, a T-180 test was performed on a sample from each test section taken after
mixing and just prior to the first coverage of the roller. These samples were com-
pacted at the same moisture content as the test section and involved the identical prep-
aration procedures. The average results from the field Proctor tests are compared
in Figure 9 with the peak points from the laboratory tests.

The four subgrade soils have distinctly different moisture-density-strength charac-
teristics. The field Proctor dry densities (T-180) lie midway between the T-99 and
T-180 values obtained in the laboratory for the clay, silty clay and silty sand and
gravel. The field values for the silt correspond approximately to the T-99 values from
the laboratory tests. The optimum moisture contents appear to occur at about the same
percent saturation as in the laboratory tests. The CBR values from the field T-180
tests correspondingly lay in a range midway between those for the laboratory T-99 and
T-180 tests (not shown in Fig. 9), as would be expected considering the relationship of
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the dry densities. However, the field CBR curves appear to be shifted toward higher
moisture contents relative to the laboratory values than might be expected, based on
magnitude of the related density alone.
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An examination of the individual datafrom which the average values in Figure 9 were
obtained showed that the discrepancy between the field and laboratory results could be
explained to a large extent by the averaging process used. The analysis assigns all
values of moisture content and dry density into four groups, one for each level of mois-
ture in a lift. However, the actual values of moisture in each level varied enough be-
tween lifts to overlapthose in other levels. Therefore, when each level is averaged,
because of the concave downward shape of the moisture-density curves the resulting
curve will be on the low side of the range of data. The analysis of variance model used
needs further study in an attempt to find a means of overcoming this limitation. It is
the field data in the form shown in Figure 9 which should be used for comparison with
the results on the lifts, because both sets of data were analyzed using the same method.

The average moisture-density curves from the compacted lifts for each of the four
soils are compared with the corresponding field T-180 curves in Figure 10. The lift
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Figure 10. Average moisture-density relationships for each soil from compacted lifts compared with
field Proctor tests.
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curves appear to lie primarily on the dry side of optimum for the average conditions
involved, and the average dry densities are substantially below those from the T-180
tests.

The moisture-density curves for each compactor averaged for all other conditions
are shown in Figure 11. These curves confirm the dry side compaction for all rollers.
The biggest change in dry density with moisture level occurred with the pneumatic and
vibratory rollers.

The field CBR values for each soil as a function of moisture content are compared
with the corresponding values from the field Proctor tests in Figure 12. The Proctor
values are much higher than the values from the compacted lifts at the low end of the
moisture range, and converge to similar values at the wet end of the range. This is
the same manner as the CBR curves would be related for two different compactive
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efforts in the same soil. The magnitude of the difference is approximately that which
would be expected on the basis of the difference between the corresponding densities
(Fig. 10). The resemblence in shape between the pairs of curves is evidence of simi-
larity in the compaction effects of the rollers and the Proctor hammer.

Previous discussion has dealt with average conditions. Comparisons can also be
made for any combinations of the independent variables by superimposing the effects
of eachupon the average. In Table 4, the maximum dry densities based on the nuclear
measurements are listed for each soil and compactor combination. They were obtained
by adding to the average values for each SE combination after 16 roller coverages the
increases caused by the most favorable compactive effort, lift thickness and moisture
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TABLE 4
MAXIMUM COMPACTION FOR EQUIPMENT-SOIL COMBINATIONS

¢ Maximum Percent
Compaction < T-99 Percent
Equipment Bl T-180  (Estimated) Dry T-180 L83
quipmen = Density (pef) (Estimated)
Pneumatic Clay 119 107 118 101 110
Silty clay 126 114 122 a7 107
SSG 135 126 127 94 101
Silt 118 110 115 97 105
Average 120 97 106
Vibratory Clay 117 107 111 95 103
Silty clay 126 114 119 95 104
SSG 135 126 128 95 101
Silt 118 110 112 95 102
Average 117 95 103
Segmented pad  Clay 117 107 119 102 111
Silty clay 126 114 125 99 110
SSG 135 126 130 96 103
Silt 118 110 119 100 108
Average 123 99 108
Sheepsfoot Clay 117 107 109 93 102
Silty clay 126 114 116 92 102
SSG 135 126 120 89 95
Silt 118 110 111 94 101
Average 114 92 100

level in each case. The maximum dry densities from the field T-180 tests were ob-
tained from Figure 9. An estimate of the corresponding T-99 values was made by
subtracting the differences observed in the laboratory Proctor tests. These values
were used to compute the maximum dry density in percent of T-99 and T-180 for the
compacted lifts.

The percent of T-180 obtained ranged from 89 to 102, the compactor order with
respect to increasing values being sheepsfoot, vibratory, pneumatic and segmented
pad. This ranking was essentially the same for all four soils, although the magnitude
of the differences between rollers changed. The estimated percent of T-99 ranged
from 95 to 111 with the compactor ranking remaining the same as for T-180. The
same computations for the average dry densities for each roller give as percent T-180
the values 90, 92, 92 and 95 for the sheepsfoot, vibratory, pneumatic and segmented
pad rollers, respectively. For percent T-99 the corresponding values are 98, 100,
100 and 103. Therefore, the average compaction is equivalent to T-99 and the ranking
is the same as that for maximum dry density, except that under average conditions the
pneumatic and vibratory rollers provide the same results.

SUMMARY AND CONCLUSIONS

This paper dealt with the properties of compacted soils based on observations from
field tests in which the soil type, moisture content, lift thickness, compaction equip-
ment and compactive effort were the main parameters varied. In view of the nature
of the field test program, it is believed that the conclusions will have direct application
to construction practice. Only the major effects could be detected from the resulting
data because of the large variability encountered in the tests, principally as a result
of moisture control difficulty. The behavior which could be observed will thus be per-
tinent to construction operations and those details which could not be distinguished
because of the variability are probably not of practical significance. The test plan was
based on a statistical model which permitted separation of real effects from random
variability. An examination of appropriate field measurements verified the accomplish-
ment of this objective.
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The range of moisture contents selected bracketed the T-99 (standard Proctor) and
T-180 (modified Proctor) values for each soil. The results showed that the average
test conditions produced a level of compaction equivalent to the T-99 effort; thus, the
measured properties represent behavior more on the dry side of optimum than on the
wet side. Further study of the data should lead to a better understanding of effective
compactive effort for a wide variety of compactor types. This is a subject which is
not adequately understood at present, especially for vibratory rollers, and limits the
ability to predict the relative performance of different field compaction equipment.

The observed properties of the field compacted soils appeared similar to those
exhibited by laboratory compacted specimens. For the range of conditions involved,
moisture was by far the most significant factor influencing the measurements. Next
was the soil type and then in descending order ¢f importance were compaction equip-
ment, lift thickness and compactive effort. However, the relative importance of each
of these parameters depended a lot on the specific combinations considered. There
were no significant interactions between soil, lift thickness and compactive effort, and
thus the effect of any one of these three parameters did not change with change in the
others. Moisture and thickness had little interaclion as well, leaving compaction
equipment as the only parameter whose effect changed with a change in lift thickness.
Another important observation was that the relative effectiveness of each roller did
not change appreciably with change in soil type.

Increasing lift thickness from 6 to 12 in. caused a decrease in density of up to 6 to
8 pcf for the pneumatic and segmented pad rollers. No significant effect was observed
for the vibratory and sheepsfoot rollers. The same trends were observed for the
bearing plate, seismic and CBR measurements, The increase in compactive effort for
the pneumatic and segmented pad rollers caused the largest increase in the measured
properties. The change with the vibratory and sheepsfoot rollers had little effect. It
will be recalled that e single-lift test section tended to be an unfavorable factor for
the sheepsfoot roller.

Superimposed upon all of the foregoing effects, which are based on a constant number
of roller coverages, is the effect produced by a change in the number of coverages. As
a general rule, the magnitude of the measured properties increased with coverages,
but in decreasing amounts. Only for wet density was there evidence of a leveling off
of the growth curves in less than the 16 coverages considered. However, in the ma-
jority of cases wet density was increasing at a significant rate after four coverages
and continued to increase over the entire range with as much as 3 to 5 pcf change from
8 to 16 coverages. When maximums were reached they occurred after 8 coverages.

The plate load and penetration resistance measurements generally showed no tend-
ency to level off within 2 to 16 coverages, and half of the total increase in this range
usually occurred after 6 coverages. The seismic velocity growth curves were inter-
mediate between these and the wet density curves, but in all except a few cases exhib-
ited no leveling off up to 16 coverages.

As comprehensive as this study has been there are still a number of important
factors which have not been considered. Among them are foundation conditions, mul -
tiple layer compaction, long-term environmental influences, and roller speed. In
addition, considerable analysis can still profitably be done with the data already col-
lected. The statistical model should be further studied to provide a means of incorpo-
rating moisture as a continuous variable, and to include physically meaningful coeffi-
cients representing effective compactive effort and relationships between moisture and
the measured properties. Field test programs should be a continuing effort because
they provide direct application to practical field problems as well as an opportunity to
apply fundamental knowledge gained through basic research and, as a result, serve to
bridge the gap between theory and practice.
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Current Specifications, Field Practices and
Problems in Compaction for

Highway Purposes

H. E. WAHLS, Associate Professor of Civil Engineering, North Carolina State
University, Raleigh

This paper attempts to summarize the current status of highway specifi-
cations and field practices for compaction of embankments, subgrades
andgranular bases, The informationhasbeen obtained from the published
standard specifications of the 50 states, and from an extensive interview
program with state highway engineers. Construction specifications and
procedures for embankments, subgrades and granular bases are sum-
marized and followed by discussions of the problems relatedtothe prac-
tical application of the specifications of field construction. Qualitycon-
trol procedures and related problems also are discussed.

eFROM July 1964 to August 1966, North Carolina State University, under the sponsor-
ship of the U. S. Bureau of Public Roads, conducted a comprehensive review (1) of the
current state of knowledge in regard to the compaction of soil and rock materials for
highway purposes. As one part of lhis study, a compilation and evaluation of current
state highway specifications and field practices for earthwork construction was under-
taken. This paper presents a summary of the findings.

Primary information regarding specifications was obtained from the most recent
editions of each state's standard highway specifications and special provisions for
earthwork construction. To supplement this published information, a comprehensive
program of personal interviews was conducted. State highway department offices were
visited in 22 states, selected to provide a reasonable cross section of geographic,
climatic and soil conditions. In each state, two to six individuals were interviewed,
including materials engineers, construction engineers, field and laboratory soils
engineers and geologists. Interviewees were questioned regarding local compaction
problems and techniques for overcoming them, interpretation of specifications in
practice, compaction control procedures and problems, and suggestions for improve-
ments of specifications and practices, When time permitted, visits to construction
sites or problem areas were arranged. The interviews provided considerable insight
into the practical aspects of earthwork construction and the problems that are of major
concern to highway engineers.

Several limitations of the interview program should be recognized. No interviews
were conducted in approximately half of the states. In the states that were visited, the
interview program was limited to engineers in the central office because of limitations
in both time and funds. The interviewees frequently commented on the variation in
practices and attitudes from one district to another within their state; thus, the opinions
expressed in the central office may not be representative of the attitudes at the district
level. This was generally attributed to the autonomy of the district engineers. In
addition, it was apparent that some individuals discussed their problems, practices,
and the enforcement of their specifications more frankly than others. Nevertheless,
certain general impressions of universal problems and practices became apparent
through the interview program.

Paper sponsored by Committee on Compaction and presented at the 46th Annual Meeting,
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The discussion of current specifications and practices is separated into two main
sections, First, field procedures and compaction requirements are presented. For
each pavement component, a summary is given of the information obtained from the
published specifications. The summary is followed by a discussion of the findings of
the field interview program pertaining to the particular aspect of the specifications.
The second major section discusses current quality control procedures. The paper
concludes with a summary of major field problems.

CURRENT SPECIFICATIONS AND PRACTICES

Compaction specifications may indicate the procedure by which the compaction is
to be accomplished, the required quality of the compacted materials, or some combina-
tion of procedure and required results. The specified procedure may include moisture
control, lift thickness, type and size of compaction equipment, and the number of
coverages of the equipment. The quality of the compacted material generally is speci-
fied in terms of dry density, which usually is expressed as a percentage of the maxi-
mum dry density achieved in a specified laboratory compaction test.

Specifications commonly are referred to as "procedural' or "end-result'" specifi-
cations, depending on whether or not density requirements are specified. However,
these terms may be somewhat misleading. End-result specifications usually include
some procedural requirements. Lift thickness and moisture control commonly are
included, and equipment type and size are sometimes indicated. However, the equip-
ment requirements may be quite general, and the number of coverages, or required
compactive effort, is omitted. On the other hand, the procedural specifications will
include the number of coverages or a relatively simple visual acceptance criterion,
such as the walk-out of a sheepsfoot roller.

The addition of a minimum-density requirement to a detailed procedural specifica -
tion generally is considered undesirable because of the potential contractual problems.
Legal problems may result if the contractor adheres closely to a detailed procedure
and yet is unable to achieve the required density. However, several states are suc-
cessfully combining a minimum procedural requirement with a density requirement. The
concept of minimum compactive effort is introduced to insure uniformity of compaction
and to reduce the number of density tests required.

A comparison of current specifications with those compiled in 1960 indicates a
general trend toward greater reliance on the end-result or density requirement. Cur-
rent usage for each component of the road section will be discussed in subsequent
sections on embankments, subgrades, and granular bases.

Equipment

Approximately three-fourths of the states include some minimum equipment stand-
ards in their specifications. Frequently standards may be given for only one type of
compaction equipment, usually smooth-wheeled or pneumatic-tired rollers, or for
construction of one component of the pavement section, most commonly the base course.
In addition, most state specifications include a provision that equipment must be satis-
factory to or approved by the engineer, In practice, these minimum equipment stand-
ards appear to be of little practical concern to highway engineers., Most contractors
are using adequate equipment with regard to both size and type suitable for each soil
type encountered. Consequently, inspectors rarely are called upon to exercise their
authority regarding approval of compaction equipment,

In practice, a wide variety of types of field compaction equipment is being used in-
cluding smooth-wheeled, pneumatic-tired and sheepsfootrollers, vibratory compactors,
and specialized equipment that utilize combinations of compactive actions, such as the
vibratory sheepsfoot roller. For cohesive soils, sheepsfoot and pneumatic-tired
rollers still are most commonly used. However, for granular soils, there is an in-
creasing utilization of vibratory compactors. This equipment apparently is providing
efficient and satisfactory compaction of such materials with a minimum of problems.
Advantages attributed to vibratory compaction of granular materials include the effec-
tive compaction of thicker lifts than is possible with conventional rollers and the
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reduction of degradation effects in crushed-limestone base course materials. How-
ever, the magnitudes of these effects remain subject to debate.

Although many states require that equipment specifically designed for compaction
be at each compaction job site, in practice a considerable amount of compaction still
is accomplished by hauling equipment, It is recognized that hauling operations can
produce significant densification of earth fills, However, compaction solely by hauling
operations is considered undesirable because uniform coverage and, as a consequence,
uniform density generally are not achieved. To overcome this difficulty, some states
permit compaction by hauling equipment together with supplementary rolling by com-
paction equipment to improve the uniformity, It should be noted that the compaction
equipment must produce higher stresses in the fill than the hauling equipment if greater
uniformity is to be obtained.

The heavy loads imposed by hauling equipment create a major problem in some
embankment construction. In many states examples were cited of heavy hauling or
paving equipment causing stability failures in compacted embankment and subgrade
materials that had already satisfied compaction specifications. Almost all of the cited
problems occurred in silty materials that are extremely sensitive to moisture and
density conditions. The wheel loads from this equipment may produce higher stresses
in the compacted soils than the stresses to be anticipated from traffic loads after the
road is in service, It can be anticipated that these problem with heavy equipment will
become more common in the future unless corrective measures are employed.

Embankments and Subgrades

The current trend for embankment and subgrade spccifications is to minimize the
procedural requirements and to place greater reliance on density requirements. For
subgrades, only 4 states do not have density requirements. All four, Maryland and 3
New England states, merely specify compaction with a 10-ton roller. Several other
states specify minimum equipment together with density requirements, Three other
states, for some types of work, specify minimum equipment without density require-
ments, However, the vast majority of states rely almost entirely on density require-
ments for subgrades.

For embankments, all states have density control specifications. However, approx-
imately 25 percent of the states have alternate specifications for compaction without
density control that are used for certain types of construction. In these cases, the
specified procedure may be the minimum number of passes of a specific piece of equip-
ment or the use of suitable equipment for compaction to the visual satisfaction of the
inspector.

In practice this kind of specification generally means using a sheepsfoot roller until
it walks out or a pneumatic roller until there is no further observable densification of
the soil. In some instances compaction by hauling equipment, usually followed by proof
rolling, is permitted.

For embankment construction, the maximum lift thickness is specified, usually
expressed in terms of the loose or uncompacted material. Almost 60 percent of the
states specify the maximum uncompacted thickness as 8 in. and an additional 15 percent
specify 6 or 9 in. Some allow 12-in. lifts in all materials, while others increase the
allowable thickness to 12 in. for granular soils or rocks. Occasionally lift thicknesses
greater than 12 in. are permitted when rock is encountered. In regions of high rock
content, lift thicknesses may be increased to permit burial of large boulders near the
bottom of embankments. Four states specify lift thickness requirements in terms of
the compacted thickness, specifying either 6 or 8 in. as the compacted thickness.

All but 10 states specify the minimum depth of subgrade compaction. More than 60
percent of the states specify compaction to a minimum depth of 6 in. The remaining
states specify depths of compaction varying from 4 to 12 in. A few states require
subgrade compaction to a depth of 18 in. or greater when rock is encountered.

Lift thickness was not an area of major concern to most of the hi
who were interviewed.
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Density Requirements for Embankments and Subgrades —The density requirements
for embankments and subgrades are based predominantly on the AASHO T-99 Compac-
tion Test or a similar test with an approximately equivalent compactive effort. For
both subgrades and embankments, the most common requirement, used by almost half
of the states, is 95 percent of the maximum dry density obtained in the T-99 test. For
subgrades approximately 10 states use 100 percentof T-99, and only 2 use 90 percent. On
the other hand, for embankments only 2 states require 100 percent and 11 require 90
percent of T-99. In all instances, the subgrade density requirements are equal to or
greater than those required in embankments. In approximately 20 percent of the states
the embankment requirements in the upper 1 to 6 ft of the embankment, depending on
the state, are equivalent to those of the subgrade, and are less for the remaining depth
of the embankment. Less than 5 states use the AASHO T-180 test for embankments
and subgrades. In addition, California uses a special impact test that uses a compac-
tive effort intermediate between the AASHO T-99 and T-180 efforts, which produces
densities approximating those from the T-180 test. Several states base density re-
quirements on a relative density concept in which the required density is specified in
relationship to a maximum and a minimum density for the material, One example of
this technique is the Texas compaction ratio method.

Approximately 10 states vary density requirements with soil type, magnitude of
maximum dry density, and height of fill, When the requirements vary with maximum
dry density, the percent of maximum density required decreases as the magnitude of
the maximum dry density increases. Because the maximum dry densities usually are
higher for granular soils than for cohesive soils, the required percent of maximum
density usually is lower in granular soils than in cohesive soils. One of the states that
varies density requirements with soil type also reduces the density requirements for
granular soils. However, the other states that vary density requirements with soil
type increase the percent of dry density required for granular soils. Inconsistencies
among adjacent states sometimes develop. For example, both Illinois and Indiana
generally require 95 percent of AASHO T-99; however, for granular soils Illinois in-
creases its requirements to 100 percent and Indiana reduces its requirements to 90
percent. In almost every case, the variations in density requirements have resulted
from judgment and experiences with local construction practices rather than from
theoretical considerations. For instance, in Ohio and Indiana, the higher density re-
quirements for cohesive soils were attributed to experiences that indicated more
stability problems were encountered with cohesive soils. In Nebraska, higher density
levels are being used with granular materials because they can be easily attained,
whereas the same density levels cannot be achieved in cohesive soils without extremely
close moisture control and much additional cost. In addition, it was felt that the
cohesive soils would not maintain the high density in service. In Colorado, lower den-
sity levels are used for expansive clays.

In the interviews, most highway engineers appeared satisfied with their current
density requirements and made almost no mention of a need for higher density. In
fact, density requirements in Georgia have actually been reduced recently and to date
satisfactory results are reported. In other states where silty soils are prevalent the
feeling was expressed that higher density, and in some instances current density levels,
will not be maintained in service even if they can be achieved during compaction. Ex-
periences were cited, for example, in the loesses of Iowa and Nebraska, for which the
compacted density was reported to have been reduced after exposure to environmental
conditions and traffic. However, the reports generally involve observations of stability
loss rather than density loss. No evidence was reported to indicate clearly whether
the stability loss was caused by a loss of density or a loss of strength caused by in-
creasing degree of saturation at constant or even increasing density. The latter ex-
planation is strengthened by reports in the same states of instability of silty embank-
ments immediately after moisture-density requirements have been satisfied.

As noted earlier several states require higher densities, which are usually equal
to their subgrade requirements, in the upper 1 to 6 ft of an embankment. This ap-
parently is done because the stresses produced by wheel loads are greater in the upper
regions of the embankment. In some states the feeling was expressed that the density
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achieved in the upper parts of the embankment can be economically produced uniformly
throughout the entire embankment. Because the contractor will furnish equipment that
can provide the higher density levels with a reasonable number of coverages, it is
reasoned that the entire embankment can easily be compacted to the same density
level. Consequently, except for very high fills there appears to be very little concern
for variations in density requirements as a function of position within an embankment,

In a few states, the embankment density requirements are increased throughout the
entire embankment when the embankment height exceeds some predetermined elevation
or when the embankmentis subject to flooding. In thefirstcase, the increaseddensities
are used to offset the higher overburden pressures. In the second case, the higher
densities are required to offset the loss in strength that will accompany saturation
caused by flooding.

Although density control procedures will be discussed more fully in later sections,
it should be noted that some of the lack of concern for more exact density requirements
is related to the reliability of the percent compaction determinations. These computa-
tions can be no more accurate than the field density tests and the laboratory compaction
test on which they are based. Problems related to testing procedures are discussed in
the second part of this paper.

Moisture Control for Embankments and Subgrades—A statement regarding moisture
requirements is included in the specifications for embankments in all but 2 states and
for subgrade in all but 9. However, in approximately 60 percent of the states the
moisture conditions for both embankment and subgrades are specified in a qualitative
manner which leaves the interpretation largely to the judgment of the inspector.
Qualitative statements include ""to the satisfaction of the engineer,'" "as required by
the engineer,' and ""as required for compaction." Quantitative statements for moisture
limits relative to the optimum moisture content for the soil are specified by approxi-
mately 40 pereent of the states for embankments and approximately 25 percent [or
subgrades. Some of these quantitative requirements merely specify ''at optimum
moisture content" or "as near as possible to optimum moisture content.' In practice,
these statements become qualitative by interpretation of the inspector. However, the
majority of the states using quantitative moisture requirements specify minimum and/or
maximum moisture conditions. Either the maximum or the minimum limit may be
omitted in a number of states because of the predominant climatic conditions. For ex-
ample, states in arid regions frequently specify lower moisture limits but not upper
limits. In wet regions, the converse may be true. Occasionally moisture control
requirements are waived for granular soils and rock.

The importance of maintaining proper moisture contents during compaction ap-
parently is recognized by almost all practicing highway engineers. However, there
are many differences of opinion regarding the practical procedures for, and even the
feasibility of, controlling moisture, Specifications that state moisture control should
be "to the satisfaction of the engineer' or "as required by the engineer' are difficult
to enforce. They rely entirely on the engineer's judgment which may be questioned by
the contractor. Wide variations in interpretation may exist among inspectors within
a state, Indirectly construction costs may be increased because the contractor may
increase his bid to allow for the uncertainties involved with this type of control. On
the other hand, specifications that indicate specific moisture limits with respect to
the optimum moisture content from a standard laboratory test create other problems.
Inspection becomes more costly and more time consuming, and delays to the contractor
may result. Because the compaction characteristics differ for various soil types, it
is difficult if not impossible to specify one moisture content range that will be satis-
factory to all soil types.

General practice regarding moisture control varies with state, soil type, and cli-
matic conditions. As would be expected there is little concern for moisture control in
granular soils. For cohesive soils the closest control is exercised for soil types, such
as silts and swelling clays, which through experience have caused the most difficulty.
The moisture-density curves for silts have sharp peaks indicating that the density
is extremely sensitive to small changes in moisture content. Consequently,
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contractors find this material very difficult to compact unless the moisture is closely
controlled. Through experience, moisture control in silts is directed toward compac-
tion at moisture contents slightly less than the optimum moisture content as determined
from the AASHO T-99 laboratory test. However, if the field compactive effortis greater
than the laboratory test effort, the optimum moisture content for field compaction
should be slightly less than the laboratory value. Thus, the actual field compaction
may not be on the dry side of field optimum.

For swelling clays, the general practice appears to be to attempt to compact on the
wet side of optimum. This is in conformance with the general awareness that the
swelling potential of these soils is considerably less when they are compacted wet of
optimum rather than dry of optimum. Unfortunately, the most severely swelling clays
are found in the arid regions of the southwest at natural moisture contents much less
than the optimum moisture content. In these regions the addition of sufficient water
is sometimes impossible and always very costly. Consequently, alternate procedures
for reducing swelling potential have been attempted. For example, states such as
Texas and Oklahoma appear to be successfully reducing swell problems through the
use of lime stabilization techniques. These techniques are beyond the scope of the
present paper and will not be discussed here.

In many states not plagued by swelling soils or silty materials, the moisture control
is less stringent. In practice, the wet-side control is frequently governed by the
mobility of the compaction equipment; i. e., the upper moisture limit is the moisture
content at which the compaction equipment begins to bog down. The dry-side control
sometimes may be primarily for dust control rather than compaction requirements.
The moisture range imposed by these practical considerations usually is too broad to
insure satisfactory compaction.

When natural soils are too wet, disking frequently is used to improve the rate of
drying through aeration, Disks sometimes are required on jobs where wet cohesive
soils are anticipated. In addition, some states encourage construction practices that
tend to decrease rewetting due to rainfall during construction., When rainfall is antici-
pated, the contractors are encouraged to blade a steep crown on the surface and to
roll the surface to seal it. This practice increases runoff and frequently eliminates
construction delays.

Severe moisture control problems arise in very wet climates such as the Pacific
Coast of Oregon and Washington, where the natural soils are very wet and the climatic
conditions hinder natural drying. Under such circumstances, it is sometimes impos-
sible to dry cohesive soils satisfactorily, and they must be compacted at moisture
contents much higher than optimum. For these conditions, Washington has reported
some success with controlling the degree of saturation rather than the moisture and
density. Density requirements are reduced so that the degree of saturation does not
exceed approximately 87 percent for the minimum moisture contents that can be at-
tained in the field. When this is done the design procedures must be modified to ac-
count for the lower strengths to be expected. The concept of adjusting design proce-
dures appears to be a significant one,

To overcome extremely wet conditions, sandwich construction has been successfully
utilized for embankment construction in some regions. The wet cohesive soil and
coarse granular material are placed in alternate layers. This practice has been suc-
cessful in regions such as New England where ample sources of granular materials
are readily available. However, the procedure becomes impractical when such mate-
rials are not plentiful.

When additional water is required, the water is sometimes added in the borrow pit
and sometimes on the fill. In general, better moisture control is obtained when the
water is added in the borrow pit. This practice is employed both by the Corps of
Engineers and the Bureau of Reclamation for earth dam construction, and it is being
followed whenever practical for highway construction in many states. However, much
highway construction is not well suited to borrow pit operations., Highway construction
commonly involves balancing cut and fill sections for which there is no distinct borrow
pit. For these conditions the water generally must be added on the fill, but more
problems should be anticipated to obtain suitable moisture control and proper mixing on
the fill.
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Granular Bases

Procedural Requirements for Granular Bases—The size and type of compaction
equipment is specified much more frequently for bases and subbases than for embank-
ments and subgrades. Nine states rely entirely on procedural control without density
requirements. An additional 22 states specify only procedures for certain classes of
work and specify both procedures and density requirements for other work. Most of
the minimum equipment requirements in state specifications are related to base course
construction,

The greater reliance on equipment and procedural specifications for base courses
probably can be attributed to a greater uniformity of base course materials. Select
granular materials that satisfy specified gradation requirements are used. Conse-
quently, a satisfactory procedure can be established on a statewide basis.

From the interview program relatively few problems were noted in base course
construction. Vibratory compactors frequently are used and satisfactory results are
reported. Some states reported problems with degradation of crushed limestone due
to compaction, resulting in excessive amounts of fines, Research underway in Iowa
appears to indicate that the degradation can be significantly reduced or eliminated
through the use of properly adjusted vibratory equipment. Other problems cited were
related primarily to difficulties with measuring field densities in coarse materials
rather than with the quality of the compacted material,

Maximum allowable lift thicknesses are specified by almost all states. Approxi-
mately half of the states specify a maximum compacted thickness of 6 in. The majority
of the remaining states specify compacted thicknesses of 3 to 5 in., several specify
8 in., and a few specify 9 to 12 in. In some states, the maximum thickness will vary
within the previously indicated range depending on the total thickness and the type of
base or subbase. Only 2 states specify loose thicknesses rather than compacted
thickness.

Density Requirements for Granular Bases—Forty-one states use density require-
ments for at least some categories of base and subbase construction. Approximately
10 states base density requirements on the AASHO T-180 test, almost all of which
specify 95 percent of the maximum dry density. About 17 states use the AASHO T-99
test for base materials, most specifying 100 percent compaction or greaterand afew
specifying 95 percent. Fourteen states base density requirements on tests other than
AASHO T-99 or T-180. When the AASHO impact tests are not used to establish density
requirements, a variety of alternative procedures are used. Most of these attempt to
overcome difficulties inherent to application of the AASHO test procedures in coarse
materials. Some states express the required density as a percent of the maximum
density obtained from a laboratory vibration test. Others express the required density
as the percent of a theoretically voidless mass; i.e., the dry density of the solid. For
example, Kentucky specifies 84 percent and Wyoming 77 percent of the dry density of
solids. Ohio determines base course density requirements on the basis of test sec-
tions constructed at each project site, Virginia is also currently trying this technique
on an experimental basis.

Most highway engineers appear to feel density requirements for base courses are
adequate.

Moisture Control for Granular Bases—Almost 80 percent of the states specify mois-
ture requirements for base courses in a qualitative manner. These statements gener-
ally take the form "as required for compaction,' or "as directed by the engineer.' An
additional 5 states specify optimum moisture content, which must be interpreted in a
qualitative manner. Five states specify upper and/or lower moisture limits. Two
states do not specify moisture control.

Interviews with highway engineers indicate that qualitative moisture control may
work more satisfactorily for base materials than for embankments and subgrades.
This may be attributed to the select quality of materials utilized for base course con-
struction., Because of the high permeability, the water content cannot be closely
controlled; however, for most coarse materials, moisture control is not critical. For
dense-graded aggregates, moisture content may be critical but the proper moisture
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content is easily observable during construction. Consequently, both the contractor
and the inspector easily agree on proper moisture conditions.

Other Factors Related to Granular Bases—The most significant factor present in
base course construction that is not present in embankments or subgrade construction
is the utilization of selected materials. Base course materials usually must meet
certain gradation and quality requirements. When natural materials do not meet these
requirements, materials are processed to alter the gradation so as to satisfy the
specifications.

As a part of gradation requirements, most states specify the maximum percent of
fines, usually as the percent passing the No. 100 or 200 sieve. The allowable percent-
ages frequently vary with materials within a state and should depend on the overall
gradation of the material. However, approximately 25 percent of the states explicitly
require 10 percent or less material finer than the No. 200 sieve. Frequently, the
plasticity of the fines also is limited. Occasionally the allowable plasticity index is
raised as the percent fines decreases. For example, New York generally permits no
more than 10 percent finer than the No. 200 sieve, and the plasticity index of this
material must be 3 or less. However, a plasticity index as high as 5 is permitted if
the percent of fines is 6 percent or less,

In several states engineers expressed concern regarding particle size degradation
caused by compaction. The extent of these effects is generally conceded to be unknown,
although as previsously noted research on this subject is underway at Iowa State Uni-
versity. Because of the possibility of degradation during compaction, gradation tests
for acceptance of base course materials generally are conducted prior to compaction.
This practice permits materials to be accepted that may not meet gradation require-
ments after compaction and unsatisfactory performance of the base course may result
if the percent of fines becomes too large. To avoid such problems, degradation during
compaction must be minimized or the maximum allowable percent of fines prior to
compaction must be sufficiently small to allow for some increase in fines during
compaction.

QUALITY CONTROL PROCEDURES

Quality control and acceptance procedures include density measurements, test rolling
and visual inspection. In current practice, most compaction control is accomplished
by measuring the field density and comparing it to the maximum density obtainable for
this material in a specified laboratory compaction test. Because the control generally
is in terms of dry density, the measurement of field moisture content also is involved,
even when moisture requirements are not specified quantitatively. Consequently, this
section will be concerned with current practices for obtaining field moisture and density
measurements and procedures for converting these measurements to relative densities
or percent compaction.

The successful implementation of any quality control procedure ultimately depends
on the capabilities of the personnel who are responsible for the inspection. Many of
the compaction control problems and dilemmas that will be discussed in this section
are directly related to the qualifications of the inspection personnel. Consequently,
prior to discussing control procedures, the general level of training and experience of
earthwork inspectors will be discussed.

Inspection Personnel

The responsibility for earthwork inspection generally resides with the field con-
struction engineer who usually holds an engineering degree and/or has many years of
construction experience. However, in practice the actual inspection is performed by
an earthwork inspector under the general supervision of the field engineer. Although
the background of these inspectors varies considerably within a state, most frequently
the inspector is a worker who has little fundamental understanding of the concepts of
soil compaction. He may be a new engineering graduate on his first assignment, a
college student undertaking summer employment, or a high-school graduate with brief
on-the-job training in soil testing procedures. The engineers very quickly advance to



106

more responsible field and office duties, and the better technicians advance to positions
as paving and structural inspectors. Thus there is a continual problem of inexperience
and of training new personnel. In addition, the wage scales for earthwork inspectors
generally are relatively low. Consequently, the position of earthwork inspector is not
generally held in high regard, and as a result it is difficult to find competent people to
fill these positions.

All of the states visited expressed concern for the problem of obtaining and keeping
competent earthwork inspectors. Most states conduct formal or informal training
programs for new inspectors. Generally all training programs are oriented toward
testing procedures with the trainees being instructed in the following tests: Atterberg
limits, sieve analysis, standard laboratory compaction tests and field moisture-density
tests. Emphasis is placed on testing techniques and acceptance criteria, and there is
little effort to present fundamental concepts of soil behavior.

One of the major dilemmas of compaction control is a result of the qualifications of
most earthwork inspectors. Many experienced soils engineers strongly believe that the
most satisfactory construction is obtained through visual inspection and the use of
engineering judgment with little or no density testing. The attitude is prevalent that
much is gained by watching and checking the contractors' operations. The feeling is
expressed that when the inspector is performing density tests, the contractor is operat-
ing unobserved on another part of the project. These views are undoubtedly valid and
correct appraisals of desirable earthwork control when experienced inspectors are
available. However, it appears today that the majority of inspectors lack both the
experience and the training to make satisfactory engineering judgments that are re-
quired by thesc qualitative control procedurcs.

Density Control Procedures

Types of Field Moisture and Density Tests—Many state specifications, which include
density requirements, do not specify the method by which the field density is to be
measured. In many instances, the standard testing procedures are described in a
separate manual. In general, no single method dominates current usage. In many
states the test methods may vary from one district to another, with the local selection
governed by the personal preferences of the district personnel. In some localities,
strong opinions exist regarding the relative reliability of the various test methods.
Opinions in different parts of the country may be diametrically opposed. The attitudes
regarding the reliability of specific tests seem to be related very closely to local ex-
perience and details of local testing procedures.

The most common field density tests are destructive tests that involve digging a
hole, determining the weight and moisture content of the soil removed, and determining
the volume of the hole created. The two most prevalent destructive test methods are
the sand-cone method and the balloon method, in which the volume of the hole is deter-
mined by refilling the hole with sand and water (in a rubber membrane) respectively.
Other techniques encountered occasionally involved refilling the hole with oil, plaster,
and, on an experimental basis, paraffin. Approximately the same amount of time is
required to perform either the sand cone or the balloon test. The accuracy of these
tests is influenced by the coarseness of the soil, with the true volume becoming more
difficult to assess when large particles are involved, such as crushed stone or glacial
till with rock fragments. To compensate for this, larger holes frequently are used
with coarser materials. Most states that encounter such materials have developed
rock correction factors with which to adjust test results. The correction procedures
differ somewhat from state to state.

The major disadvantage of all destructive density tests is the length of time required
to conduct the test, which severely limits the number of tests that can be performed
without delays to construction. Often it is not possible to determine whether the mate-
rial satisfies density requiremeunts until additional lifts of material have been placed
over the material that has been tested.

Moisture content determinations usually accompany field density measurements.
Because of the time delays involved, the standard laboratory technique of drying for
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24 hr in a thermostatically controlled oven generally is not acceptable in the field.
Consequently, for many years the prevalent field procedure has been to dry the soils
over an open flame. This method, which is still commonly used today, is relatively
satisfactory for coarse materials but somewhat unreliable for fine-grained soils. To-
day many states are using the Speedy Moisture Tester for the field determination of
moisture content of fine-grained soils. This relatively new device, which makes use
of calcium carbide reaction, permits rapid field moisture determinations. The pre-
vailing opinion regarding experience with this device indicates that it is at least as
reliable as the open-flame method which has been used previously. Thus, this device
appears to have made a significant contribution to speeding up conventional moisture-
density determinations. However, it can accommodate only a relatively small sample
and consequently is unsuitable for use with very coarse materials. As a result, states
that encounter coarse materials continue to use the open-flame method of drying.

Most states are experimenting with nuclear methods for determining moisture and
density. The several available hand portable units are being tested primarily, but
some states also are experimenting with the Lane Wells Road Logger, a mobile unit
that provides a continuous density record along the length of a fill. The chief advantage
of the nuclear methods is the speed of the operation, which permits many more density
measurements to be obtained. The major disadvantages are the high cost of equipment
and the need for more highly trained technicians. In addition, there remains some
concern for the reliability of the nuclear density measurements, although this concern
appears to have decreased significantly in recent years. There has been a growing
recognition that relatively large variations in density may exist within very small areas
of a compacted fill. These local variations are more frequently detected with nuclear
devices than with destructive tests. The recognition of these real variations in com-
pacted materials has given impetus to the movement to develop statistical quality con-
trol procedures.

In many states, the view was expressed that nuclear methods do not afford as much
time saving as is generally reported. While the time required for an individual meas-
urement is much less than by conventional methods, calibration and repair times also
must be considered. Most agencies feel that the nuclear equipment must be calibrated
for each individual soil and the calibrations must be repeated or checked at least twice
a day. Furthermore, perhaps because of excessively rough handling in the field, re-
pairs are required frequently. The repairs, which are made by the manufacturer, are
often time consuming and sometimes costly.

As will be discussed in the following section, some states require a standard com-
paction test, which is conducted in the field using the soil for which the field density
has been determined as a part of the field control procedure. In these instances the
actual field density determination represents only a small part of the total test time.
Consequently, the introduction of nuclear methods produces only a small percent re-
duction of the total testing time. States that currently use this procedure are hesitant
to adopt nuclear methods.

Although the Lane Wells Road Logger can provide more density measurements than
the hand portable units, its extremely high cost appears to limit its potential applica-
tion. Its use does not appear to be economical unless large quantities of earthwork
construction were being planned in relatively small geographic areas, perhaps in a
large metropolitan area or for an extremely large embankment.

Despite the many problems with nuclear devices, there is every indication that their
use will become much more widespread. In the summer of 1965, only Colorado was
using nuclear methods for the legal control of earthwork construction. California was
beginning a project in each of its eleven districts that would use nuclear control
methods. Since that time several additional states have adopted nuclear devices for
legal control and it appears fairly certain that additonal states will do so in the future.
However, it should be noted that the most effective use of nuclear devices involves
more than merely changing the field density determination method. It will probably
involve a complete revision of the density specifications to include statistical concepts
and conceivably to eliminate the need for the standard laboratory compaction test. The
former has already been done, for example, in California where a special specification
was written for the jobs to be controlled by nuclear methods.
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Field Evaluation of Standard Maximum Compacted Dry Density—In current practice,
almost all density requirements are expressed as a percent of the maximum density
attained by a specified compaction test procedure. Occasionally, a relative density
criterion is used; i.e., the field density requirements are expressed relative to both
a maximum and a minimum laboratory density. Thus, to determine the acceptability
of the compacted material, the maximum dry density for the material must be
established.

From the field interviews, it appears that one of the major problems in the practical
interpretation of a density criterion is the proper evaluation of the dry density to which
the measured field density should be compared. Typically, laboratory compaction tests
are performed on representative samples of primary materials during preliminary plan-
ning and prior to construction. The moisture-density or control curves from these
tests generally are available for field control. The simplest field control procedure
is to compare the measured field density with the control curve that the inspector judges
is most representative of the compacted material. To aid in relating control curves
to field materials, a library of jar samples of materials for which the control curves
were attained is sometimes kept at the job site to facilitate visual identification of
materials,

However, in many instances the primary materials are mixed in the earthmoving
operations, and as a result, none of the laboratory curves may be directly applicable
to the material being placed on the fill. To overcome this problem, most states attempt
to make a field evaluation of the maximum dry density in conjunction with field density
measurements,

The most common procedures for the field evaluation for maximum dry density
involve the use of a one-point field compaction test and/or the development of families
of moisture-density curves. One common practice is to use the laboratory compaction
test procedure to compact the {ield material atl the placement moisture content. The
moisture-density point so obtained is plotted with the family of control curves for the
job, and the maximum dry density for the material is estimated by constructing a new
moisture-density curve through the test point and roughly similar in shape to the avail -
able curves. Some states, Ohio, for example, have developed elaborate statewide
collections of typical moisture-density curves. In the Ohio system, the penetration
resistance as determined by the Proctor needle is utilized in conjunction with the field
compaction test. The statewide family of moisture-density-penetration resistance
control curves is then used to estimate the maximum dry density for the field material.
A circular slide rule, which is supplied to all inspectors, has been developed to sim-
plify the identification of the proper typical curve from the one-point field data.

These control practices, which require at least a one-point field compaction test in
conjunction with each density field test, are time consuming and can potentially delay
construction. However, they are deemed necessary in a majority of the states because
of the great variations in the materials encountered in highway construction.

As has been noted for the field density test, the laboratory compaction test results
also become less reliable when rock-size particles are encountered. In various states,
the view was expressed that conventional field test procedures and the laboratory impact
compaction test are unsuitable for soils that contain large quantities of rock. A few
states, such as Kentucky, have eliminated the need to determine maximum dry density
for crushed stone base materials by specifying the density requirements as a percent
of the specific gravity of the solids. However, the problems of the measurement of
field density remain.

Number and Location of Tests—Until quite recently most states did not specify the
number of density tests to be performed or the methods for selecting the position at
which the test is conducted, these decisions being left to the judgment of the engineer.
During the past few years, however, minimum testing requirements in terms of tests
per unit length of roadway or per cubic yard of material placed have been developed in
most states. These specifications are being instituted largely at the insistence of the
Bureau of Public Roads and frequently over the objections of state highway engineers.
Strong opinions are expressed by many highway engineers regarding the unfavorable
aspects of specifying the minimum frequency of density testing.
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In many states engineers expressed the view that the majority of their compaction
work was satisfactorily accomplished without difficulty and, consequently, only min-
imum results of inspection were necessary. On the other hand, on the relatively few
jobs for which problems were encountered, much higher frequencies of testing were
deemed necessary, Also, more testing frequently is conducted when a project is first
initiated; after the job is running smoothly the rate of testing is frequently reduced. In
other words, the states feel that the rate of testing must be related to the degree of
difficulty of the particular project. One engineer expressed the view, ''80 percent of our
testing is done on 20 percent of our compacted materials. "

Engineers fear that the minimum frequency of testing will become the standard
frequency of testing for all jobs and that, as a result, unnecessary testing will be per-
formed on the satisfactory jobs or insufficient testing will be conducted where problems
exist, depending on the established frequency of testing. In most states the tendency
has been to set minimum frequency requirements as low as will be accepted by the
Bureau of Public Roads. When this is done the states must insure that the inspectors
conduct more than the minimum number of tests when problems are encountered.

The selection of locations at which density tests will be conducted has traditionally
been left to the judgment of the inspector. Sometimes he is instructed to look for weak
spots, on the premise that the density requirements represent a minimum standard
which all materials must meet, Also, it is argued that if the weaker-appearing spots
can be shown to be acceptable, the entire fill should be satisfactory and the number of
tests required can be substantially reduced. Other states instruct inspectors to look
for average conditions when selecting a testing site. In this instance it is reasoned
that a small weak spot in one lift will not adversely affect the behavior of the completed
embankment.

In recent years, random sampling techniques have been proposed for selecting
sampling locations. Random sampling is a requirement of the statistical quality control
procedures that are currently being advanced for earthwork control. Many highway
engineers voice strong objections to random sampling and, as a result, to statistical
quality control concepts. Their primary concern is the belief that the statistical pro-
cedures will eliminate engineering judgment and increase the chances that an unsatis-
factory area will be accepted as a part of the larger section because the random sam-
pling technique did not require tests in the weak zone. They argue that engineering
judgment must be maintained to avoid this possibility.

It appears that many of the objections to random sampling and statistical quality
control procedures can be eliminated by consideration of the relation of engineering
judgment to these procedures. First, before random sampling can be employed, the
total area of the section to be considered must be defined. The size of the section is
not specified, but rather is selected on the basis of engineering judgment. The section
to be considered usually is selected on the basis of uniformity of soil type, moisture
content, compactive effort, and other placement conditions. In uniform base course
material, several thousand linear feet of material may be considered as a single sec-
tion, whereas in embankment construction the section more likely may be several
hundred feet long because of more frequent changes in material and placement condi-
tions, Hence, the random sampling and the statistical analysis are then applied to the
evaluation of the mean quality and the variability of a section that, by visual inspection,
the inspector has judged to be uniform. The statistical procedures compensate for the
local variability that will exist in even the most closely controlled construction.

The statistical procedures and random sampling are not designed to account for the
possibility of a large area within the section that is significantly different from the
remainder of the section. For example, in a 500-ft long lift of embankment material
a 25-ft long layer of weak material could be present, perhaps as a result of water
ponding in a depression during construction. This weak spot might be visually detect-
able by observing the deformation of this soil under the action of the compaction equip-
ment., However, it is possible that a random-sampling technique based on considera-
tion of the entire 500-ft layer as a uniform section would not designate tests in the
weak zone. As 2 result the unsatisfactory material could be accepted along with the
satisfactory material. This possibility illustrates the primary fear of random sampling.
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However, this objection can be overcome if the engineer's judgment is properly ex-
ercised. In the situation described, proper engineering judgment would dictate dividing
the 500 linear feet of embankment into two sections, one of 475 linear feet and the other
containing the 25 feet of visually different material. Random sampling and statistical
analysis would then be applied independently to each of the two sections, and each would
be rejected or accepted separately. Thus, it appears that the proper use of random
sampling and statistical control does not eliminate the role of engineering judgment but
rather supplements it.

The preceding discussion refers primarily to density testing for control during con-
struction. It should be noted that density testing also is used for documentation pur-
poses after completion of earthwork. Random sampling and statistical quality control
are more clearly applicable for this purpose, and few objections were noted to this use.

Compliance with Specifications—With the exception of several recent specifications
based on statistical concepts, density requirements are considered to be mimimum
standards that must be exceeded by all field test results. If an unsatisfactory test re-
sult is obtained, the material is rerolled or removed and replaced, depending on the
severity of the deficiency. The material is retested for compliance with specifications.
As a result, earthwork construction records will show 100 percent compliance with
specifications., However, during interviews with highway engineers, it was admitted
that some inspectors do not report unfavorable test results. If, in the inspectors’
judgment, an embankment is satisfactory and Lhe majority of test results are accept-
able, the inspectors may simply disregard 1 or 2 unfavorable test results. Also, the
inspector can affect the test results in marginal cases through his selection of sampling
locations. This practice cannot be eliminated without exercising extremelyclose super-
vision over inspectors. In fact, the disregard of an occasional unsatisfactory test on
the basis of engineering judgment may be a satisfactory and justifiable practice.

Statistical conccpts for density requirements have been introduced in part Lo over-
come the problem of the occasional bad test. For any statistical distribution of test
results, the probability of an unfavorable test result can only be reduced by raising the
mean value or reducing the standard deviation of the test results. Even for closely
controlled field experiments the standard deviation can be expected to exceed 2 Ib/cu ft
(2). Thus, if for illustrative purposes a normal distribution is assumed, approximately
2 to 3 percent of the tests could be expected to fail if the mean value is two standard
deviations greater than the minimum requirements. Therefore, for normal construc-
tion conditions, an occasional bad test could be anticipated even when the average
density of the fill is 5 percent greater than the minimum requirements. The proponents
of statistical specifications thus would argue that specifying an allowable percent defec-
tive is merely formalizing what is currently informally practiced as a part of engineer-
ing judgment.

It appears that the use of statistical compaction control will increase in coming
years. However, the acceptance of these procedures by the states will only come with
an understanding that statistical methods are a tool to aid engineering judgment and not
to eliminate it.

SUMMARY

As a result of the interviews with many highway engineers and the review of current
specifications, problems of common concern became apparent. The major difficulties
in compaction for highway purposes, as cited by highway engineers, are summarized
as follows:

1. Problem soils. The major compaction problems are encountered in construction
of embankments of silty soils, swelling clays or extremely wet clays. For these mate-
rials, satisfactory placement conditions are difficult to achieve.

2. Heavy construction equipment, The wheel loads of very heavy hauling and paving
equipment are overstressing and failing some embankments that would otherwise per-
form satisfactorily under traffic loads. This problem is most severe for silty
embankments.
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3. Rapid control procedures. Modern construction equipment and methods have
significantly increased the rate of highway construction. As a result, conventional
control testing procedures frequently cannot keep pace with construction and delays
to construction may result. Most construction engineers are seeking rapid control
procedures that will not slow a contractor's progress.

4. Variablility of materials. Because of the variability of natural soil deposits,
the raw materials utilized for embankments and subgrades are constantly changing,

As a result, most engineers feel that it is neccessary to make field evaluations of the
maximum compacted dry density in conjunction with field density measurements, This
procedure significantly slows the control testing,

5. Acceptance criteria for materials with high rock content. Materials that contain
relatively large percentages of rock fragments frequently are readily placed to form
very stable embankments or pavement components. Control and acceptance procedures
for the materials commonly are based on the field density, expressed as a percent of
standard impact compaction tests. For rocky materials, these tests appear to be slow
and inadequate to represent the compaction characteristics of the material.

6. Inspection personnel. In every instance, highway engineers expressed concern
for the quality of earthwork inspectors. Although most states have either formal or
informal programs for training earthwork inspectors, experienced inspectors are
difficult to find. Earthwork inspection is frequently a beginning position from which the
more capable individuals quickly advance.

7. Statistical quality control. Statistical quality control procedures and related
random sampling plans are causing much concern among state highway engineers. They
fear that the role of engineering judgment is being subjugated to handbook statistical
methods. However, the inability of the advocates of engineering judgment to provide
inspectors who are capable of exercising such judgment has created a vexing dilemma
to the states.

Additional problems noted by project personnel but not strongly voiced by highway
engineers include the following:

1. Reliance on density criteria. Current compaction specifications are based on
the concept that density is a direct indicator of strength. Experimental data from the
literature, which are summarized by Langfelder and Nivargikar (3), indicate that
strength is affected by many factors in addition to density. Eventually, compaction
criteria must be based more directly on strength and other engineering properties of
compacted materials.

2. Correlation of laboratory and field compaction. The effects of compaction
method on moisture-density relations and the physical properties of compacted mate-
rials are noted by Langfelder and Nivargikar (3). There are sufficient data to indicate
that the densities and physical properties of samples compacted by laboratory impact
methods may differ significantly from the properties of the same material compacted
by field construction equipment.

REFERENCES

1. Wahls, H. E., Fisher C. P., and Langfelder, L. J. The Compaction of Soil and
Rock Materials for Highway Purposes., Report to the U.S. Bureau of Public
Roads. Civil Engineering Department, North Carolina State Univ., Raleigh,
Aug. 1966.

2. Turnbull, W. J., Compton, J. R., and Ahlvin, R. G. Quality Control of Com-
pacted Earthwork, Jour. Soil Mech. and Found. Div., Proc. ASCE, Vol. 92,
No. SM1, Jan, 1966, pp. 93-104.

3. Langfelder, L. J., and Nivargikar, V. R. Some Factors Influencing Shear Strength
and Compressibility of Compacted Soils. Presented at the 46th Annual Meeting
and published in this RECORD.



Factors Influencing the Application of Nuclear
Techniques to Soil Compaction Control

T. G, WILLIAMSON and M. W. WITCZAK
Respectively, Assistant Research Engineer, Indiana State Highway Commission;
and Graduate Instructor, Purdue University

The use of nuclear backscatter moisture-density gages for soil
compaction control has gained a great deal of favor during the
past several years. However, before this type of equipment
can be applied to routine field control, several factors influencing
the operation of the gage must be investigated.

Various techniques for expressing nuclear results were
studied, and the findings indicate that the use of count ratio at
constant high voltage should be adopted. This technique along
with the use of standard calibration blocks provides for repro-
ducibility of resulls and accounls for aging lo some exlent,
These factors are important from the standpoint of recalibrating
the gages.

Results of tests performed on various materials and calibra-
tion blocks of different chemical composition indicate that
material composition has a major effect on the development of
calibration curves for the density gages. This was not true for
the moisture gages. Soil pH as an indication of soil type was
investigated, and calibration curves based on this parameter
were developed. The effect of grain size distribution resulted
in a different calibration curve for coarse grained vs fine
grained soils.

Guidelines for field application were developed. A statistical
decision theory based on a t-test was also developed 4o aid in
making a decision involving the wvalidity of using a given
calibration curve,

eTHE RAPID determination of soil density and moisture content is important in the
control of highway construction. Moisture and density control is accomplished by
field tests during the construction operation. The speed, accuracy, and reliability of
test methods used govern the effectiveness and cost of the control process.

A method of measuring soil density and moisture content using radioactive attenua-
tion has been developed (1). This method was developed on the theory that attenuation
of gamma rays can be correlated to soil density because moderation of fast neutrons
can be directly associated with the presence of water.

The principal advantages of the nuclear moisture-density instrument lie in its
portability, speed of operation, and nondestructiveness. The major shortcomings of
conventional methods are eliminated because testing at a specific spot can be accom-
plished in a matter of minutes. However, use of nuclear gages for final field control
has not been universally adopted primarily due to the limited knowledge concerning
long-term gage stability and reproducibility, and the fact that the response of the
common nuclear density backscatter device is dependent to some degree on the sub-
strate material type.

Paper sponsored by Special Committee on Nuclear Principles and Applications and presented ot the

46th Annual Meeting.
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PURPOSE

The purposes of this study were to evaluate the nuclear moisture-density technique,
and to study the feasibility of using the methods in control of routine highway construc-
tion in Indiana. To accomplish this, several commercially available instruments were
tested. The variables used as the foundation of the testing program were (a) substrate
material properties, (b) instrument stability, and (c) testing procedure factors. No
attempt was made to correlate the performance of one instrument to another and, thus,
data were selected to illustrate the variables without regard to a specific instrument.

Laboratory work was conducted in the initial phase of the project. The objective of
the laboratory work was to provide a basis for establishing testing techniques that were
later employed in the field study. Heavy liquids, soils, and soil-aggregate mixtures
were tested in the laboratory.

The test sites selected for the field testing phase included natural ground areas,
compacted fills, cut areas, loose and compacted subbases, borrow pits and soil waste
areas, Material types tested included silts and clays of varying plasticity, granular
materials and granular-soil mixtures.

RESULTS
Instrument Stability and Reproducibility

For a nuclear gage to perform satisfactorily as a field control instrument, the
reproducibility of results must be consistent over a period of time for a given test
variable. If the gage does not perform in this manner, its usefulness and effectiveness
may be in doubt.

Test result reproducibility was periodically checked by using voltage plateau curves
for the density and moisture gages. Voltage plateau curves were used primarily to
provide information concerning the selection of a proper operating high voltage. How-
ever, since these curves are self-standard readings plotted as a function of high volt-
age, the variation of nuclear counts with time is a measure of the gage's ability to
record reproducible self-standard readings at constant operating voltage.

Reproducibility of count-ratio results of the density gages were obtained by deter-
mining count readings on a concrete block at various high voltages and times. Repro-
ducibility for the moisture gages was determined by self-standard readings.

Each density instrument was assigned a specific concrete block. A permanent
outline of the instrument on its block was formed by gluing a piece of weather stripping
onto the block. By placing the instrument within the outline and in the same orientation
each time a reading was obtained, variations due to placement and direction were
eliminated. A count ratio was obtained by dividing the reading on the concrete block
by the self-standard reading at the same voltage.

High voltage curves for a density and moisture gage are shown in Figures 1 and 2.
Figure 1 shows that for an operating high voltage of 1000 volts (voltage setting employed
from June 1962 to completion of testing), the self-standard reading decreased from
43,215 counts per minute (cpm) in January 1962 to 40,469 cpm in July 1964, This
represents a decrease far outside the reliable error for the gage. In contrast, the
variation of self standards in the moisture gage was within the reliable error (Fig. 2).
Figure 1 also shows that from October 1962 to July 1964 the count ratio for the
standard concrete block remained nearly constant, varying from 0. 276 to 0. 277 for a
high voltage of 1000.

Figure 3 shows variation of the density gage self-standard cpm, count ratio, and
moisture gage self-standard cpm with time for constant operating voltage. The data
show that the self-standard readings for the density gage with Cs'®” source decreased
with time for constant high voltage. However, for the test period employed, use of
the count-ratio procedure eliminated this effect and produced a high degree of test
repeatability. The moisture gage with a RaBe source also shows a high degree of
reproducibility,
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Aging

Radioactive materials decay at differing rates depending upon the half-life of the
source. The decay rate is governed by the natural radioactive decay law and, con-
sequently, the reproducibility of self-standard readings for nuclear gages is a function
of the radioactive source employed.

The half-life of the Cs'" source shown in Figures 1 and 3 is 33 yr as opposed to the
1620-yr half-life of the RaBe source shown in Figures 2 and 3. Therefore, a nuclear
gage utilizing a Cs™" source would obviously show a larger proportional decrease in
counts measured by a detector tube than a nuclear gage using a RaBe source for a
given time interval.

If decay ratio is defined as the nuclear activity at time zero to the activity at time
(t), theoretical and actual decay ratios can be computed and compared for the density
gage utilizing the Cs™7 source (Fig. 3, bottom). The general equations for radioactive
decay are
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-At

N (t) = Nee (1)
A(t) = AN (t) (2)
_In2
e (3)

where

N (t) = number of undecayed atoms at time (t),

No = number of undecayed atoms at time (t = 0),
A (t) = activity at time (t),
Ao = activity at time (t = 0),
t = time from t = 0 (yr),
A = proportionality constant (yr~') = 0.021 for Cs'*", and

T = half-life (yr) = 33 yr for Cs"".

Therefore, the theoretical decay ratio becomes

Ry - Ao (t=0) ANge (t=0) _ ANo
Ag(t=1t) AN e~ ANge
1
gt
R (4)
TABLE 1

COMPARISON OF ACTUAL AND THEORETICAL DECAY RATIOS

CPM (t = 0)
t (yr) et R R ;7Y
CPM (t=1t)
0 (Jan. 1962) e(0.021) 0 1.000 43,215 1.000
23,215
0.83 (Oct, 1962)  e(0.021)(0.83) 4 gyg 43,215 1.016
42,531
1.17 (Feb, 1963)  ¢(0.021) (L17) 4 g9 43,215 1.025
42.181
1.50 (June 1963)  (0.021) (1.50) 1 g39 43,215 1,032
41,880
1.67 (Aug. 1963 e(0.021) (1.67) 1 43,215 1
(Aug ) 036 41544 040
2.58 (July 1964)  e(0.021)(2.58) 4 gg5g 43,215 1,068
40,469
3.92 (Nov. 1965)  e(0.021)(3.92)  { ggg 43,215 1,089
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For the actual decay ratio

CPM (t=0)

RA = ——— 5
A=CPM =D ()
Table 1 and Figure 4 show a comparison of the actual and theoretical decay ratios

as a function of time for the Cs'*" source. From these it appears that the decrease in
self-standard counts for the density gage given in Figure 3 can be attributed to decay
of the source. For the RaBe source the theoretical decay ratioat time (t = 4 yr)would be

e(°'°°°‘”’)4 = 1,00174. This value is also plotted in Figure 4. As mentioned previously,
the decrease in self-standard counts for the moisture gage utilizing the RaBe source
was almost negligible.

Although the self-standard readings for the density gage decrease due to decay, the
use of a count ratio tends to correct for the decay. Pocock (10) has shown mathemati-
cally that the use of a count-ratio procedure will not completely eliminate variations
due to source deterioration,

In his paper Pocock states:

It becomes apparent that use of the count-in=soil to count-in-standard
ratio will not eliminate the effect on the calibration curve of half-life in
reducing source strength in practice. Yet, although use of the ratio will
not eliminate the effect of half-life, it is possible that its use may reduce
this effect.

He further states:

It appears...that use of the ratio, for the purpose of lessening the effect
on the calibration curve of reduction of source strength with time as a
function of half-life is justifiable on theoretical grounds. It should be
emphasized that use of the ratio will not eliminate the need for recalibra-
tion, but will merely serve to reduce the required frequency of recalibration.
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Figure 5. Variability of standard counts.

Interpreting the data obtained from Figure 3 along with Pocock's discussion, it can
be concluded that for a testing period of approximately 2.5 yr the use of the count ratio
eliminated the need to recalibrate the nuclear gage containing the Cs**" source. It
cannot, however, be concluded, because of the limited test interval, that recalibration
will never be required when the count ratio is utilized.

The previous paragraphs have been concerned with the effect of aging on nuclear
results over extended periods of time. For short periods of time (several months)
aging does not appear to affect the standard counts for either the moisture or density
gages (Fig.5). The density gage for the particular instrument system indicated utilizes
a Cs"" source which is the most critical with respect to aging. However, results as
shown in Figure 5 indicate that standard counts remain constant over relatively short
periods of time,

Procedural Factors

Count Ratio vs Counts per Minute—Nuclear readings can either be expressed as
cpm or as a count ratio (relative count). However, since the value of the nuclear
reading is also a function of the operating high voltage value of the instrument, data
may be reported using either a constant or variable high voltage procedure.

Figure 6 illustrates this situation based on the data for Figure 1. The dotted line
represents the anticipated plateau curve at a time (t”) when the self-standard count
(C{j), at a high voltage setting equal to the upper limit high voltage (HV = U), is identical
to the initial self-standard count (Cp) obtained at a high voltage setting HV = A,

Three methods of expressing the results are shown in Figure 6. The procedure
that utilizes results expressed as cpm is attained by varying the high voltage to main-
tain the original self-standard counts. Thus, if Cprepresents the initial self standard
obtained at time (to) and Cp represents the same self-standard reading at time (t*),
the high voltage would have to be varied from HV = A to HV = B. The particular
nuclear count obtained on any substrate material would then be the result expressed
in cpm.
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If a count-ratio procedure utilizing variable high voltage is used, the second proce-
dure is defined. As the voltage is varied from HV = A to HV = B, the count ratio on
the standard block at time (t") would change from Ry to Rp.

The count ratio of the standard block for the third method is obtained by keeping the
operating high voltage constant, If the initial count ratio for the standard block at time
(to) is Rp, the count ratio at time (t") would also be Ry.

Based on these data, the best procedure to employ when using a nuclear gage is to
express the results in the form of a count ratio obtained by keeping the operating high
voltage constant at any given time. This is explained in the following manner.

If a count-per-minute method is used with variable voltage to achieve the initial
self-standard reading, three facts are noted.

1. Although the self-standard reading has been kept constant (Cp = Cg = Cy}), the
reading obtained on a substrate material (in this case a standard concrete block) will
increase as the high voltage is varied with time to obtain the initial self-standard
reading. Note that the count-ratio (R) curve on the standard block increases with
high voltage setting but does not change as a function of time.
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2. There will be a definite time period when recalibration will be necessary due to
(a) a change in the standard block reading, from time (to) to (t"), becoming equal to or
greater than the upper reliable error for the count of the standard block reading
obtained at time (to), or (b) an increase in high voltage that results in a voltage greater
than the upper limit of the plateau operating range (HV = U).

3. Use of cpm will not eliminate any variations due to instrument instability.

For the count-ratio procedure also using a varying voltage, the results are identical
to the cpm procedure described, with the exception that the count-ratio procedure will
eliminate several effects of instrument stability and physical surrounding. However,
since the high voltage is variable, the use of the count ratio in this procedure (variable
high voltage) will not eliminate any effects of time (aging). This is illustrated by the
following:

When

t = to: HV = A, count per minute = Cp; count ratio
t=t HV

RA
B, count per minute = Cf3; count ratio = Rp

However, from Figure 6

Rp # Rp

The operating high voltage is a [unclion of time as lhe high vollage is varied with
time to obtain a constant self-standard reading. The time required for recalibration
can be measured in terms of the high voltage necessary to produce the two cases
previ?usly mentioned knowing only the self-standard and count-ratio plateau curves at
time (to).

It is assumed that the recalibration curve will be parallel to the original calibration
curve (i.e,, the slope of the count ratio curve for the standard block, a discrete density
value, would be equal to slopes of all count-ratio curves obtained in a similar manner
at any given density). Although data were not obtained for various standard block
densities, the slope of the curves is dependent only on the electronic system used
in the particular gage. Therefore, for a given nuclear gage, the assumption of parallel
recalibration curves seems valid,

For the data obtained in Figure 1, the high voltage at which the count ratio of the
standard block was equal to the initial count ratio plus the upper reliable error was
HV = B = 1110 volts, This corresponded to a time of approximately 1.8 yr. In other
words, if the count ratio procedure with a variable voltage had been used, the gage
would have had to be recalibrated 1.8 yr from the date testing was initiated.

The upper limit of the plateau HV for the gage tested was 1200 volts, Consequently,
once the operating high voltage had been varied from the initial operating voltage
(HV = A = 1000 volts) to the upper limit high voltage (HV = U = 1200 volts) the gage
would also have to be recalibrated. An approximate time for recalibration can be
found by equating the actual decay ratio (at HV = 1200 volts; CA= Cyj = 43,215; and

A
Cy = 417,500) to the theoretical decay ratio e ® for a Cs* source:

Cu
(0.021)t 47,500
© " 43,215
o002t _ 4 499
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. In, 1,099
(0.021)

¢ - 0.0943
0.021

t=45yr

Therefore, if a count ratio with a varying high voltage procedure was used to express
nuclear readings, it would take approximately 4.5 yr for the high voltage setting to
reach the upper limit of the plateau operating voltage (HV = U) for the data presented
in Figure 1,

For the count-ratio procedure using a constant high voltage at any given time the
following results are stated. The count ratio obtained on a standard concrete block
remained constant for approximately 2.5 yr. Thus, for 2.5 yr the use of the count
ratio not only eliminated the effects of variations in readings caused by instrument
stability (instability), it also eliminated the effects of aging due to source decay. Fig-
ure 7 shows the effect of data scatter reduction obtained on a nuclear moisture gage
employing a RaBe source. As the RaBe source has been shown to have a negligible
effect on nuclear reading variations on a standard system over a period of time due to
its long half-life (see Fig. 2), the scatter reduction can be attributed mainly to varia-
tions of instrument stability factors.

However, as previously mentioned, it cannot be conclusively stated, because of the
limited time interval, that the use of a count ratio will completely eliminate the effect
of source decay on nuclear readings. The important concept is that a count-ratio
procedure used at a constant high voltage will require recalibration at less frequent
intervals than if a count ratio using a varying-voltage procedure is utilized.

Consequently, if it is assumed that the life of the instrument's electronic system
will be more than 1.8 yr, recalibration of nuclear instruments using a Cs'®*" source
will require recalibration due to source decay (aging), provided the method used to
express results is a count-ratio-varying high voltage.

If a count-ratio-constant high voltage procedure is used, no definite time required
for recalibration can be made because the data obtained indicate a constant count ratio
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Figure 7, Comparison of count ratio and cpm procedure for moisture calibration.
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on the standard block for 2.5 yr. However, if it is assumed that the argument presented
by Pocock (10) is correct concerning the fact that the count ratio will not completely
eliminate the effect of aging, then the statistic of importance depends on the time
required for the count ratio, at a constant high voltage (Rp), to change to Rp where

Rp - Rp - reliable error of (Rp). Consequently, since this difference in count ratios
was negligible for a 2.5-yr period, the time required to cause a recalibration (count-
ratio-constant high voltage) for a nuclear gage using a Cs'" source might be far longer
than the time required for a recalibration necessitated by an electronic failure. There-
fore, it is felt the primary reason for recalibrating a nuclear gage containing a Cs'*’
source will be due primarily to electronic failure, provided a count-ratio-constant high
voltage procedure is used.

The general results and procedures stated can be adapted to any nuclear gage
(density or moisture) using any nuclear source, However, it must be emphasized that
the relative magnitude of these results is a function of the source (half-life) used in
the nuclear gage.

SUBSTRATE MATERIALS
Density Gage and Material Composition

The most important item of conjecture in the application of nuclear density gages
to field usec has been the influence of material type upon density readings. By using a
single calibration curve, or assuming that all material types will respond identically
to the substrate system at a given density, the assumption of equal mass absorption
coefficients for all material types is made. However, mass absorption coefficients
are a function of both the nuclear particle energy and the type of element. Values of
mass absorption coefficients and their dependence upon elements commonly found in
soils have been given by Parsons and Lewis (7) and are shown in Figure 8.

At energy ranges higher than about 0.3 MeV, the absorption coefficients for all
elements shown, with the exception of hydrogen, are relatively constant. Conversely,
wide variations between coefficients are evident for energy ranges less than 0.3 Mev.
Figure 9 shows calibration curves for heavy liquids, a ¢rushed limestone and a crushed
quartzite. Both crushed materials had identical grain size distribution curves graded
to p = 100 (d/D)™ where D = % in. and n = 0.5.

In July 1965 the nuclear gages were taken to Charlottesville, Virginia, for the
Correlation and Conference of Portable Nuclear Density and Moisture Systems con-
ducted by the Virginia Highway Research Council, The nuclear density gages were
calibrated on a series of calibration blocks for the Virginia study. The chemical
analysis of each of these blocks, along with a chemical analysis of the crushed lime-
stone and crushed quartzite studied at Purdue, is given in Table 2. Blocks 1, 2, and 5
have an appreciable quantity of silicon dioxide (SiO:) and are similar in chemical com-
position to the crushed quartzite studied. Similarly, blocks 3 and 4 are similar to the
crushed limestone in that the predominant chemical compound is calcium oxide (CaO).
It is obvious that for the SiO: blocks the nuclear readings are near the calibration curve
established for the crushed quartzite obtained in the laboratory investigation. A
similar relationship exists between the CaO blocks and the crushed limestone curve,

Figure 9 shows the effect of material type for nuclear density gage with a Cs'¥’
source. For the nuclear gage with the RaBe source, identical patterns for the
crushed materials and calibration blocks were noted with the exception that a larger
deviation between the limestone and quartzite curves occurred.' It is felt that a possible
explanation for this event is directly related to the type of source used in each gage.

RaBe has the major portion of its energy spectra at two energy levels, 0.61 Mev and
0.35 Mev. Since a portion of the initial energy is lost due to the physical events that
occur in the system, and there also exists some radiation at energies of 0.18 Mev at

'For the gage using a Cs*” source, the magnitude of the deviation ranged from 12 pcf to 18 pcf,
while the range between calibration curves was 25 pcf to 35 pcf with the gage using the RaBe source.
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Figure 8. Relations between mass absorption coefficient and the energy of gamma radiation for ele-
ments commonly found in soil (from Parsons & Lewis).

the lower spectrum value, it is suggested that the possibility for radiation levels being

found at or below the 0.3 Mev energy range is quite probable.

TABLE 2

CHEMICAL ANALYSIS OF SELECTED MATERIALS

. Other
Material s(lgz C('%()) Chemicals
(%)
Block No. 1 (Virginia) 100 = ==
2 (Virginia) 74.2 = 25.8
3 (Virginia) — 54.0 46.0
4 (Virginia) — 55.8 44,2
5 (Virginia) 74.4 = 25,6
Crushed quartzite 97.2 —_ 2.8
Crushed limestone 12,1 47.1 40.8
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Figure 9. Effect of material type on nuclear density readings.
Since a Cs'*" radiation source has an energy level in which the initial level of the

photon energy exists at 0.66 Mev, a subsequent smaller portion of photon energies may
be expected to occur at the 0.3 Mev level. Therefore, smaller deviations between
chemically different soils may be expected to occur for a Cs'*” source due to its radia-
tion energy spectrum existing at energy levels where mass absorption coefficients for
most soil elements are almost identical.

For energy levels below 0.3 Mev, a rather large deviation in mass absorption
coefficients occurs between calcium and silicon (Fig. 8). Because of this, the concept
of using soil pH as an indicator to correlate the mass absorption was used as a field
experiment to determine material type.

It is recognized that perhaps the pH method can only be used in a general way to
indicate material type because it is possible for a large proportion of an element in
a soil to produce a weak acid while a small proportion of another element may produce
a strong base. The titrating effect of the weak acid and strong base solution may tend
to yield a basic pH while physically speaking, the acidic element would generally
dominate the overall average mass absorption coefficient for the soil. Also, soluble
salts in the soil mass of different chemical properties than that of the soil itself may
result in the measurement of a pH value that is not truly indicative of the soil. How-
ever, field tests were conducted using pH as an indicaior because of its relative ease
of use in the field in contrast to a more complicated procedure of obtaining a quanti-
tative analysis of soil composition.
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Figure 10 shows the results of nuclear density tests conducted in the field. All
densities were obtained by the sand-cone method. Two distinct calibration curves
were developed; one for basic soils and one for acidic soils. Assuming that a basic
soil would generally correspond to those soils containing large quantities of calcium
and iron, and acidic soils would correspond to elements shown in Figure 8 that are
distinct from the calcium and iron for energy levels below 0.3 Mev, it would be expected
that a basic soil would absorb more of the nuclear particles than an acidic soil (i.e.,
fewer counts would be recorded and a basic soil calibration curve would then plot below
an acidic soil calibration curve). The general relationship of the basic and acidic
curves for data in Figure 10 tend to verify this concept.

The standard error of estimate for the basic soil curve was + 0.010 (count ratio) and
+ 0,015 (count ratio) for the acidic soil curve. The overall standard error of estimate
for all data regardless of pH was + 0.017 (count ratio). Based on these results, it can
be stated that, although use of pH cannot be completely correlated to mass absorption
coefficients (i.e., material type), its application to field testing produced calibration
curve parameters that reduce errors of estimate for the nuclear readings.

Grain Size Distribution

Reference has been made to the importance of mass absorption coefficients of
various soil elements for nuclear determination. However, for a particular material
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Figure 10, Density calibration curves developed by soil pH grouping for field data.



126

I | I | T 1
34— —
o
\
\
e —
30— =
o©
g
o 281 —
‘—
5
o) 26— —
(&)
LEGEND <
ALL GRADATIONS N
GRADED TO p=100id] ™= R
24— " \x R —d
o N=1.2; D=3 \ b
X n=05;0=% \,\
A n=05;D=9g
— LIMESTONE
22 ------ QUARTZITE \A N
NOTE: READINGS TAKEN WITHOUT LEVELING COURSE
20 | I l 1 I =
90 100 1o 120 130 140 150
BULK UNIT WEIGHT - POUNDS PER CUBIC FOOT
Figure 11. Effect of grain size distribution on nuclear density readings for selected materials.

type, the question arises, can similar mass absorption coefficients be defined at various
compositions of the soil, or at different grain size distributions?

To investigate this effect, two materials were tested. They were subsequently
crushed and hand picked to produce a finer (denser) gradation. For a given gradation,
each material was blended to yield identical grain size distributions (Fig. 11).

Both instruments tested produced similar count reductions for both the quartzite
and limestone materials as the open graded material was crushed finer. From the
results shown, it was concluded that the nuclear gage did not "record' identical mass
absorption coefficients for the same material at the grain size distribution indicated
in Figure 11. Field data tend to substantiate this concept as shown in Figure 12, The
figure is representative of all basic (pH > 7.3) field materials plotted as granular vs
fine grained,

However, it is not felt that for every possible grain size distribution for a given
material type, deviations between calibration curves can be expected to exist. Rather,
it is felt that at a certain state of grain size distribution, this effect is negligible.

The data are indicative only for aggregates and soil aggregate mixes and are limited
in quantity, preventing expression of a general conclusion. However, in studies made
during July 1966 this same trend was observed using a different nuclear system, and

it would appear that distinct parallel calibration curves exist for coarse grained vs fine
grained materials.
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SUMMARY
Guidelines for Use of Nuclear Gages

This section presents guidelines for the use of nuclear moisture density gages for
routine compaction control in Indiana. The following procedures are based on ex-
periences gained in this study. It is felt that by following the recommended format,
reliable results can be obtained with these instruments. Note that these recommenda-
tions are not considered to be the ultimate, but represent the best techniques developed
up to the present time, Furthermore, the following general procedures apply to all
nuclear gages, regardless of manufacturer.

L General Concepts Involved in the Use of Nuclear Gages

A. Method of Reporting Results—The use of a count-ratio procedure at constant
voltage should be adopted for expressing all nuclear counts for the gages.

B. Standard—To achieve more consistent readings, the use of an air gap to obtain
the instrument standard readings is recommended. The same air gap device
can be used with all gages and it need not be elaborate in construction. A
simple wooden platform approximately 12 in. in height has been found to be
highly satisfactory.
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C. Leveling Course—1It is highly desirable to obtain a flat surface on the test area

in order to insure proper seating of the gage. Many researchers have sug-
gested the use of a leveling course to be placed between the gage and substrate
to accomplish this seating. However, results during this study did not con-
clusively substantiate this concept and no recommendation concerning this
factor can be made.

. Standard Blocks—A standard reference block should be used to insure proper

functioning of the density gage as well as to check reproducibility of results.
The blocks can also be used to establish count ratio plateau curves for the
gages. Three conditions should be met: (a) each gage should have its own
individual block, (b) the blocks should be made of a material which will not
change density or chemical composition with time, and (c) the gage should
always be placed on this block in the same orientation. These conditions are
necessary to insure that the gage is influenced by the same volume of material
for all readings. As the block does not need to be homogeneous in order to
serve as a standard, it is suggested that concrete blocks of not less than 24 by
24 by 12 in. be made for each gage. These blocks should be stored in some
central location where periodic check tests can be performed. These tests
should be performed at least every 3 months. When the count ratio of the
standard block at a given voltage is outside the established reliable error, it
will be necessary to recalibrate the gage. This is especially critical for gages
utilizing sources which have a relatively short half-life. Any adjustments or
changes made on the equipment by the manufacturer will also necessitate
checking the gage to determinc if rccalibration is warranted.

II. Moisture Gages

A, Calibration Curves—It is recommended that the laboratory moisture calibra-

tion curves be adopted for field use. A typical moisture calibration curve is
shown in Figure 13. If the gage is to be utilized on granulur materials at low
moisture contents, a comparison of the expected depth of penetration and
depth of the granular material should be made. In using the moisture gages
the following procedure is recommended.

1. On each project several check tests should be performed to insure that
the calibration curve is valid for that project before actually using the
data for moisture control. The check tests may be made by following
these steps.

a. Test sites on typical soils should be prepared by providing a
smooth level surface on which to place the nuclear gage. Nuclear
counts should be taken on the test areda and an average count ratio
determined.

b. A sand-cone density test should then be performed on the exact
area where the nuclear gage had been placed. The sand-cone
density obtained is used to determine the pounds of water per
cubic foot of soil, and to serve as density gage check tests.

¢. The moisture content of the material taken from the density hole
should be determined by standard laboratory ovendry techniques.
If this cannot be accomplished, field moisture determinations
should be made using one of several techniques now in use.

d. After obtaining values for the dry density and moisture content in
percent, the moisture data should be converted to pounds of water
per cubic foot. This value should then be plotted with its corre-
sponding nuclear count ratio on the laboratory calibration curve.

2. The required number of check tests should be determined from Figure 16
for the particular Type II error (B) desired.

3. The suggested format to be used in either accepting or rejecting the
moisture calibration curve based on the results of the check tests is
shown in the Appendix.
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Figure 13. Moisture calibration curve for instrument No. 1.

III. Density Gages

A. Calibration Curves—Typical density calibration curves are shown in Figures
14 and 15. These curves were obtained under field conditions andare recom-
mended for use in field compaction control. The curves are based on two
primary types of soils: (a) subgrade or embankment soils and (b) subbase
materials. The first category is further subdivided on the basis of soil
pH into a basic and acidic classification. In order to utilize the density
gage, the following procedure is suggested.

1. On a given project, several check tests should be performed on the
typical soils involved. In making these tests, a procedure similar
to that described for the moisture gages should be followed (as per-
tains to obtaining a flat surface, etc.). It is necessary to obtain an
average count ratio and a sand-cone density for each check test.
Also, for the subgrade or embankment soils, it is necessary to
measure the pH of the soil. This measurement can be made by
either using a portable, battery operated pH meter or by using soil
color charts. Both of these tests are simple to perform and the
equipment involved is relatively inexpensive.

2. The required number of tests necessary to ascertain the validity of
a given calibration curve'as well as a suggested format that allows
a statistical decision to accept or reject the curve are presented in
the Appendix.

3. If the decision to reject the calibration curve is made, a new calibra-
tion curve should be developed. This is accomplished by performing
further tests on the construction materials and plotting the data as
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count ratio vs wet density as determined by the sand-cone test. The
number of tests required to establish a calibration curve will vary
from material to material and the final judgment will have to be made
by the engineer.

IV. Summary—The guidelines presented should make it possible to adopt the nuclear
gages for the routine control of field compaction, It is felt that as field data are
collected, a further insight into the method of obtaining calibration curves may
be gained. For the density gages, it is now felt that a single calibration curve
cannot be valid for all soils. On the other hand, it would seem that a calibration
curve for each soil would be impractical from the standpoint of the difficulty
involved in gathering this amount of data. The best alternative at the present
time appears to be in the adoption of a family of calibration curves based on soil
pH. This can be developed after further field data are gathered and the results
analyzed.

It appears that a single calibration curve for the moisture gage can be adopted
for the materials commonly found in highway construction. As more field data
are obtained, this concept can be further investigated. It is highly desirable
that a detailed record be kept of all nuclear data obtained in the field. Specific
importance should be placed on determining material composition and its effect
on nuclear readings.

REFERENCES

. Belcher, D. J., Cuekendall, T. R., and Sack, H. S. Nuclear Meters for Measuring

Soil Density and Moisture in Thin Surface Layers. Civil Aeronautics Admin.
Tech. Develop. Rept. No. 127, Oct. 1950,

Burgers, A. Influence of Selected Material Properties on Nuclear Determination of
Density and Moisture. Master's Thesis, Purdue Univ., Aug. 1962,

Burn, K. N. Calibration of a Neutron Soil Moisture Meter. Nat. Res. Council,
Canada, Res. Paper No. 266, July 1965.

Carey, W. N,, Jr,, and Reynolds, J. F. Some Refinements in Measurement of Surface
Density by Gamma Ray Absorption. HRB Spec. Rept. 38, 1958, pp. 1-23.

Carlton, P. F. Modifications and Tests of Radioactive Probes for Measuring Soil
Moisture and Density. Civil Aeronautics Admin. Tech. Develop. Rept. No. 194,
March 1953.

Krueger, P, G. Soil Density by Gamma Ray Scattering. Thesis, Cornell Univ.,,
June 1950,

Parsons, A. W,, and Lewis, W. A, Investigation of a Back Scatter Gamma and
Neutron Radiation Apparatus for Determining the Bulk Density and Moisture
Content of Soil and Base Materials. Dept. of Sci. and Ind. Res., Road Research
Laboratory, Aug. 1962,

Partridge, T. B., and Rigden, P. J. Developments in Radioisotope Measurement
of Soil Moisture Content and Density. HRB Bull. 309, 1961, pp. 85-108.

Pieper, G. F,, Jr. The Measurement of Moisture Content of Soil by the Slowing of
Neutrons. Master's Thesis, Cornell Univ., June 1949,

Pocock, B. W. An Analysis of Certain Mathematical Assumptions Underlying the
Design and Operation of Gamma Ray Surface Density Gages. Michigan State
Highway Dept., July 1956,

Roy, S. E., and Winterkorn, H, F. Scintillation Methods for the Determination of
Density and Moisture Content of Soils and Similar Granular Systems. HRB
Bull. 159, 1957, pp. 58-135.

Progress Report on Investigation of Nuclear Moisture-Density Meters. Joint High-
way Research Project, Purdue Univ., Jan, 1963, No. 8.

Williamson, T. Progress Report on Investigation of Nuclear Moisture-Density
Meters (Report on Field Study). Joint Highway Research Project Report, Purdue
Univ., June 1964, No. 14.

Witczak, M. Factors Affecting the Determination of Density and Moisture by



132

Nuclear Radiation Techniques. Joint Highway Research Project Report, Purdue
Univ., July 1963, No. 18.

15. Ballard, L. F,, and Gardner, R. P. Density and Moisture Content Measurements
by Nuclear Methods. NCHRP Rept. 14, 1965.

Appendix

STATISTICAL DECISION PROCEDURE
FOR CALIBRATION CURVE ACCEPTANCE

This Appendix deals with the development and suggested format to be used in con-
ducting a statistical study of acceptance for a calibration curve to be employed with
nuclear backscatter devices.

The exact procedure used in a study of this nature is a complex analysis, and perhaps
beyond the level of present methods of statistical analysis. To provide a solution com-
patible with acceptable significance test methods and present knowledge of the distribu-
tion effects of the variables involved in nuclear backscatter devices, several simplifying
assumptions have been made. The analysis is based on a significance test between a
given calibration curve (laboratory or field developed) and the 'true' calibration curve
that the tested material inherently possesses.

The calibration curves were developed using a regression analysis. In all curves
the independent variable was considered to be the nuclear count ratio reading and the
dependent variable as either density or moisture. A condition required by the least
squares analysis is that the error in the independent variable (count ratio) is small
(i.e., a fixed value) compared to the variability of the dependent variable (density or
moisture). The assumption of this condition was made for both density and moisture
calibration curves.

It is recognized that the validity of this assumption can be questioned, The error
associated with a count ratio of a moisture gage may be as large as the variability of
moisture measurement by standard oven-drying techniques. The assumption might be
more valid for the density calibration curve because the variability of sand-cone density
determinations may be as large as + 4.9 pef (2),

Although the distribution of nuclear count readings is Poisson, the distribution of a
count ratio reading is unknown as it is a ratio of Poission distributions. The situation
is further complicated by the fact that as the number of 1-min tests used to determine
an average nuclear count is increased, the distribution of the count may approach
normality. Consequently, the distribution of a count ratio may range between a ratio
of Poisson-distributed random variables to a ratio of normally distributed random
variables.

Another aspect of the calibration curves that was investigated was the homogeneity
of variance along the regression lines. This was done to check uniformity of variances
over the entire range of data used to establish the regression lines. Cochran's test
for homogeneity was used. Results for both density and moisture calibration curves
did not reject the hypothesis of homogeneous variances for a level of significance ()
of 0.05.

A significance test can be used to test the hypothesis that the mean of a normal
distribution has a specified value. If the actual density or moisture from a check test
minus the predicted value obtained from the calibration curve is defined as the random
variable and is normally distributed, then the optimum procedure for testing the hy-
pothesis that the mean of this difference is equal to zero is based on the test statistic

o [ Fy R - w VN

S

(7)
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where

t = test statistic,
XA = actual density or moisture determined by check test,
Xp = predicted density or moisture determined from calibration curve,

i}

(XA - Xp) = average difference of N observations,

uo = expected value of (X3 - Xp)= 0,
N = number of check tests, and
S = standard deviation of N observations.

The variable (Xp - Xp) is assumed to be independently normally distributed over the
entire count ratio range.
The decision to either accept or reject the calibration curves can be denoted by

H: (Xp - Xp)=20
A: (XA - Xp) £0 (8)

where (H) is the hypothesis that the predicted and true calibration curves are identical
and (A) represents the alternative that they are not identical. Since it is possible for
the true calibration curve to be either above or below the predicted calibration curve,
a two-sided t-test is conducted. If the value taken on by the test statistic as a result
of the check test falls in the rejection region, then the calibration curves cannot be
adopted. Likewise, if the value is within the acceptance region, the calibration curves
are accepted for field use.

The probability of rejecting the hypothesis when it is really true is the probability
of the Type I error (). Inthis case o = 0.05. The probability of accepting the
hypothesis when it is really false is called the Type II error (3); 8 is not known unless
a specific alternative is given. This alternative is a judgment decision associated with
accepting the calibration curve when in reality it should not be used.

Determination of the Required Number of Check Tests

The decision of the acceptable 8 error must be decided before the number of check
tests required can be determined. The associated risk of the /5 error is a function of
the true difference between means (ip - po!), the standard deviation (¢), and the number
of tests required (check tests). Therefore, by selecting a value that corresponds to the
difference in means (actual value minus predicted) a 8 error is then the probability of
not detecting this difference when a sample size of (N) is used for a given « and 0, The
difference in means selected for the density calibration curves of instrument No. 1 was
4 lb/cu ft: that is, when the difference between calibration curves is greater than 4
1b/cu ft, the given calibration curve is unsatisfactory. If this occurs, the probability
of accepting the given calibration curve when it should be rejected is 3. This difference
for both moisture calibration curves was arbitrarily chosen to be 1,5 lb/cu ft of mois-
ture. Figure 16 shows the probability of Type Ilerrors associated with the number of
check tests used for the various nuclear gages. The standarddeviation (0)ofthe random
variable is unknown. Therefore an estimate of it must be made to determine the re-
quired number of check tests for a given 8. The standard deviation (o) was taken to be
3.0 Ib/cu ft for the density gage and 1.0 lb/cu ft for the moisture gage. The decision
was based on an examination of the calibration data.

As an example, it is desired to determine the number of check tests required for
the instrument No. 1 density gage. The § error for determining a mean difference of
4 1b/cu ft between the given calibration curve and the true calibration curve for the
soil in question should be 0.05. From Figure 16, the required number of check tests
is found to be 10. If conditions at the job site were such that only 6 check tests were
conducted, the B error for the decision would be approximately 0,25. That is, the
probability of accepting the hypothesis that the calibration curve is valid when it is
really false is 0.25 if only these 6 tests were used.
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Significance Tcst Procedure for Calibration Curve Acceplance

It has been previously stated that the t-test is used to decide whether a given cali-
bration curve will be accepted or rejected for use with a nuclear gage. The discussion
of the t-test can be found in most statistics books. Therefore, only a suggested format
for arriving at a decision based upon computation of the t statistic is given:

1. Determine the required number (N) of check tests necessary based on acceptable
probability of Type II error (B) (Fig. 16). It is suggested that a 8 error of 0.05 be
adopted.

2. Conduct the (N) check tests as previously described.

3. Determine the predicted density or moisture value by the appropriate calibration
curves for the count ratio found from the check test.

4, Calculate the difference in density or moisture determined from the check lest
and the predicted value found in step 3 for each check test (Xa - Xp).

TABLE 3

VALUES OF t' FOR VARIOUS NUMBER OF
CHECK TESTS AT 0.05 LEVEL OF SIGNIFICANCE
[t':t ]whereu:N-l

(01/2, V)

N t’ N g N t’

2 12.71 9 2.306 16 2.131
3 4,303 10 2.262 17 2.120
4 3.182 11 2,228 18 2.110
5 2.776 12 2,201 19 2.101
6 2.571 13 2,179 20 2.093
7 2,447 14 2,160 21 2,086
8 2.365 15 2.145 22 2.080




5;

6.

7.

8.

9. If (-t' < t

10. It (t >t ) or (
accomplished.

Instrument No.(Name):

Compute (X3 - Xp) based on (N) observations.
Compute the standard deviation of the N observations.
Compute the value of the test statistic t.
Determme from Table 3 the test statistic t’ based on N observations for « = 0.05.
- t') accept the calibration curve field control.
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< -t'), recalibration for the particular soil in question must be

TABLE 4

Suggested Worksheet for Significance Test Computation

(Density) (Moisture)

Calibration Curve No.:

Project No.:
(Selected {3 Error:
Required No. of check tests:
- il z
No. | %, (D | &K, | %5 @ X, - X, 3 &, - %7 @
1
2
N
Where: X, = Check test (density) E:( ) (5) Y.x, - )2 (6)
Y ; iy A%
(moisture)
CRA = Check test Count Ratio
XP = Predicted (Density)(Moisture)
XA-XE = Difference of (Density)(Moisture)
(XA-XP) = Square of difference
A. Calculate EEerage difference C. Compute testhEatistic (t)
X XP) (X,-X)) YN
A - (5) * AP
(EN XP) = N t S
B. Compute Standard deviation (S) t = & D‘N
2
Ly - [Z(x ot )]
S2 _ D. Determine t' from Table &
N-1 based on N observations
2 '
g2 - (6) = S_l_ t =
N-l E. Use calibration curve if
s = /SZ -t <t<+ t' or
-D<C<+D
F. Do not use calibration

curve otherwise

*
Numbers in ( ) reference to column numbers.



Compaction Control of Granular Base Course
Materials by Use of Nuclear Devices

And a Control Strip Technique

M. C. ANDAY and C. S. HUGHES, Virginia Highway Research Council, Charlottesville

In an attempt to overcome some of the problems encountered in the
compaction control of granular base materials through conventional
methods, Virginia has recently developed a new approach. A control
strip is constructed by the contractor, a density standard is estab-
lished through nuclear moisture-density testing, and this standard is
used as the basis for controlling the compaction of other sections built
with like material. The method has proven to be very satisfactory on
three projects, and will be used on eight more that are now ready for
advertisement.

oIN MOST conventional methods of compaction control of granular base course mate-
rials, some weak points exist. These can be summarized briefly as follows:

1. Tests are time-consuming. The conventional method of digging a test hole,
determining the weight and moisture content of the material removed, and the volume
of the hole is tedious and time-consuming. This can impede construction.

2. Maximum density must be determined in the laboratory. The determination of
the maximum density of the fine portion of a base course material is relatively simple.
However, when the material contains an appreciable amount of coarse fraction, a cor-
rection is necessary. No single method for determining the correction factor is widely
accepted.

Laboratory compaction tests for the total sample are available; however, they are
not widely used because inclusion of the coarse fraction necessitates the use of rela-
tively large molds and introduces such factors as degradation and wall friction.

The values obtained by both the use of correction factors and tests on the total
sample have been questioned in some cases because they have not been obtainable in
the field regardless of the amount of compaction effort.

3. Methods give a poor estimate for acceptance or rejection. Since conventional
tests are time-consuming, one value is taken to represent a large volume of material.
This one value provides a poor estimate on which to base acceptance or rejection,
because high variability might exist.

It is not the intention of the authors to condemn conventional tests on the basis of
the weak points summarized, but rather to note that the method offered in this paper
can overcome these inadequacies because of the following features:

1. Nuclear tests can be made quickly and easily;,

2. A field control strip provides a practically achievable density; and

3. The speed of nuclear testing permits determinations to be made for each sec-
tion of material, which provides a sound statistical basis for decision making.

Paper sponsored by Committee on Compaction and presented at the 46th Annual Meeting.
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GENERAL PROCEDURE
The Control Strip Technique

The control strip technique is by no means a new concept. It has been used by some
states, notably Ohio, for many years. In general, the technique involves the construc-
tion of a control strip of the material at the job site. This is achieved by selecting an
area on a firm subgrade or subbase and rolling it in increments of compactive effort
with equipment of a specified minimum weight, and with the material at optimum mois-
ture content as determined in the laboratory and corrected for the coarse fraction. To
obtain a roller pattern, density tests are performed after each rolling until no further
increase in density is detected.

The completed control strip becomes a part of the construction and the rest of the
project is controlled in larger ''test sections' in each of which the density must be a
certain percentage of that of the control strip. In these test sections, however, neither
the moisture content nor compaction equipment is controlled by the enforcing agency.
Failure to achieve the required density within a section means additional rolling and
retesting. A new control strip is required when a change in material is detected. The
whole technique is predicated on the fact that the gradation of the material remains
within specified limits.

Use of Nuclear Equipment

In both the construction of the control strip and the testing of the test sections, a
number of determinations sufficient for providing the desired accuracy are required.
This means that several density tests must be made. Conventional density tests are
too time-consuming and therefore not practical for this purpose. Nuclear methods,
on the other hand, being quite rapid, can be used successfully (1-min moisture and 1-
min density readings constitute a test in this procedure). Any sufficiently sensitive
calibration curve can be used since any effects from chemical composition, surface
texture, etc., encountered in the test section have been encountered in the control
strip. However, since this method is nondestructive, if "crusting' occurs, that is,
if there is a greater density on top than on the bottom, it can be passed undetected.

Specific Procedure

Rolling Pattern—The roller pattern is obtained on the control strip, a 300-ft section
of one-lane roadway. Figure 1 shows a typical roller pattern after each pass of a
vibratory roller. Each point is the average of three tests taken on the control strip.
This figure shows that the maximum attainable dry density was about 139 pcf and that
it occurred after eight passes with the roller.

Control Strip—In order to obtain a very good estimate of the dry density of the con-
trol strip after the maximum density has been reached, ten random moisture and den-
sity tests are run. This number of tests provides a very good indication of the dry
density of the material, and a percentage of this figure is used to determine compaction
compliance on the remaninder of the project.

Test Section—Each 2000 ft of one-lane roadway is then designated as a test section.
Each section is tested randomly at five locations. From a statistical analysis, it has
been found that the average of these five tests should be at least 98 percent of the aver-
age obtained on the control strip, and each individual test value should be at least 95
percent of the average control strip density.

EXPERIENCE GAINED

Experimental Project

During the summer of 1964 the compaction of the aggregate base course of a project
on Route 6 in central Virginia was constructed using the control strip technique with the
nuclear equipment and then the level of compaction checked by conventional procedures.

Experience on this project indicated that the control strip technique way as sensitive
as the conventional procedures. Furthermore, the conventional density tests run indi-
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140 Maximum Attainable Density cated that the compaction level achieved
I TTY U G ~°~, was equal to or above that desired. This
e /°/° initial work indicated that both the contrac-
5 13o0f 0" tor and testing personnel were satisfied
& // with the method.
8 125f
E 120 Additional Projects
ns / TR Y W N TR N Encouraged by the results of the work
1 2 3 4 5 6 7 8 9 doneonRoute 6, three more projects were
NO. OF PASSES let using the control strip technique for

compaction control. Two of these projects
have been successfully completed and one
is well under way. No major difficulties
have been encountered thus far.

As an indication of the type of data obtained on these projects, Appendix A, which
includes typical data for roller pattern, control strip and test section, was prepared.

Figure 1. Roller pattern, vibrations roller.

Current Status

As experience is gained with this technique and funds become available for the pur-
chase of additional nuclear gages, more projects are being advertised using this tech-
nique. This pastfall eight more projects, one in each construction district of the Virginia
Department of Highways, were let to contract. The special provision governing the use
of this technique is shown in Appendix B.

SUMMARY

The method described in this paper has several advantages and some disadvantages
as compared to conventional test methods.

Advantages

1. The use of nuclear methods results in a better estimate of the variability be-
cause the data lend themselves to statistical analysis;

2. No laboratory test for density is required;

3. No correction for gradation of the material is required;

4. Testing is physically easier and more rapid;

5. Any calibration curve can be used with nuclear devices as long as the sensitivity
of the curve is adequate; and

6. Psychological advantages exist for contractor and testing personnel since for the
project the contractor is asked only to achieve a certain percentage of the density he
has achieved in the control strip.

Disadvantages

1. Since the method is nondestructive, the distribution of density throughout the
base course cannot be detected. If crusting occurs, it can be passed undetected.
(There has been no indication that crusting is actually a problem and this condition
should not occur when proper equipment is used.)

2. The cost of nuclear equipment is much higher than that of conventional equip-
ment. If, however, one realizes the higher level quality control achieved with the
same amount of time, then the initial price difference can be tolerated.

In conclusion, it can be said that, based on the experience gained within the last
few years, the use of the control strip technique with the nuclear devices can be very
successful and is recommended. It is apparent to the authors that this system has
certain disadvantages, but these are far outweighed by its advantages.
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Appendix A

ROLLER PATTERN

Date 7-18-66 Project 0029-039-101 6501
Section No, Roller pattern #3 Sta. 826 + 50 to Sta. _ 829 + 50
Type Material __ SBM-1 Wwidth 26' Remarks: 6'' deep
Standard Count
Density Moisture
60982 9300
60967 9362
61497 9608
61549 9550
Total 244995  Average 61249 Total 37820  Average 9455

Test 1 — after 3 passes with vibratory roller Test 2 — after 6 passes with vibratory roller

Station Density Moisture Station Density Moisture
826 + 75 38270 4094 826 + 175 35077 4579
827 + 50 39295 4137 827 + 50 37190 4280
828 + 25 38550 4009 828 + 25 35871 4368
Total 38705 4080 Total 36046 4409
C.R. .632 .431 C.R. .589 466

Test 3 — after 8 passes with vibratory roller Test 4 — after 9 passes with vibratory roller

Station Density Moisture Station Density Moisture
826 + 75 36602 4571 826 + 75 35423 4406
827 + 50 36212 4246 827 + 50 36494 4227
828 + 25 34826 4383 828 + 25 33770 4500
Total 34880 4400 Total 35229 4378
C.R. .569 .465 C.R. . 587 .463
Test Wet Density — Moisture = Average Dry Density

1 137.3 8.0 129.3

2 144.0 9.2 134.8

3 146.8 9.1 137.7

4 144.5 8.6 135.9

2 140
= /l\1
g
& 135 =
£ 1
130
g -
= 125
E. 1 2 3 4 5 6 1 8 9

No. Passes
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CONTROL STRIP DENSITY

Date __ 7-26-66 Project __0029-039-101-6501
Type Material SBM-1
Sta, _ 826 + 50 to Sta. 829 + 50 Width 26!
Depth 6
Standard Count
Density Moisture
61240 9459
61207 9505
61310 9592
61105 9591
Total 244862 Mean 61216 Total 38147 Mean 9536
Test Station Density Moisture
1 826 + 50 33039 4765
2 826 + 65 36687 4747
3 826 + 80 32133 4603
4 826 + 95 34874 4604
5 827 + 10 35770 4678
6 827 + 25 34275 4532
7 827 + 40 34436 4595
8 827 + 55 33775 4724
9 827 + 70 34637 4666
10 827 + 85 34710 4860
Total 344336 46774
Mean 34433 4677
C.R. .562 .490

Wet Density 147.5 — Moisture 11.0 = Dry Density 136.5
Dry Density Requirement

(.98) (136.5)
(. 95) (136.5)

133.8
129.7

Mean Density Requirement
Individual Density Requirement



TEST SECTION DENSITY
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Date 7-27-66 Project 0029-039-101 6501
Section No. 12 Sta. 796 + 50 to Sta, __ 814 + 50
Type Material _ SBM-1 Width __ 13' Rt.
Remarks 6" Deep
Standard Count
Density Moisture
61099 9538
61046 9458
61027 9540
61227 9547
Total 244399 Mean 61100 Total 38083 Mean 9521
Test Station Density Moisture
1 786 + B0 35118 4709
C.R. .575 . 495
2 798 + 50 35158 4444
C.R, .575 .467
3 800 + 50 35196 4612
C.R. .576 .484
4 802 + 50 33448 4701
C.R. . 547 .494
5 804 + 50 36139 4841
C.R. . 591 .509
Sample Wet Density — Moisture =  Dry Density Requirement Passing
1 145.8 11.2 134.6 129.7 v’
2 146.0 10.2 135.8 129,17 v
3 146.0 10.8 135.2 129.7 v
4 150.0 11.2 138.8 129.7 v’
5 143.5 1x.7%7 131.8 129,17 v’
Mean 135.2 133.8 v
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Appendix B
VIRGINIA DEPARTMENT OF HIGHWAYS
SPECIAL PROVISIONS FOR
NUCLEAR FIELD DENSITY TESTING OF
AGGREGATE BASE AND SURFACE COURSES
February 23, 1965
Rev, 10-19-66
Section 308 of the 1966 edition of the Road and Bridge Specifications is amended
in this contract to require the construetion of density control strips for the
purpose of using the nuclear field density testing device. The revisions are

as follows:

At the beginning of the work the Contractor shall build a control strip
of the material on an approved and stable subgrade for the purpose of the
Engineer's determining density requirements for the project, This control
strip will be at least 400 square yards in area and of the same material and
depth to be used in the remainder of the work. Compaction will be carried
out with conventional rollers approved by the Engineer until no appreciable
increase in density is accomplished or until in the opinion of the Engineer
no appreciable increase in density will be obtained by additional rolling.
Upon completion of the rolling, the density of the strip will be determined

by use of a partable nuclear test device.

The compaction of the remainder of the aggregate base course material
shall be governed by the density of the control strip. The material shall be
tested by sections of approximately 2800 square yards each. The mean
density of 5 randomly selected sites from the test section shall be at least
98 percent of the mean density of 10 tests taken from the approved control
strip. Placing, compacting and individual testing may be done in subsections
of approximately 280 square yards each, When the mean of the test section
is less than 98 percent of the control strip mean, the Contractor may be
required to rework the entire section. Also, each individual test value
shall be at least 95 percent of the mean value of the control strip. When an

individual test value is less than 95 percent of the control strip mean, the
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Contractor shall be required to rework the area represented by that test.

Each test section shall be tested for thickness and any deficiency
outside the allowable tolerance shall be corrected by scarifying, placing
additional material, remixing, reshaping and recompacting to the specified

density.
A new control strip may be requested when:

(1) A change in the source of the material is made, or
(2) a change in the material from the same source is observed,
or
(3) ten (10) test sections have been approved without the construction

of additional control strips.

Note: The Contractor's attention is directed to the fact that the method for
determining density and the requirements for density as described
in Section 308, 05 have been replaced by the method of determination

and requirements for density stated hereinabove.



Practical Applications of the Area Concept to
Compaction Control Using Nuclear Gages

W. G. WEBER, JR., and TRAVIS SMITH
Respectively, Senior Materials and Research Engineer, and Assistant Materials
and Research Engineer, California Division of Highways, Sacramento

The rate of placement of earthwork in highway construction has
greatly expanded since World War II; however, the acceptance
or rejection of this earthwork compaction has been based on
prewar methods that are gearedtolower production rates. The
Catlifornia Division of Highways has been developing a new test
method for accepting or rejecting earthwork compaction. This
method has three important facets: (a) a modified statistical
approach, (b) the use of nuclear soil gages, and (c) an area
concept.

The statistical approach consists of obtaining several in-
place densities of the compacted earthwork in an area to be
tested. The acceptance or rejection is based on the average
relative compaction and the percentage falling below the re-
quired relative compaction value. The test sites are somewhat
randomly selected in an area ready for testing. The area is
passed or failed according to the test results. The density of
the compacted material is determined by use of nuclear soil
moisture and density gages. This new test method was used
experimentally on a project during 1964 and the results were
satisfactory. After some modification of the test procedure it
was used on several projects in the 1965 and 1966 construction
seasons, This compaction control concept was successful from
both the state and contractors' points of view.

*THE ART of controlling compaction of embankments in California has varied only
slightly since its inception in 1929 (1); however, the rate of placing embankments has
increased about tenfold. The increased production has made compaction control dif-
ficult using previously acceptable methods. In an attempt to reduce the time required
to determine the percent relative compaction, the California Division of Highways in-
troduced the "wet method" (2) in 1954, which largely eliminated the necessity for oven-
drying moisture samples. The use of nuclear surface gages was investigated starting
in 1959 to determine the in-place moisture and density of compacted earthwork (3). As
a portion of the field studies with the nuclear gages, statistical studies of the variation
in density of compacted earthwork were conducted. In 1964, a study of the density
variation within accepted embankments was conducted on three projects (4). As a re-
sult of these studies a new test method for compaction control, using a modified sta-
tistical approach and a nuclear surface gage, was tried on 11 construction projects
throughout California in 1965 and 1966 (5).

Paper sponsored by Committee on Construction Practices—Earthwork and presented at the 46th Annual
Meeting.
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TEST METHOD

In 1964, a nuclear gage was used to control earthwork compaction on a project in
the north coastal area of California Highway District 01. The test method specified
that multiple testing was to be used; that is, several tests were to be made with the
nuclear gage at each of several locations in the area. The individual nuclear test just
below the average value of all the tests was used to compute the relative compaction.
The acceptance or rejection of an area was thus dependent on the average of several
nuclear in-place density tests. On this project the number of tests in a given area
varied from 2 to 15. The multiple testing concept was intended to compensate for the
variation in the results indicated by previous work in California (3) when nucleargages
were used. In analyzing the data from this preliminary project @, it was noted that
the average value did not take into account the spread or range of the in-place densities.
It became apparent that a statistical approach was desirable.

The accepted embankments, with a 90 percent relative compaction requirement, had
a range of relative compaction from 80 percent to 106 percent, an average of 95.2
percent with a standard deviation of 4.2 percent. While the majority of the individual
tests and all of the average values from the passing areas were at or above the mini-
mum 90 percent relative compaction specification for the embankments, it can be seen
from Figure 1 that there was a small group of substandard values scattered through
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Figure 2. Frequency distribution, pilot project—processed material.

the areas, These substandard tests represent about 9 percent of the total tests from
the passing areas. This compares well with the AASHO Road Test (7), where 8.8
percent of the tests fell below the specification limit.

Test results on the structure backfill, aggregate subbase, and aggregate base
showed a pattern similar to the embankment tests (Fig. 2). The passing areas ranged
from 88 percent to 108 percent, an average of 99. 8 percent relative compaction with
a standard deviation of 3.4 percent. About 8 percent of the tests from the passing
areas fell below the 95 percent minimum specification.

The three projects reported by Jorgensen and Watkins (4) indicated that the range
in relative compaction was 87 to 98, 85 to 97 and 80 to 103 percent with averages of
92.9, 90.5 and 93. 6 percent, and standaxd devialions of 2.4, 3.1 and 5.5 percent,
These tests were all from areas accepted by the present sand volume test method.
This study confirmed the findings on the first project where a nuclear gage was used
for construction control.

The distribution curves for the embankment and processed material averages are
shown in the lower halves of Figures 1 and 2. It is to be expected that the passing area
will only extend from the relative compaction specification limit upward, since the
failed areas are normally reworked and retested until they become passing areas.
However, this does not present an entirely true representation of the probable final
state of compaction. Only a very small portion of the total volume of the soil was
tested, and some areas not tested would be expected to be below the relative compac-
tion specification limit.
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It was felt that there were two advisable ways of modifying the multiple testing pro-
cedure which would tend to minimize the chance of including substandard compaction
in the final product. First, there should be some limitation placed on the percentage
of failing tests allowed in an area having a passing average and still have the area ac-
ceptable. Second, there should be some measure of control on the spacing and mini-
mum number of individual test sites within an area.

The first modification was determined by studying all the available data on the in-
place density variation in acceptable compacted fills. Jorgensen and Watkins (4) re-
ported that the percentage of tests below the specified minimum relative compaction
varied from 8.5 to 43 percent, A review of AASHO test road compactiondata indicated
that 8. 8 percent of the tests were below the specified relative compaction, in accept-
able areas. In 1953, Davis (8) reported that 10 to 25 percent of the tests in acceptable
areas in dam construction were below the specified relative compaction. The ideal sit-
uation would be where the type of material determined the percentage of failing tests,
since the percentage of failing tests should be lower with moreuniform material. How-
ever, this would be difficult to determine in advance of construction.

These variations of in-place density represent the variation within the compacted
soil mass and the variation in the sand volume test procedure. Previous work in Cal-
ifornia indicated that the nuclear test method had a larger variation than the sand vol-
ume when used to determine in-place density (3). Considering all these variations, it
was decided that in order to obtain the same compaction as at present, not more than
one-third of the individual tests in any area should be below the specified minimum rel-
ative compaction.

The second modification was decided on the basis of statistics. Five or six tests
were required for a 95 percent confidence level on acceptance or rejection for an esti-
mated average area (see Appendix, also Ref. 9). With the one-third failing require-
ment, it was decided to use six individual tests per area. For the location of the tests,
standard control practices in industry and the recommendations of Miller-Warden
Associates (10) were studied. It was decided to use a basic unit as an area to be ac-
cepted or rejected. This area is then divided into two or more subareas of approxi-
mately equal size. Two or more nuclear tests are taken in each subarea. Locations
of individual test sites were selected at random. This allows flexibility of action by
the resident engineer in controlling compaction, and still retains the basic elements of
statistical concepts. This new testing concept was called the area concept and was
worded in the test method somewhat as follows:

NUMBER AND LOCATION OF NUCLEAR TISTS

The nuclear test will utilize the area concept; that is, « series of tests
will determine whether to accept or reject an entire area. Perform six or
more nuclear tests in each area. The engineer shall determine the area based
on uniformity of factors affecting nuclear testing.

Divide the area into two or more subareas of approximately equal size.
Perform two or more nuclear tests upon each subarea with the locations of the
nuclear tests being of a random nature. (For special cases one subarea may
be tested with three nuclear tests and considered an area,) Determine the
moisture and density of the soil by the nuclear tests as described elsewhere
in the procedure.

Average these six or more tests and perform the maximum density test on
the soil obtained from the location of the nuclear test which has a value
just below the average value. Determine the maximum density as specified
in Test Method No. Calif. 312 for Classes A and B CTB and Test Method No.
Calif. 216 for all other treated and untreated soils and aggregates.

Care must be taken that the same soil type exists over the given area.
This is so that the one maximum density test is consistent with the nuclear
tests.,

Using the maximum density test, calculate the percent relative compac-
tion for each nuclear test. The average of all of the nuclear determined
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relative compuction fesis must be above the required compuction value, No
more than one-third of the individual tests may be below the required com-
paction value. If the averago of all tests in one subarea fail to meet the re-
quired compaction value, this subarea may be failed even though the other
subareas may be passed. Thus, either subareas or areas may be passed or failed.

When sufficient maximum density tests have been obtained, a value may
be established for a soil type and only perform check maximum densities on
that soil type at least weekly,

Discussion of Test Method

The test method: (a) must be reasonably rapid in obtaining results, (b) must allow
the resident engineer to use his discretion and engineering judgment as to the applica-
tion of the test method, and (¢) must be simple and clear in operation so that field
personnel need not spend an excessive amount of time interpreting the results.

Individual tests can be obtained in 5 to 15 minutes by using nuclear surface gages.
This means that a complete set of six tests could be made in about one hour, The pre-
vious sand volume test method (E) required that a standard compaction test be con-
ducted at each test site, but in the new test method (l%) one standard compaction test
is conducted for an area. By averaging several standard compaction tests, a complete
area could be tested in about an hour. In general, the success of this test method de-
pends on the uniformity of the soil type and the use of the nuclear surface gages. The
pilot project in District 01 had indicated that there was every reason to expect suc-
cessful use of the nuclear gages.

It was sirongly feit that discretion and engineering judgmenti musi be retained by the
resident engineer. The test method was prepared as a guide to the resident engineer
and was designed to be flexible and adaptable to changing job conditions. Considera-
tion was given to limiting the size of an area to be tested. In reviewing the data from
the District 01 pilot project, it was found that up to 3 miles of subbase was tested using
15 individual tests. The only limitation on the size of the area was to reduce the num-
ber of individual tests to 3 where limited areas such as pipe pads and structural back-
fill were being tested.

The test method should avoid technical and complicated procedures. In normal
statistical work a table of random numbers would be used; however, this is time-
consuming and requires additional training. To avoid or minimize operator bias, the
system of subareas was used. This distributed the tests over the entire area. The
selection of at least 2 individual test sites in a subarea would allow for bias in the in-
dividual test site selection. However, the need to randomize the testing was stressed
and the potential bias was considered a slight risk. The acceptance or rejection must
be in clear and concise terms. The statistical procedures used in industry could not
be applied to earthwork due to the lack of control over the original material. To pro-
vide a quick and simple method of determining acceptance or rejection, two simple
guides were used: (a) the average value and (b) the permissible percent of the total
tests below the accepted minimum. Consideration also was given to using an absolute
minimum; that is, where any one individual test was below this relative compaction it
would result in rejection of an area. However, it was felt that this was an unneces-
sary addition to the acceptance or rejection criteria.

)

Field Use

After reviewing California's work with nuclear gages and related compaction studies,
it was decided to use the nuclear gage in an experimental program. Five transmission
gages and five backscatter gages were employed. The new area concept was specified
as the method of accepting or rejecting the compacted earthwork.

The research program was arranged so that nuclear gages were used on 11 projects
in 10 highway districts during the 1965 and 1966 construction seasons, with a few pro-
jects to be completed in 1967. This provided a broad range of various soil types, ter-
rain, climatic conditions and construction operations which represented a cross sec-
tion of typical situations encountered in California. Quantities of embankment and
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structural section material varied from about 74 to 15% million cubic yards per pro-
ject. Thus, the nuclear gages were required to check compaction compliance on over
45 million cubic yards of material.

Ten nuclear surface soil gages were purchased from four manufacturers and the
previously purchased gages were used as spare gages. One nuclear gage was used on
two projects. Of the four makes, two were backscatter type and two were transmission
type. Thus, a comparison of the backscatter and transmission type gages was avail-
able.

A one-week training course was conducted for the resident engineer, a progress
tester. and at least two technicians for each project. The course covered basic nuclear
physics, health safety, gage operation and test method concepts.

The resident engineers were responsible for the application of the new test method,
application of the nuclear gages to the test method, maintenance of weekly health safety
records, and consideration of nuclear source storage and transport. Each operator
and the resident engineer was equipped with film badges and dosimeters to monitor
radiation exposure.

At the present time, six projects are completed and the remainder will be completed
in 1967 or later. Sufficient information was obtained by the end of the 1966 construc-
tion season to decide on the future use of nuclear gages as well as the area concept.

At a meeting in January 1966, resident engineers discussed the technical aspects of the
new test method and how it was performing in the field. In July 1966, district meetings
were held with representatives of the Materials and Research and Headquarters Con-
struction Departments and district field and supervisory personnel to discuss the gen-
eral administrative aspects of the test method, and functions the district would be re-
quired to assume in the use of nuclear sources. In the fall of 1966, after executive
level conferences, the new test method (No. Calif. 231) was adopted by the California
Division of Highways (5).

Problems and Solutions

Calibration of Gages—The test method originally required the field calibration of the
gages by comparison with sand volume tests. This resulted in considerable difficulty,
regarding two items: (a) frequent recalibration of backscatter gages with changes of
soil types, and (b) the use of nuclear gages to test soils where it was difficult or im-
possible to perform sand volume tests.

Several calibration curves were required on each project when using backscatter
type gages. On one project nine calibration curves were used. However, with the
transmission gage, one calibration curve was adequate for all of the soils, which is
in agreement with previous work in California (3, 13). The problem was solved by
specifying the use of the transmission type gage, which was calibrated using standard
blocks in a central laboratory. Consequently, if calibrationneeds checking inthe field,
it may be done with either a large mold or by sand volume comparisons.

When it was impractical to obtain sand volume tests, the soil was compacted in an
18 by 18 by 12-in. mold. In this manner gages were calibrated for soils on which sand
volume tests could not be obtained.

Site Preparation—It had been anticipated that site preparation for the individual nu-
clear tests would be one of the major problems (3). The complaints generally concerned
two conditions: (a) a hard and somewhat clayey soil, and (b) a rocky soil. With the
hard soil it was time consuming to cut a plane surface by hand, sometimes requiring
Y2 hour or more per test site. The solution to this problem varied considerably. On
one project it was found that a motor grader would prepare a satisfactory site, on
another a scraper was found to work well. The primary problem with rocky soils was
the depressions caused by rocks that were removed from the soil. This was overcome
by compacting native fines by hand into the depressions. There was no general solution
obtained to this problem; however, the time required for site preparation was reduced
to a reasonable amount by various means. The site preparation procedure will thus
vary from job to job depending on soil conditions; the test method must not be restric-
tive in this respect.
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TABLE: 1 Site preparation was a problem on all
mlé%“i %‘%ET%A}I}“&“CHI%;: projects using the backscaﬁter gages, but
only a problem on one project using the
Cause 006\(1::9)'*685 ng;‘;'ﬁizaeys transmission gage. (The site preparation
: was considered adequate when two readings
Bualen - 1 obtained by rotating the nuclear gage 180
Cable and/or connections 18 43 deg checked each other within about 3 1b/
ey N : s ft*.) It had been anticipated that the great-
est problem connected with the transmis-
Total 67 340 sion gage would be due to the necessity of

drilling a hole in the soil. However, this

was not a problem on any project using

the transmission gage. There were two
methods used to make the hole in the soil—adriven pin and a power drill. Both methods
were used about equally on the various projects using transmission gages.

Maintenance—Equipment maintenance was a major difficulty that developed in the
field use of the nuclear gages. It was anticipated that some downtime would occur, so
12 gages were on hand to be used on 10 projects, leaving two spare gages. Two
spare gages proved inadequate, and about one-third of the time there were no spare
gages available. Experience showed that a spare gage should be available for every
three nuclear gages used in the field, and they should be of the same make.

Downtime for individual gages varied from less than one dayto one month, The num-
ber of downtime occurrences and the total times are given in Table 1. Because the
cable was frequently the cause of a malfunction, a spare cable was obtained for each
make of gage. The binding of the transmission rod only occurred on one make of gage,
where the nuclear source was placed underground. The operators then had to handle
the unshielded source and this had an adverse psychological effect. This downtime was
overcome by weekly cleaning of the transmission rod and guide; however, the psycho-
logical effect remained.

The use of backup gages of the backscatter type was not successful, mainly due to
the need to calibrate the gage to the soil type. This generally resulted in about a two-
day or longer delay in getting the gage in operation. After several occasions where re-
calibration was required for use of the backup gage, the resident engineers using back-
scatter gages would refuse to use backup gages. This became a serious matter when
a delay of several weeks occurred for repairs.

A backup gage problem did not occur on projects where transmission gages were
used. On receiving the backup gage, immediate resumption of testing occurred be-
cause the predetermined calibration was of sufficient accuracy.

Backscatter-Transmission Comparison—One objective of the research program was
to compare the backscatter and transmission gages in actual field operations. The
principal disadvantages of the backscatter gages were the need to calibrate for each
soil type, and their sensitivity to seating on the soil surface. Both of these problems
have been discussed. With one transmission gage some difficulty was encountered in
aligning the gage over the hole. The other transmission gage had an attachment so
that the hole could be seen and the rod easily aligned over the hole. As the result of
this research program a specification has been prepared recommending a transmission
gage with the detector tube placed underground.

General Comments—The nuclear gages had many advantages over the sand volume
test. One major advantage was the ability to test rocky soils that previously could not
be tested using the sand volume technique. On project after project soils were tested
that previously had been accepted on the basis of inspection. It was estimated that
about 20 percent more rocky type material could be tested with the nuclear gage than
with the sand volume test. On only two projects was material encountered that was un-
testable with the nuclear gage, and this was because a plane surface could not be ob-
tained to seat the gage on.
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Some time was saved on the individual test sites when the nuclear gage was used.
With the sand volume test, it generally required 7 to 2 hour per test, and with the
six nuclear test sites it generally required /2 to 17 hours. However, these times do
not reflect the whole picture. Where dry densities were required, the sand volume
test needed additional time totake a sample to the project laboratory and dry it. This
was where the real time was saved on many projects. The ability of the nuclear gage
to give an answer in the field without further work was a decided advantage.

An important item from the contractor's viewpoint was that he was not required to
stop the equipment during the nuclear test. With the sand volume test all equipment
on the fill would have to stop while the sand was being poured in the hole. It was quite
a sight to see the heavy earthmoving equipment operating at full speed in the vicinity
of the nuclear gage.

The decision whether to use the power supply provided with the nuclear gage or to
use the vehicle battery for power was left up to the resident engineer. On three pro-
jects the resident engineer used the vehicle batteries to operate the nuclear gages.
There were no downtimes due to failure in the power supply on these three projects,
whereas on the other projects there were significant downtimes due to failure of the
power supply provided with the gage. For this reason the specifications for the new
gages require the use of the vehicle battery as the power source.

EVALUATION

Performance of Area Concept

At the start of this research program there was considerable concern about the ac-
ceptance of the statistical concept. In the training classes there was substantial re-
luctance on the part of the trainees to accept the statistical concepts; however, the
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Figure 3. Frequency distribution, Project No. 1—individual test sites, passing areas only.
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resident engineers were asked to give it a reasonable trial. They were unanimous in
accepting the concept after gaining experience in its use, The acceptance by highway
and contractor personnel of this new test method was outstanding, and far exceeded
expectations.

It was intended to require compaction equivalent to that previously obtained. The
opinions of the various people concerned were that basically no major change in com-
pactive effort has resulted where the new test method was used. However, this is only
an opinion and the best comparison would be a study of how the density varied in the
accepted earthwork.

Density variations on three completed typical projects are shown in Figures 3, 4
and 5. Project 1 consisted of minor fills and cuts with major structural section work;
therefore, only the structural section densities are shown in Figure 3. The range of
relative compaction was from 84 to 112 percent with an average of 97 percent and a
standard deviation of 3.6 percent. Fourteen percent of the tests were below 95 percent
relative compaction.
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Project 2 consisted of small cuts and fills in shales and structural section work;
test results are shown in Figure 4, About half the embankment material was of such a
rocky nature that the sand volume test could not be performed; however, no major dif-
ficulty was encountered performing the nuclear tests. The range of relative compaction
for the embankment soils was from 77 to 107 percent for an average of 95. 6 percent
and a standard deviation of 4.4 percent. Twelve percent of the tests were below 90
percent relative compaction. The material with a 95 percent relative compaction re-
quirement is also shown in Figure 4. This material had a range of relative compaction
from 89 to 111 percent, for an average of 98, 6 percent and a standard deviation of 3.4
percent. Eleven percent of the tests were below 95 percent relative compaction,

Project 3 contained heavy embankment work on soil and rock material; the density
distributions are shown in Figure 5. About 30 percent of the embankment material
would normally be considered too rocky to test by means of the sand volume equipment;
however, all soils were testable with the nuclear equipment. The embankment ma-
terials indicated a range of 80 to 114 percent relative compaction with an average of
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94. 8 percent and a standard deviation of 4.3 percent. Seven and one-half percent of
the tests were below 90 percent relative compaction. The material with a specified

95 percent relative compaction had a range of 88 to 110 percent, an average of 97.5
percent with a standard deviation of 2. 8 percent. Eight percent of the tests were below
95 percent relative compaction.

Distribution plots of the type shown were maintained on all 11 projects and were
similar in construction. The plots indicate that the distribution of relative compactions
of accepted areas has a higher average value with a smaller percentage of the values
below the specification limit than was found in the statistical studies in California (4).
This indicates that the new test method results in a slight increase in the quality of the
compaction of earthwork being obtained.

District Personnel

The reaction of the district personnel, both in the field and from an administrative
viewpoint, was almost complete acceptance. The general feeling was that ""Now we
know what compaction we are obtaining.' Resident engineers agreed that consideration
should not be given to replacing the sand volume test by the nuclear test while still
using one test only for acceptance or rejection. The area concept was what they wanted.
Realizing that the fransition to the new test method would require time, two asked that
the sand volume test be substituted for the nuclear test in the new test method so that
more projects could take advantage of the area concept.

The contractors were required to produce about the same work on compacting earth-
work as previously. However, the contractor was able to make more efficient use of
his equipment. The general feeling was that the resident engineers were sure of the
quality of the work obtained. The number of areas that had to be reworked appears to
be aboutl the same as when using lhe previous lesl method.

Field personnel felt that the cost and manpower requirements of the two test methods
were about equal, with any time savings in favor of the new test method. This would
mean that there would be no large financial savings to the Division of Highways from
the standpoint of testing costs.

All districts expressed concern about maintenance problems. In the districts where
high downtimes had occurred, there was even the suggestion that two nuclear gages be
assigned to each project.

Districts were not reluctant to undertake the administrative aspects of the nuclear
gages. This includes the training, maintenance and health safety programs.

The districts expressed general agreement that the new test method should be used
on the high-production projects. Some districts felt that "fly'" parties could handle the
smaller projects. All districts felt that from an administrative viewpoint there should
be a gradual transition from the present conventional testing to the new area concept.

Contractors

At the start of the research program most contractors appeared to be neutral; how-
ever, by the end of the program the majority were definitely favorable. The favorable
reactions appeared to be based on the following points.

Using nuclear gages helped supply quick results to the contractor. On several pro-
jects the contractor's foremen accompanied the State personnel making the tests. When
a portion of the area would start failing, the contractor's method of operation would be
changed. The contractor on one major project was able to control in less than one day
his method of compaction of base material. Several contractors cite this rapid obtain-
ing of results as being an important factor in their favoring the new test method.

The new method enabled contractors to utilize their equipment more efficiently.
Often a portion of the fill would be below specified compaction and only this portion
would need additional compaction. This portion could receive additional compaction
while embankment material was placed on the remainder of the fill. Also the contrac-
tors often were able to vary compaction patterns so as to obtain reasonably uniform
compaction over the entire fill. The contractors readily accepted the results of the
area concept and did not question the rejections as had frequently occurred with the
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sand volume test method. Several contractors expressed approval of the area con -
cept and felt that it greatly aided in the planning of their operations.

An unexpected item was the contractors' reaction to the use of the nuclear gages in
relation to their operations. They no longer needed to stop all hauling operations while
the sand was being poured during the sand volume test. One contractor estimatedthat
this item alone cost him $25, 000 to $50, 000 per year.

The contractors estimated that azerototwo cents per cubic yard reduction in cost,
depending on conditions, could be expected when the new test method was adopted.
However, the actual savings in construction costs is difficult to evaluate because so
many other factors influence the bid prices. This saving may be realized at times;
however, it is felt that the estimated dollar savings is somewhat indeterminate at
present.

Plan of Operation

The implementing of the decision to convert to the new compaction control method
will be a gradual process. The modified statistical test method still will be used on
the larger earthwork projects that are let to contract each year. At first it is antici-
pated that each highway district will submit to headquarters the projects on which they
wish to use the new test method, and then the available gages could be assigned to the
districts where they will be best utilized. Some districts also desire to establish "fly"
parties for the smaller projects, which can also be done gradually. Depending on
financing, it is estimated that 3 to 5 years would be required to fully equip the various
projects with nuclear gages.

Each of California's 11 highway districts will be licensed to handle and administer
the use of the nuclear gages, including the health safetly, training, and maintenance
aspects. The standardization of the test procedure and purchase of the nuclear gages
will be handled as a function of headquarters, as on all other testing. Health safety
will be handled by the district Radiation Safety Officer , and all health safety and ad-
ministrative records will be kept at the district level. District personnel will conduct
training courses at the district level. Maintenance of the nuclear gages will be
performed by service agreement. The Administrative Officer in each district will be
responsible for maintenance, and assigning of gages to the individual projects.

The nuclear gages will be purchased by headquarters for the entire state by bid.
The nuclear gages will be of the transmission-backscatter type measuring both mois -
ture and density, and will be constructed to California Division of Highways specifica-
tions.

The test procedure will be standardized statewide and revisions made periodically
as necessary. The test method will be a part of the California Division of Highways
Materials Manual with the designation Test Method No. Calif. 231.

CONCLUSIONS

With the completion of 7years of studies and researchon compaction control utilizing
nuclear gages, a practical test method has been developed. This test method is a
modified statistical method that utilizes nuclear gages to determine the in-place soil
moisture and density. A specification for a nuclear gage that will perform satisfacto-
rily has been prepared. It is felt that this new test method utilizing the area concept
and nuclear gages represents a definite improvement in compaction control.
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Appendix

Statistical Determination of Sample Size

Assumptions

1. Lower Limit of Specification = 90% R.C.

2, Ave, of all Comp. Results Approx. 92.7% R.C.
(from earlier studies (-4)

3. Standard deviation of process + 4% R.C.

4, Probability of .95

.05 "

Use sample size of 6




A Statistical Analysis of Embankment Compaction

GEORGE B. SHERMAN, ROBERT O. WATKINS, and ROGEL H. PRYSOCK
Respectively, Assistant Materials and Research Engineer, Associate Materials and
Research Engineer, and Assistant Physical Testing Engineer, California Division
of Highways

This study statistically examined the distribution of percent relative
compaction obtained with current compaction control procedures. The
survey included three embankment projects, the soils of which varied
from homogeneous to very heterogeneous material. Testing operations
for each sampling location included two in-place density determinations
by the sand volume method, and two maximim density determinations
by the California impact method for each sand volume test.

An analysis of percent relative compaction results for the three
projects revealed average values of 92,9, 90.5, and 93.6 percent with
standard deviations of 2.4, 3.1 and 5.5 percent, respectively. The
greatest dispersion in results was found to exist for the heterogeneous
soils.

Factors contributing to the dispersion of percent compaction were
found to be the variation inherent in the testing procedure, the soil,
and in the compaction process. As the soil becomes more hetero-
geneous, the effects of variation within the soil and compaction pro-
cess become more pronounced. This is reflected in the distribution
curves for the three projects. Curves are presented which provide a
comparison of field control test results and randomly sampled test
results. A partial review of problems expectedto be encountered in the
development and use of purely statistical specifications is presented.

oTHE existence of variations in embankment compaction and in the associated control
tests has been recognized for a number of years, although many engineers have notbeen
greatly concerned with the extent of variability. The lack of concern regarding varia-
tions in test results may be attributed to the type of specification most often employed—
which contains a lower limit only. For this type of specification, the dispersion of re-
sults is relatively insignificant in relation to construction control procedures.

Highway engineers recently have become more aware of, and interested in, the varia-
bility in compaction, due mainly to the efforts of the U.S. Bureau of Public Roads to
improve present specifications. The embankment compaction specification used at the
AASHO Road Test included the statistical concept of quality control, which also helped
to stimulate this interest. However, the use of statistical methods at the Road Test
was primarily to insure uniformity of quality in order to better correlate road perform-
ance with quality of construction. Therefore, the main objective was to control com-
paction variation as much as practical rather than to determine variations obtained with
usual construction procedures (1).

Data regarding the reproducibility of test methods for measuring in-place and maxi-
mum densities have been reported since about 1950. However, except for the works of
Davis in 1953 (2) and Carey in 1957 (3), very little information has been published re-
garding variations in density of compacted embankments. One of the primary purposes
of this study is to add to the knowledge concerning the statistical parameters of relative
compaction.

Paper sponsored by Committee on Compaction and presented at the 46th Annual Meeting.
157



158

SAMPLING AND TESTING PLAN
The BPR Outline

The U.S. Bureau of Public Roads, through their regional workshops, presented to
state highway department representatives a general outline for statistical surveys, The
Bureau then left to the individual states the formulation and execution of sampling and
testing plans for those particular items selected by the states for study, The general
outline included the following requirements:

1. For each item being considered (in this case embankment compaction control),
at least three separate construction projects should be surveyed. These three projects
should represent, as nearly as possible, the range of problems and materials encount-
ered throughout the state.

2. At least 50 sampling locations should be randomly chosen for each project,

3. Two samples should be taken at each sample location.

4. Duplicate tests should be made on each of the two independent samples taken
from each location,

5. The samples should be taken, as nearly as possible, under normal field condi-
tions by district construction inspectors.

6. The study should be independent of, and in addition to, the normal job testingand
control procedures.

7. Only those materials accepted by the resident engineer should be considered in
the survey.

8. Whenever possible, ASTM or AASHO test methods should be employed, When
necessary to use a test method primarily of local acceptance, a similar ASTM or AASHC
test should also be performed.

9. Analyses of test data should include an analysis of variance. This would include
a measure of the variance between tests on duplicate samples, the variance inherent in
the sampling method, and variance inherent in the material or process,

The duplicate samples from each location provided a measure of the variance in-
herent in the sampling process. Duplicate tests on each sample provided a measure of
the variance inherent in the testing process, and the 50 test locations on each project
provided a measure of the basic variance in the process or material.

Modifications of the BPR Outline

The BPR outline was general in nature and could be applied to many construction
materials or processes. Because of its generality, certain modifications were neces-
sary for physical reasons, For example, in the case of embankment compaction, the
sampling and testing operations are not independent because it is not possible to split a
sand volume sample to obtain two independent test results. As a compromise, two in-
place density tests were made by the sand volume method at each location (Fig. 1),
These tests were taken reasonably close together and never more than 3 ft apart, A
sample of the soil was taken for each sand volume test and then was carefully split for
maximum density determinations. Thus, at each location results of two sand volume
tests and four laboratory maximum density tests were obtained.

On hoth Projects 1 and 2, 50 locations were sampled; but on Project 3, rain cut short
the construction period and only 44 locations were sampled. It was also necessary to
depart somewhat from the original request that these samples be chosen in a completely
random manner. A true random sampling plan for the entire project would have re-
quired the locations to be randomly selected from the entire volume of fill material to
be placed on the project, thus allowing each incremental volume an equal chance of
being sampled. In accordance with construction needs, and to keep a reasonably uni-
form flow of work to the testing engineer, it was necessary to randomly choose one
location each day from a fill area accepted as satisfactory by the resident engineer.
Thus, at the end of the working day the sampler and the grade inspector established
those areas or sections which had been tested and accepted by the resident engineer's
personnel, The research sampler then determined the total length of these sections
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CATION and multiplied this length by a random
LIO fhf\uTSOO number taken from a table. This estab-
lished a length which was readily converted

to a station location. The sampler then
SANR | NOLUME stepped across the fill at this station to

EEIENS determine the width and multiplied this
width by the next number from his table,
A B thus establishing a random location for
testing, The following day he repeated the
process on a new area using the next set
of random numbers from his table, This
¥ WA deviates from a true random sample be-
I MAXIMUM I MAXIMUM I cause the areas from which the daily sam-
DETN\%TY DETNV%W ples were chosen were not of equal size.
| [TEsTs| 2 | |TESTS| 2 This seemed, however, an acceptable
compromise with the engineering needs.
Figure 1. Testing procedure for each sampling ~ The system worked very well since one

man was able to determine the location
and do all necessary field and laboratory
testing in one day. An example of this
random sampling from an area is included
in the Appendix.

location.

Test Methods

The percent relative compaction was determined by California Test Method No. 216-F,
Since this method is primarily of local acceptance, additional tests by AASHO Test
Method No. T180-57C were made to provide both a comparison of results and a check
of survey data. Previously reported work showed that the results of the two methods
correlate with most types of soils (4).

The primary difference between these two methods is in the laboratory apparatus
and procedure. The compaction mold for the California Test Method is 3 in. in diam-
eter and the specimen height varies from 10 to 12 in. Consequently, the volume is
variable. The mold of the AASHO method has a diameter of 4 in. and a constant height
of 4% in, The tampers both weigh 10 1b and free drop 18 in. Both methods utilize 5
layers. Each layer is subjected to 20 blows in the California method and 25 blows in
the AASHO method. The resulting compactive energies are approximately 33,000 and
56, 250 ft-1b/cu ft for the California and the AASHO methods, respectively. Maximum
densities by both methods are determined from that portion of material passing the ¥
in. sieve. Corrections for larger size material are applied to results from the Cali-
fornia method if the percentage of larger sizes exceeds 10 percent. No corrections
are applied to results from the AASHO method.

The California Test Method does not require the determination of moisture content
unless the correction in unit weight is made for oversized material. As a result, in-
formation regarding moisture content was not always available. Results presented
here are therefore based on wet unit weights.

PROJECT DESCRIPTIONS

The three contracts in this survey were major projects on divided four-lane high-
ways. Projects 1 and 3 closely approximated the smallest and largest variation in soil
characteristics normally expected in California. Project 2 was somewhere between
these two extremes. Typical grain size distribution curves are shown in Figure 2.
Table 1 includes sieve analyses, liquid limits, plastic limits, plasticity indices, and
sand equivalent values.

Project One

The embankment material on Project 1 was primarily a highly decomposed granite,
weathered to a clayey silty sand of medium plasticity. Embankments consisted of
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TABLE 1
INDEX PROPERTIES AND GRADATION OF EMBANKMENT SOILS

Project

Identifying Properties 1 2 3

Avg. Range Avg. Range Avg. Range

Sieve analysis (% passing)

3 in, 99 97-100 100
2% in, 98 96-100 99 99-100
2 in, 95 92-100 99 98-100
1% in. 92 85-96 98 96-99
1 in, 85 78-91 94 91-97
% in. 100 99-100 80 73-88 92 86-95
l/a fn. 100 98-100 74 66-84 88 79-93
Yo in, 99 97-100 70 62-81 85 72-91
No. 4 98 96-99 63 55-77 i 59-88
No. 8 94 89-97 57 48.69 71 52-80
No. 16 82 76-88 51 43-63 65 45-76
No. 30 70 62-77 45 37-59 59 38-70
No. 50 58 50-66 39 32-53 54 33-65
No. 100 417 40-54 35 28-47 48 27-59
No. 200 40 34-49 30 24-43 42 23-54
5 micron 18 15-20 15 10-23 20 11-27
1 mieron 13 12-14 9 6-15 11 3-17
Sand equivalent 15 1217 12 9-15 10 7-17
Liquid limit 25 21-28 33 32-34 29 22-34
Plastic limit 15 14-16 21 19-22 17 15-20
Plasticity index 10 7-13 12 11-13 12 7-17

5

Number of tests made to determine above items: Project 1, 10 tests per item; Project 2, 10 tests per
item; Project 3, 7 tests per item.
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shallow fills across valley terrain. Most of the main line fills were only 2 or 3 ft in
height with one short section reaching 14 ft. The soil was in a fairly dry natural state
and water had to be added. The project was 4.1 mi in length and the total embankment
involved only 350, 000 cu yd.

Project Two

Project 2 was in a region of rolling terrain where the material was predominantly a
medium plastic red clayey silty sand containing lenses of stream-rounded aggregate
with cobbles up to 6 in, in diameter not uncommon. Some aggregate was well dispersed
throughout the fines, and it was possible to excavate this material without blasting.

The total length of the project was 5 mi and the height of the embankments varied
from 3 or 4 ft to a maximum of 26 ft. A total of 1,200,000 cu yd of embankment was
placed on this project.

Project Three

Project 3 was in the Franciscan Formation, which is characterized by landslides as
well as erosion. Many of the landslides in this area are still active and the slip sur-
faces are characterized by wet, low-strength material. Even some of the harder ma-
terials had a relatively high moisture content, a common characteristic of the sand-
stone and sheared shale of the Franciscan Formation, Blasting was often required
during excavation. Some fills were so rocky that they had to be excluded from this
study, while others were predominantly clay and silt. On some fills the contractor
found it necessary to blend dryer materials with the wet, heavy claysinorder toachieve
a satisfactory water content. The project was 4.5 mi in length and had 1,760, 000 cu yd
of embankment. Height of fills varied from 3 to 38 ft.

DISCUSSION OF RESULTS
California Impact Test vs AASHO Test T 180-57C

In addition to the statistical survey tests, which were performed by district person-
nel According to the California test procedure, further tests for maximum density were
made by Headquarters Laboratory according to both the California and AASHO proce-
dures. These additional tests were made to provide a means for comparing maximum
density results as obtained by the two methods, since the California method was pri-
marily of local acceptance.

On Project 1, two tests by the AASHO Test Method T180-57C were made at each of
26 sampling locations. These were performed at the job site by Headquarters Labora-
tory personnel. On Projects 2 and 3, ten and seven sampling locations were selected,
respectively, and material was shipped to the Headquarters Laboratory for testing.

TABLE 2

COMPARISONS OF MAXIMUM DENSITY DETERMINATIONS
(California 216-F vs AASHO T180-57C)

Project
Computed Quantity
1 2 3
Number of Locations 26 10 T
Dist. (Calif. method) 141.5 140.2 1477
Avg. HQ (Calif. method) - 140.7 146.6
HQ (AASHO method) 140.8 141.8 147.0

Average Difference:
Dist, results (Calif. method) minus
HQ results (Calif. method) - +0.5 - 1.0
Dist. results (Calif. method) minus
HQ results (AASHO method) +0.72 +1.6 -2,1
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Figure 3. Relative compaction histogram, Project 1.

One maximum density determination by each method was performed on the material
shipped from each sampling location. Results of these tests are given in Table 2,

For all practical purposes, the Californiaand AASHO methods produce approximately
equal average results. However, this conclusion is based on a small number of tests.
The findings are in agreement with earlier published information (4).

Percent Relative Compaction

The percent relative compaction distributions for the three projects are shown in
Figures 3, 4, and 5. Each figure consists of a frequency histogram of the actual sur-
vey data and a normal curve, The normal curve for a particular project represents the
most probable distribution for all possible test results from that project. No explana-
tion other than random variation was found for the bimodal distribution shown inFigure
3 or the non-normal distribution shown in Figure 5.

The plots show significant differences in the dispersion of relative compaction re-
sults for the three projects. This dispersion of compaction values about their average
could be due to several factors, all of which affect both maximum and in-place density
values. These factors include the variation in soil properties and the nonuniformity of
field compaction conditions within the area tested. For example, local variations in
the soils of Projects 1 and 2 were appreciably less than the variation for Project 3.

A portion of the dispersion may be inherent in the basic testing process. In-place
and maximum densities of a particular soil are related; therefore, the practice of ex-
pressing one as a percentage of the other would seemingly compensate for variations

28
._1 ‘ I/‘; %= 9054 ROADWAY EMBANKMENT STUDY
i o= 309 Project No. 2
‘-‘ n=200
/l |
FREQUENCY i3
DISTRIBUTION |
12 |
| H
LI |
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80 85 90

PERCENT RELATIVE COMPACTION

Figure 4. Relative compaction histogram, Project 2.
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Figure 5. Relative compaction histogram, Project 3.

in magnitudes of the two and result in a fairly constant value for relative compaction
throughout a project. In many instances, however, laboratory compaction is not en-
tirely representative of field compaction. Consequently, values for the two densities
often do not change in the same ratio, even within small areas for highly variable soils,
thereby causing variations in relative compaction values.

The effects of soil variations on compaction were observed in 1953 by Davis (2). His
statistical findings were from 29 construction locations on 23 earthdam projects. Davis
reported standard deviations ranging from approximately 1.8 to 5.0 percent relative
compaction with all 29 locations averaging 3.3 percent. The standard deviation for
embankment soil under flexible pavement sections of the AASHO Test Road was approx-
imately 1,85 percent relative compaction (1). This low standard deviation, however,
was obtained with much more rigid control and a greater number of tests than would be
economical for normal construction projects. Another factor contributing to the low
standard deviation was the extremely uniform soil used on the Test Road. The stand-
ard deviation reported by both Davis and AASHO are in general agreement with the
standard deviations determined for the three projects reported here.

The percentages of tests in this study failing to meet the minimum compaction re-
quirement are comparable to previously reported data. Results from the AASHO Road
Test, for example, indicate that approximately 8.5 percent of all embankment material
tested failed to meet the lower specification requirement (1), Statistical estimates in-
dicate that the percentages of failures in Davis' data vary from about 10 to 25 percent,
with a few as high as 45 percent,

Numerical values from Figures 3 through 5 are summarized in Table 3. All values
were computed from the special survey data only. The data in Table 3 illustrate the
dependence of percent failing on the relationship betweenaverage and standard deviation.

TABLE 3
SUMMARY OF RELATIVE COMPACTION RESULTS

Project
Quantity or Characteristics
1 2 3
Number of sampling locations 50 50 44
Number of relative compaction
determinations 200 200 176

Range of relative compaction results 87-98 85-97 80-103
(percent relative comp.)
Average compaction

(percent relative comp.) 92.9 90.5 93.6
Standard deviation
(percent relative comp.) 2.4 8.1 5.5

Percentage of compaction tests less
than spec. limit of 90 percent
relative compaction 8.5 43.0 23.9
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Figure 6. Relationship between standard deviation, average and percent less than lower compaction
limit.

For example, comparing the values of the average, standard deviation, and percent
failing for the projects shows that the percentage of failures tends to decrease with an
increase of average, and increase with an increase of dispersion, as measured by the
standard deviation (Fig. 6). The curves in Figure 6 show the percent failing plotted
against standard deviation, with average as a parameter, Although the curves are the-
oretical in nature and are based on normal distributions, they produce values very
close to those in Table 3 for the three projects surveyed.

Figure 6 shows that with the three soils tested with the measured standard devia-
tions, the following overall averages would have to be obtained, if no more than 10 per-
cent of the finished embankment is to be below the 90 percent specification limit: Proj-
ect 1, 93 percent; Project 2, 94 percent; and Project 3, 97 percent. Within the limits
of experimental error, Project 1 meets this criteria; however, the average values for
both Projects 2 and 3 would have to be increased by 3 percent, if no more than 10 per-
cent is to be below specifications,

Figure 7 shows some selected normal distribution curves superimposed on the same
scale. This illustrates to some extent the relative dispersion in percent compaction
for projects of different organizations. Curves 1 and 2 were prepared from the data
reported by Davis (2) and represent two of the 29 construction locations. The minimum
specification limit for this earthwork was 98 percent relative compaction, as determined
by the Bureau of Reclamation's Standard Proctor Compaction Test Designation E-11,
Curve 3 represents the AASHO Road Test embankment material for flexible pavement
sections. Upper and lower specification limits of 100 and 95 percents were employed
for this project. Maximum densities were determined by AASHO Test Method T-99.
Curves 4 and 5 are those of Projects 1 and 3 of this study (Fig. 3 and 5), The minimum
specification limit for these latter two curves was, of course, 90 percent using the
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TABLE 4 California method. It is interest-
EFFECTS OF AVERAGING INDIVIDUAL READINGS ing to note in comparing curves 1
Semeite o Tdfvidont ——— and 2 with curves 4 and 5 that the
€s S er 3
_—— Dt orminations et fl'atter curves, repxjesentmg greater
) = dispersion, have higher averages
n X o n X o than the corresponding steeper
curves
1 200 92.9 2.4 50 92.9 2,2 : - ;
9 200 90.5 3.1 50 91.0 30 ‘ When comparing the curves in
3 176 93.6 5.5 44 93.7 4.5 Figure 7, it should be noted that

they were calculated from the data
of three organizations, all of which
have different specifications and
test procedures. This factor, plus
the fact that the soil charactcristics for some of the projects represented by the curves
are not known, greatly limits the ability to make meaningful direct comparisons between
the curves. However, Figure 7 does indicate that various agencies are obtaining similar
variations in embankment compaction results for widely different material types.

The effects of averaging the in-place and the maximum density values on the result-
ing relative compaction distribution are given in Table 4. These relative compaction
results were computed from the average of two in-place densities and the average of
four maximum densities per location.

The reduction in dispersion given in Table 4 would be an important consideration in
the enforcement of specifications. For example, for Project 1 a range of three stand-

LT Pt T

ard deviations, +6.6, would be acceptable providing tests were averaged as detailed to
obtain the acceptance value. On the other hand, if acceptance is to be based on a single
test, a range of +7.2 must be established to allow for the wider dispersion.

Precision of Test Method

Distributions of maximum and in-place density test data are shown in Figures 8
through 20. Figures 8 through 13 and 17 through 20 show frequency histograms of all
the survey density test results. Figures 14 through 16 show maximum density and per-
cent relative compaction against roadway stationing.

The histogram of maximum densities for Project 1 (Fig. 8) exhibits a concentration
of test results within the 140-148 1b/cu ft range, which results in a skewed distribution
that appears to have been constructed from two distinct sets of data. The explanation
for the skewness was found in Figure 14, which shows two distinct soil types located at
cifferent stations along the roadway. Test results for both maximum and in-place
densities were separated into two groups each, based on Figure 14, and plotted as his-
tograms in Figures 17 through 20.

Figures 17 and 18 are easily recognized as the two parts of Figure 8. No similar
breakdowns of soil type by location for Projects 2 and 3 were observed from Figures
15 and 16. These figures show the test results to be dispersed appreciably, but the
range and apprcximate mean appear to be fairly constant throughout both projects,

The maximum density plots for Projects 2 and 3 (Figs. 9 and 10) reveal a wide range
in test values for both projects. The histogram for Project 2 approaches a normal dis-
tribution, although the same cannot be said for Project 3.

The local scatter in maximum density values may be taken as a good indication of the
variation in soil homogeneity when comparing different projects or areas. For example,
the 8 1b/cu ft range between stations 390 and 431 for Project 1 (Fig. 17) represents a
relatively homogeneous soil when compared tothe 28 1b/cuft rangefor Project 3. Figures
11 through 13 show the distributions of in-place densities to have even greater disper-
sion than the maximum densities.

It should be pointed out again that, since the California Test Method usually does not
require that the moisture content be determined, all densities are recorded as wet
weight, It is realized that dry weight determination would provide additional informa-
tion, but it is observed that wet weights do provide a good comparison of the uniformity
of the three projects.



40

"1 T Project One
X=142.4
304 | o=4.8
> n=200
(8]
z
w
S 204
o
w
s 4
' -
10
o 'l"! ll-l ey IIJ' T 1
125 130 135 140 145 150
MAXIMUM WET DENSITY, PCF
Figure 8. Maximum density histogram, Project 1.
50 -
] Project Two
o
] X=138.1
#0m 0=4.3
: n=200
5
S 30+
L B
2 E
c -
= 20
[
10
0 k ; < % 55
125 130 135 140 145 150

MAXIMUM WET DENSITY, PCF

Figure 9. Maximum density histogram, Project 2.

Project Three

X =146.6
oc=64
30+ n=176
3 20
= %07
w
=
i
o 10
w
]
] - s : : e E
130 135 140 145 150 155 160

MAXIMUM WET DENSITY, PCF

Figure 10. Maximum density histogram, Project 3.

167

In-Place Density Variations

The maximum recorded variations be-
tween two in-place density tests from the
same location were 6, 10, and 28 1b/cuft
for Projects 1, 2 and 3, respectively.
Actually the one variation of 28 for Proj-
ect 3 was probably due to some assignable
cause and a more realistic maximum
would be the next lower observation, i.e.,
18.

On Project 1, a shallow fill 4, 100 ft
long (station 390 to 431) was constructed
with unusually homogeneous soil. Thirty-
eight pairs of duplicate sand volume tests
were performed on this one fill. The
standard deviation of the variation between
these adjacent sand volume determinations
was 2.25 Ib/cu ft. This means that 95
percent of the time in this type of soil we
could expect the results of two sand volume
tests in juxtaposition to agree within the
limits of 4.5 lb/cu ft. These results are
in close agreement with one study per-
formed on carefully processed uniform
soils (8).

On Project 3, where the material was
extremely heterogeneous, the standard
deviation of the variations between adja-
cent sand volume tests was 5,96 1b/cu ft,
Therefore, for this type of soil, we can
expect the results of any two adjacent sand
volume tests to agree within the limits of
11,9 1b/cu ft 95 percent of the time.

On Project 2, where the variability of
the material is somewhere between the
other two projects, the standard deviation
of the variation between adjacent sand vol-
ume tests was 3.13 1b/cu ft. For this
type of soil we can expect results of two
adjacent sand volume tests to agree within
the limits of 6,3 lb/cu ft,

Remember that these seemingly large
variations include not only the inaccuracies
within the sand volume test itself, butalso
the variation in the material and compac-
tion process within the small areas from
which the pairs of adjacent tests were
taken.

Mention should be made that the Cali-
fornia Division of Highways has conducted
experimental investigations into the use
of nuclear testing equipment. It has been
generally concluded that the nuclear equip-
ment has about the same reproducibility
as the sand volume test. One study indi-
cated that nuclear surface gage readings
could be reproduced within 9 to 10 1b/cuft
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Figure 14. Dispersion of maximum density and relative compaction values related to roadway stationing (Project 1, n = 200).
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Figure 17. Histogram of maximum density by soil type, Project 1, stations 390-431.
type, Project 1, stations 390-431.

90 percent of the time (11). A later study showed test results from the Lane-Wells
Road Logger, a continuously recording mobile nuclear device, to be reproducible within
5 1b/cu ft, while the sand volume test was reproducible within 4 1b/cu ft on the same

material. Both of these statements were at a 90 percent confidence level (12).

Maximum Density Variation

An analysis of the survey data revealed that the maximum density test had a stand-
ard deviation between carefully split samples of 0.6 and 1.2 1b/cu ft for the materials
in Projects 1 and 3, respectively. We can then say that for the materials in Projects
1 and 3 the maximum density test was accurate within 1.2 and 2.4 lb/cu ft, respective-
ly, 95 percent of the time. These values appear to be in very good agreement with
previously published data (9).

The standard deviation for Project 2 was only 0.37 Ib/cu ft. Further analyses indi-
cated that this low value was due to an assignable cause and was not a true measure of
the difference between split samples. It is concluded, however, that the individual de-
terminations of maximum density are reasonably accurate, thus assuring the validity
of the overall distribution of the relative compaction determinations.

Relative Compaction Variation

Although the variations in the in-place and maximum density test results would ap-
pear to cause very large variations in percent compaction values, such is not neces-
sarily the case. The variations in density test results cannot be added directly. They
must be combined according to the probability of occurrence (14). When the values ob-
tained from the computer were combined in this manner, it was found that for the one
fill in Project 1, two adjacent determinations could be expected to agree within 3 per-
cent relative compaction 95 percent of the time, For Project 3, two adjacent
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(exclusive of Sta. 390-431) (exclusive of Sta. 390-431)
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Figure 19. Histogram of maximum density by soil ~ Figure 20. Histogram of in-place density by soil

type, Project 1, except stations 390-431. type, Project 1, except stations 390-431.
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determinations could be expected to agree within 7 percent relative compaction 95 per-
cent of the time, Note that the previous statements apply only to adjacent tests or tests
made within a small area, such as a sampling location used in the survey reported here.

CHARACTERISTICS OF PRESENT FIELD CONTROL PROCEDURES
Effects of Resampling

The accepted practice of only resampling and retesting at locations whichfail to meet
specifications increases the probability of obtaining a test result within specification
limits. This effect may be explained by a hypothetical example as shown in Figure 21,
For simplification, it will be assumed that the decision to pass or require additional
work will be based on one test result, and further that the distribution of percent com-
paction of the particular 1ift being considered is such that 40 percent of all possible test
results would be above the minimum specification limit, Thus, the probability of one
test result falling below the specification limit is 60 percent.

If the test result falls below the specification limit, some action, such as rerolling,
may be taken after which another test is made. Assuming that the additional work has
altered the distribution of percent compaction of the lift to the extent that 50 percent of
all possible test results would be above the specification limit, a retest would now have
a 50 percent chance of passing.

The total probability of accepting this fill based on this sampling and reworking pro-
cedure must be obtained from the probabilities of both the first and secondtests. There-
fore, in this example, the total probability of the second test result passing is 70 per-
cent (Fig, 21),

The example is very similar tothe usual procedure inactual practice. If theinitialtest
result is only slightly below the lower limit, a checktestis sometimes made, If it is con-
siderably below the lower limit, the contractor would be asked to perform some addi-
tional work. Even with additional rolling the soil density may be altered only to a
limited extent and the resampling procedure is still affecting the probability of the lift
passing.

Compaction control differs sharply from
the control of those items that can be

FIRST DISTRIBUTION INITIAL TEST
BELOW 90%|ABOVE 90%
PROBABILITY
60 40
FAIL PASS
REROLLED DISTRIBUTION
REROLL
THE AREA
50% P 50%
N
RETEST

BELOW 90%|ABOVE 90%

PROBABILITY

.50 .50
FAIL PASS

OVERALL  PROBABILITY
PASSING .40+ (60 x .50)=.40+.30=.70
FAILING .60x.50+=.30

Figure 21. Probability of acceptance considering
resampling.

sampled, evaluated, and then accepted or
rejected, The construction of an embank-
ment is often a process of working, sam-
pling, and reworking. Complete rejection
occurs only when the material is removed
from one or more lifts within a fill, In
such instances, the state of compaction is
rejected instead of the soil, which may be
recompacted under more favorable
conditions.

The effect of resampling may be con-
sidered in conjunction with the question of
how much reworking is required before a
new universe is prepared from which a
new sample may be drawn. When a lift is
rerolled, a new universe is not created;
the present universe is merely altered.
Although the alteration may be very small,
it is nearly always an improvement, In a
situation requiring rerolling, the effect of
resampling is still present. Herelies one
of the problems in present methods of
field compaction control, This also ex-
plains the discrepancy between field con-
trol records and accurate statistical esti-
mates of the state of compaction. There
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Figure 24, Relative compaction, Project 1, second
retest.

appears to be no practical way of limiting
the number of times an area may be re-
rolled and resampled.

The effect of resampling may be illus-
trated further by considering the data ob-
tained from this study. Only Project 1
will be considered since this amply makes
the point. Since two maximum density de-
terminations were made for each of the
two in-place density determinations per
sampling location (Fig. 1), four individual
percent-compaction values were obtained
for each location,

To represent a field control procedure,
one of the four determinations was ran-
domly selected from each location. These
values were plotted as a frequency histo-
gram (Fig. 22). Those locations having
percent compaction values less than 90
were then retested. The retesting proce-
dure consisted of eliminating the previously
selected failing values, and randomly
choosing another value from the remaining
three at that location. These new values
were combined with the passing values of
the initial selection and plotted asfrequency
histograms (Fig. 23). The procedure was
repeated until the fourth value was used
for those locations still yielding values of
less than 90 percent (Fig. 24).

The initial selection or test resulted
in 8 percent of the results being less than
90 percent compacticn. This value was
reduced to 4 percent by the first retest
and to 2 percent by the second retest, The
third retest, utilizing the fourth value per
location, produced no further reduction in
percent failing, In fact the third retest
for Project 1 resultedinahistogram iden-
tical to that of the second retest. The re-
sults of these procedures for Project 3
are shown in Figures 25 through 28,

Project Control Data

Job control records for the three proj-
ects were reviewed and compared to the
statistical study data to determine the ef-
fects of representing the universe by dif-
ferent sets of data obtained under different
field conditions. The universe, in this
case, is the state of embankment compac-
tion. The different field conditions pro-
ducing three sets of data include (a) the

initial job control tests, which were all the first control tests whether acceptable or
not; (b) the final control tests, which include all acceptable initial control tests and the
last test of each series of retests made after additional rolling; and (c) the random
survey data, which were obtained after the work was accepted by the resident engineer.
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TABLE 5

PERCENTAGE OF TEST VALUES BELOW
90 PERCENT RELATIVE COMPACTION

Project
Tests
1 2 3
Initial project control  23.8 17.6 25.2
Final project control? 1.2 2.4 1.0
Randomly located 8.5 43.0 23.9

9Final control tests are the last retests or the initial tests if
no rerolling was required.

The differences in field conditions were
primarily those with regard to rolling.
For example, random survey tests were
performed subsequent to all rolling opera-
tions. However, the final job control tests
were not performed at randomly selected
locations and the results include the effects
of resampling. Initial job control tests
were performed after a certain amount of
rolling appeared to be sufficient, based on
the judgment of the engineer and the con-
tractor. Thus, the random survey data
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TABLE 6
COMPARISON OF STATISTICAL STUDY TO INITIAL PROJECT CONTROL TESTS

Project
Item 1 2 8
Stat, Initial Stat. Initial Stat. Initial
Study Control Study Control Study Control
No. of tests 200 164 200 125 176 103
Average 92.86 92.30 90.54 93.10 93.64 92.11

Standard deviation 2.44 3.87 3.09 4.37 5.52 3.98

and the final job control data have the advantage of more rolling than the initial job con-
trol data. The final control data further have the advantage of including the effects of
resampling.

The distribution curves representing the universe under the three different condi-
tions are shown in Figures 29 through 31. These figures show that the largest average
for all three projects is obtained from the final job control tests, This would be ex-
pected, based on the conditions previously stated. The curves for this set of data for
all three projects are skewed to the right; i.e., the left side is relatively steep while
the right side tails off. This characteristic is the result of rerolling and resampling
which, in this case, eliminates extremely low values. Due to the elimination, or re-
duction in prominence, of the left tail of the curve and the accompanying increase in
average, the total percentage of the universe less than the minimum specificationlimit
is extremely small (Table 5).

The average of the random survey data would be expected to be greater than that for
the initial control test data as may be seen in Projects 1 and 3. The reverse is shown
in Figure 30 for Project 2, The relative positions of the initial-control-tests curve and
random survey curve for Project 2 are believed to be the exception rather than the rule.
For all three projects, these two curves are generally very similar in appearance con-
sidering the different conditions reflected by the two sets of data, Comparison of nu-
merical values may be made by referring to Table 6.

Based on the data shown in Figures 29 through 31, the following comments regarding
the effects of representing the universe by the three different sets of data may be made.
The final job control data tend to produce an average greater than the true average, as-
suming that the true average is closely represented by the random survey. The skewed
distribution of the final control data results in a misrepresentation of the dispersion of
the true universe. For the projects included in this study, the random survey data dis-
tributions are believed to closely approximate the true distributions.

As explained in the preceding section, much of the bias in the control test results is
due to the practice of resampling. Bias may also be introduced by the long-established
practice of selecting samples by nonrandom methods. The control test samples may be
selected from only those areas appearing to the sampler to be well compacted or only
those areas which do not appear to be well compacted. In any case, it is well estab-
lished that nonrandom sampling tends to introduce bias (5, 6).

COMPACTION SPECIFICATIONS
The Present Specification Problem

This study illustrates the need for improving present procedures for evaluating em-
bankment compaction. Although current field control procedures may produce results
that appear to be compatible with present specifications, the random survey of this
study on each project revealed a percentage below the specification requirement. This
discrepancy between field control data and statistical estimates has been more of a
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conc O non-engineering people interested in highway construction than it has to the
highway engineer. Even though this difference has not always been measured, the
engineer has always been aware of it and considered it within the realm of engineering
judgment,

The problem then is that extensive testing of fills reveals that complete statistical
compliance with present specifications cannot be achieved because no provision is made
for less than 100 percent compliance, Therefore, if future specification requirements
are to be enforced to 100 percent compliance, a new embankment compaction specifica-
tion will be necessary. It should be one that will continue to assure that the present
desirable quality level will be maintained, but with which compliance can be achieved
using present acceptable construction procedures.

A A A A Anginacming vas Ta diatnmnneodbad
AL C LIl U

Review of Statistical Specifications

The California Division of Highways has reviewed two general types of specifications
which may be adapted to a variety of materials or processes. They are: (a) the type
presented by the Bureau of Public Roads and in further detail in Miller-Warden Asso-
ciates Technical Report No, 201 (6); and (b) the type presented in the AASHO Road Test
Report No. 2 (1) and in further detail in Military Standard 414, "'Sampling Procedures
and Tables for Inspection by Variables for Percent Defective."

From our review, it appears that the theoretical statistical specifications for on-
the-job processing of manufactured materials may lead to higher testing costs with no
guarantee of increased quality. Significant changes in the testing and inspection proce-
dures could of course change this situation. From the work done by Weber, it appears
that an adoption of the area concept method, similar to that which was employed for the
construction control of the actual road test, may be economically feasible providing
nuclear testing equipment can be employed (13).

A major portion of highway embankments are made from material taken from the
cut areas, Since this is state-owned material, it is generally only possible to accept
or reject the compaction work done by the contractor., This means that resampling and
rerolling must be considered an accepted part of the construction process, Because
neither method mentioned above has a procedure for acceptance after reworking and
resampling, they would require considerable alteration before they could be success-
fully used in embankment control. Since quality will change with each reworking, there
probably should be no limit on the number of times an area may be reworked and
resampled.

Forms for New Specifications

The U.S. Bureau of Public Roads has provided the state with a five-point guide for
statistical specifications (15):

1, A statement as to the desired average value of significant characteristics.

2, A definite acceptance criteria, These criteria will consist of numerical upper
and/or lower limits for significant characteristics.

3. A definite number of random samples upon which the decision for acceptance or
rejection will be based. The number of samples will be determined by the confidence
level required, relative to material outside the tolerances.

4, A statement as to the location or point in the process where acceptance samples
will be taken, and the method of sampling and testing.

5. A statement as to what action will be taken if acceptance limits are not met.

While this form provides adequate framework for a specification, it was intended to
be of a general nature. When considering compaction control specifically, it is the
opinion of these researchers after reviewing the data from this study and existing sta-
tistical specifications that the above outline should be modified to read as follows:

1. A statement as to the desired average value of relative compaction. (In the case
of uniform material, this average should be based on some prior knowledge of the type
of soil to be placed in the embankment. When dealing with extremely heterogenous
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materials, it may be necessary to make day-by-day adjustments in the specified
average.)

2. A definite acceptance criteria which consists of a numerical lower limit for rel-
ative compaction, (This lower limit should be established with the prior knowledge of
the type of soil to be placed in the embankment.,)

3. A statement defining the maximum and minimum size of the compacted area
which may be considered as one lot for acceptance testing. (Present thinking is that
this should be a field engineering decision as the areas can vary from a few square feet
for the structure backfill to wide expanses of fill area.)

4, A definite number of random samples on which to base the decision to accept or
reject the state of compaction. (Areas should be defined before tests are made.)

5. A statement as to the point in the compaction process where acceptance sampling
is to be done and the exact method of sampling and testing.

6. A statement as to what action will be taken if acceptance limits are not met.

7. A statement defining a procedure for resampling of reworked areas. (This pro-
cedure should compensate for the resampling effect. It is not deemed practical to limit
the number of times that an area may be resampled; therefore, some sequential sam-
pling procedure should be considered.)

Since all present compaction measuring methods are subject to wide variation and
interpretation when applied to various materials, the incorporation of theoretically cor-
rect statistical criteria, such as those listed above, probably cannot be economically
justified.

California Division of Highways is presently gaining experience with a compaction
control specification entitled '""Method of Testing for Relative Compaction of Soils by
Nuclear Method." This specification, Test Method No. Calif. T231-B, though not a
true statistical specification, does incorporate one item whi:h is found in most statis-
tical specifications. Namely, it specifies that multiple testicg shall be done in each
area and that acceptance of the area shall be judged on the average of six or more test
results, This specification is presently being used on 11 erabankment construction
projects on an experimental basis. The results of this study at this time look very
promising. However, it will be approximately a year before the final evaluation can be
made,

CONCLUSIONS

1. The results of this study indicate that it would be extremely difficult to prepare
an embankment compaction specification based fully on statistical consideration, This
is not surprising since most statistical specifications are intended to aid in making a
decision to accept or reject material. In embankment construction, the engineer does
not reject the embankment material after it has been judged satisfactory for the intended
purpose. He accepts or rejects the state of compaction and, in this case, rejection
usually means that the contractor must do additional work on the same material.

2. The variation in the statistical distribution of relative compaction values may be
quite large depending on the moisture control, uniformity of compacting effort, the
variation in the soils, the susceptibility of the soils to this compaction effort, andother
differences. Any statistical specification must take into consideration these potential
variations from project to project, particularly the variation in the soils.

3. Finished earthwork on the projects surveyed has been judged satisfactory by
present engineering standards and is consistent with present specifications, based on
field control requirements which include the effort of resampling. However, based on
results from randomly selected samples for this survey, the earthwork quality is in-
consistent with a strict 100 percent compliance interpretation of the present specifica-
tions. This leads to the conclusion that a revision of present specification require-
ments is necessary if statistical quality control methods are to be used to enforce con-
struction standards.

4. Results of this study indicate that the adoption of purely statistical specifications
for compaction using present testing methods (AASHO T180-C and T181-C or Calif.
216) would require an increase in the amount of testing now performed in California.
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However, other research work in progress indicates that by the use of a rapid method
of testing, such as nuclear testing equipment, it is practical to use statistical specifi-
tions (13).

5. ‘Aprocedure which allows retesting only of locations having unsatisfactory compac-
tion test results, regardless of whether additional work is performed prior to the re-
testing, increases the risk of accepting unsatisfactory work.

6. The accuracy of the present control test procedure, California Test Method
216-F, is sufficient to measure significant variations inthe percent relative compaction.

7. The distribution of relative compaction values obtained from this survey is be-
lieved to be indicative of the range of compaction currently being accepted. For very
uniform, non-variable soil, the result of two adjacent relative compaction determina-
tions can be expected to agree within 3 percent relative compaction 95 percent of the
time. For highly variable heterogeneous soil mixtures, the results of two adjacent rel-
ative compaction determinations can be expected to agree within 7 percent 95 percent of
the time.

8. Depending on specific conditions, a contractor must plan to average 93+ percent
relative compaction in order to have substantial compliance with the present specifica-
tion of "not less than 90 percent by the California Test Method 216."
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Appendix

TYPICAL EXAMPLE OF RANDOM SAMPLING FROM AN AREA

A portion of a section of roadway which is 30,000 ft long and 26 ft wide is about
ready for the cement-treated base, The inspector has been asked to randomly draw 50
samples in duplicate from the section in order to survey the percent of cement in the
base material,

Using the attached table of random numbers, Table A-1, the sampler chooses 50
locations in the following manner. Starting at any point on the table and proceeding up
or down, but not skipping any numbers, he reads 50 pairs of numbers. In Column 4,
reading down, he finds .732, .721; .153, .508; and so on to the fiftieth pair, .698,
.539, which is found about midway down in Column 5.

The first, or A, decimal in each pair is multiplied by the length, 30,000 ft, and the
second, or B, decimal is multiplied by the width, 26 ft. Each pair of products estab-
lishes a coordinate location in a grid system for taking duplicate samples (See Table
A-2).

The sampler then plots the 50 locations (Fig. A-1), and numbers them in the order
in which the samples will be taken, Should two locations fall so close together that
they both could not be sampled properly, the second one is discarded. Returning to the
table of numbers, the next, or fifty-first, pair of random numbers is substituted.

Figure A-2 shows how the samples are numbered for identification. Each duplicate
sample will be split into two equal portions before being tested.
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TABLE

RANDOM NUMBERS

K]
Y o Sl |

3
A B A B A B A B A B
.576  .730 430 754 .271  .870 .732 .72] .998  .239
.892  .948 .858 .025 .935 L 114 .153  .508 L749 L 29]
669  .726 ,501  .402 .231  .505 .009 420 .517  .858
.609  .L482 .809 . 140 .396  .025 .937  .310 .253  .761
.971  .824 .902  .470 .997 .392 ,892  .957 L6L0 . L463
.053  .899 .554 627 .L27  .760 470 040 .904  ,993
.810 .159 .225  ,163 .549  .405 .285  .542 .231  .919
. 081 S277 .035 ,039 .860 .507 .081  .538 .986 .50t
.982 468 L334 ,921 ,690  .806 .879 L4 .106 . 031
.095 801 .576 417 .251 884 .522  .235 .398 .222
.509  .025 .794%  .850 .917  .887 751 .608 .698  .683
371 .059 L1164  .838 .289  .169 .569  .977 .796  .996
. 165 . 996 .356 .375 LE5L + 979 .815 .592 .348 L743
477 535 .137 155 .767 1187 .579  .787 .358  .595
.788  .101 434 638 ,021  .894 .324 . 871 .698  .539
.566 .815 .622 .548 . 947 . 169 .817 472 . 864 .Leb
.901 .342 .873  .964 .942  ,985 .123  .086 .335 212
470,682 412 06h .150 . 962 .925  .355 .909 .019
.068  .242 .667  .356 .195  .313 .396  .L60 740 247
.874 420 127,284 448 215 .833  .652 ,601  ,326
.897 .877 .209 .862 428 L1017 .100  .259 25284
.875  .969 .109 . 843 .759  .239 .890 .317 428,802
. 190 .696 .757 .283 .666 491 «523 .665 .919 . 146
L34 .688 .587 .908 . 865 =333 .928 Lok .892 .696
. 846 355 .831 .218 .945 . 364 .673 .305 ] .887
.882 227 .552  .077 sy 731 L716 265 .058  .075
.LeL 658 .629  .269 .069  .998 917 .217 .220  .659
.123 .791 .503  .L47 .659  .L63 .994  .307 .631  .h22
L1160 120 L7210 137 L2633 .176 .798  .879 432 L0391
.836  .206 .914 574 .870 .390 .lok 755 .082  ,939
636  .195 614 486 .629  ,663 .619 . 007 .296 456
.630  .673 .665  .666 .399 .592 Jhh L 6b49 2700 612
.80k .112 L3310 .606 .551  .928 ,830 .84] .602  .183
.360  .193 .181  .399 .564 772 .890 .062 .919  .875%
,183  .651 .157  .150 .800 .875 .205 L4 .648  .685
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TABLE A-2
COMPUTATION OF RANDOM SAMPLE LOCATION COORDINATES

Coordinate Along Coordinate Transverse to
Roadway Centerline Roadway Centerline
Column A Column B Column C Column D Distance Form
Random Numbers Station to Order of Left Edge of
Be Sampled Sampling Random Numbers Roadway
(Top Col.4A Down) (Col.A x 30,000ft.) (Top Col.4B Down) (Col.D x 26ft.)
.732 219+60 30 +721 19
.153 45+90 7 .508 13
.009 2+70 1 420 11
.937 281+10 47 .310 8
.892 267+60 42 «957 25
470 141400 18 .040 1
.285 85+50 11 542 14
.081 24+30 2 .538 14
.879 263+70 39 414 1l
.522 156+60 20 235 6
.751 225+30 32 .608 16
569 170+70 22 977 25
.815 244450 35 «592 15
+579 173+70 23 . 787 20
324 97+20 12 .871 23
.817 245+10 36 472 12
.123 36+90 6 .086 2
.925 277450 45 .355 9
.396 118+80 15 460 12
.833 249490 38 .652 17
.100 30+00 3 .259 7
.890 267400 40 .317 8
.523 156+90 21 .665 17
.928 278+40 46 404 10
.673 201490 26 .305 8
.716 214480 29 .265 7
2 L7 275+10 44 =217 6
. 994 298+20 49 .307 8
.798 239+40 34 .879 23
.104 31420 4 =159 20
.619 185+70 24 .007 0
441 132+30 17 .649 17
.830 249+00 37 .841 22
.890 267+00 41 .062 2
.205 61+50 8 446 12
(Column 5A) (Column 5B)

.99 299+40 50 .239 6
L 749 224470 31 .291 8
<517 155+10 19 .858 22
.253 75+90 10 .761 20
.640 192+00 25 463 12
.904 271420 43 .003 26
v231 69+30 9 .919 24
.986 295+80 48 .501 13
.106 31480 5 .031 1
.398 119+40 16 2232 6
.698 209+40 27 .683 18
.796 238+80 33 .996 26
.348 104+40 13 .743 19
.358 107+40 14 .595 16

.698 209+40 28 x339 14
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SEE BREAKDOWN THIS AREA

(FIGURE a-2)
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Figure A-1. Typical random sampling from area.
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A Critical Review of the Density Testing
Program in Washington

H. W, HUMPHRES and J. W. JASPER
Respectively, Assistant Director for Construction, and Construction Engineer—
Grading, Washington State Department of Highways, Olympia

In recent years, Washington has used "end product' specifications
for compaction of cmbankments and has carricd out cxtensive
training programs regarding control of compaction and density
testing, To review the adequacy of the testing program and to
determine the effectiveness of the training programs, a study of
density requirements and results was initiated in 1963 and continued
in 1964, requiring the review of over 23,000 field density tests,

A computer program based on statistical review of data was
utilized to compute and plot curves which assisted in studying and
evaluating the testing results for each project and district. A uni-
formity index was developedandused as a guide for comparing test
results and determining what progress had been obtained in the
testing program,

The paper describes the improvement throughout the state in
density testing and control and summarizes the advantages of the
bias testing program over other prepared procedures,

*EVER since the concept was first developed that the strength and stability of earth
embankments could be improved by controlling densification through compaction and
moisture control, the State of Washington has attempted to utilize this knowledge in
highway construction. Early efforts were in the direction of developing construction
methods and procedures that would yield adequate results as determined by controlled
experiments and tests., This approach proved quite satisfactory until road-building
equipment and techniques underwent radical change during and after World War II.

It was soon recognized that specifications based on methods and procedures could
not take advantage of economies resulting from the development of new equipment and
techniques. In 1952, the Department of Highways started a series of research projects
directed at developing compaction control tests and equipment which would permit con~
trol of compaction in the field on an "end product" basis. This led to the development
of the Washington Densometer, which is a rapid and accurate water-ballon test for de-
termining densities in the field (1), and companion rapid methods for determining the
maximum density required, such as a refined one-point Proctor method, and the Wash-
ington Method for Determination of Maximum Density for Granular Materials (2).

In 1957, Washington adopted end product specifications for embankments and in 1963
extended this concept to granular surfacing materials. Simply stated, embankments
must be built in layers and in accordance with one of three specification methods des-
ignated as Method A, Method B, or Method C. All three methods require lift construec-
tion, uniform compaction throughout the embankment width and depth, control of mois-
ture content to not more than 3 percent above optimum, and the addition of moisture
should it be necessary for proper compaction, The difference between the three meth-
ods lies in the thickness of lifts specified, the degree and control of compaction re-
quired, and the degree of control of moisture below optimum. The use of suitable

Paper sponsored by Committee on Compaction and presented at the 46th Annual Meeting.
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compaction units is required for Methods B and C, although routing of hauling units may
be used to obtain partial compaction.

Method A normally is not specified for state highway work, but may be applied on
county or city projects or on certain secondary state highway projects. Embankment
lifts up to 2 ft in thickness may be placed, and compaction is achieved by routing the
hauling equipment over the entire width of the embankment. It must be determined by
inspection that the routing schedule is such that all parts of the fill receive approxi-
mately the same amount of compactive effort, including the outer edges of the fill. Dry-
ing of soil or addition of moisture may be required if necessary.

Method B is used on all state highway projects, except where other methods are
specified. This method requires that the embankment be constructed in lifts not ex-
ceeding 8 in. in loose thickness, but lifts in the upper 2 ft should not exceed 4 in. in
loose thickness. Ninety percent of maximum density, as determined by ASTM D 698 for
fine soils or the Washington Test for granular soils, is required throughout the em-
bankment; however, 95 percent of maximum density is required in the upper 2 ft. Con-
trol density tests must be performed to verify compliance with specifications. The
contractor is required to dry soil or add moisture as necessary to insure proper, uni-
form compaction. The selection of compaction equipment or methods is the responsi-
bility of the contractor; however, the use of any method or equipment which does not
achieve the required density within a reasonable time may be ordered discontinued.

Method C is required when it is considered essential to the structural quality of the
embankment that the entire fill be compacted to a high density, and where the expansive
characteristics of the soil dictate a need for a minimum amount of moisture at the time
of placement to avoid damaging differential swell after construction. This method dif-
fers from Method B in that the entire embankment must be compacted to 95 percent of
maximum density, and a limit is specified for minimum moisture content in addition to
the maximum. In all other respects the 2 methods are the same, and each requires a
high standard of compaction control,

TRAINING PROGRAMS

Prior to 1957, the number of projects requiring Method C compaction and density
control tests was relatively small; however, a limited number of personnel had been
trained and were utilizing the Washington Densometer on construction projects, After
1957, with the adoption of end product specifications for all embankment construction,
it became necessary to train more personnel for inspection and testing of embankment
compaction. This was accomplished by placing instructions in the Construction Manual
and in yearly training sessions conducted by the headquarters Construction and Mate-
rials Divisions. Because of the large increase in the number and size of contracts
being constructed, and the increase in the rate of embankment construction brought
about by newer equipment and critical scheduling, it soon became necessary to extend
the training program to reach even more employees., Theyearly construction seminars
emphasized’the necessity of obtaining uniformity in inspection and compaction of em-
bankments on all projects and explained current problem areas.

_ In addition, all districts were required to assign an experienced person on a per-
manent basis as a progress sampler to provide independent checks on the quality of all
materials going into the work, and to further provide on-the-job assistance and guid-
ance to field inspectors on proper sampling and testing techniques. The progress
sampler works with field personnel and has been of considerable value where circum-
stances require that inspectors with minimum experience and training must be used.

Another program was initiated early in 1964 wherein a team of 7 experienced em-
ployees under the supervision of the construction and materials engineers conducted an
inspector training program throughout the state, covering all phases of field inspection.
This program involved 5 days of instructions, with one full day devoted to the duties of
an inspector on a grading project. The other 4 days included lectures and demonstra-
tions of inspection and sampling procedures for various contract items requiring con-
trol sampling, testing and inspection. One session was held in each district, with two
sessions being given in the two larger districts. Over 400 state employees attended
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these sessions. In addition, one session was conducted in Eastern Washington and one
in Western Washington for the benefit of the county and city employees. Over 100
county and city employees attended these two sessions.

During the winter of 1965-66, a similar but briefer program was conducted in each
district. A list of the items to be covered was sent out by headquarters to the district
engineers and the training program was conducted by construction and materials per-
sonnel from each district. During these training sessions, inspectors were instructed
in the background philosophy of compaction control, the purpose andimportance of prop-
er and adequate testing, and the need for uniform inspection and specification enforce-
ment, as well as being given technical training inthe control test procedures themselves.

To make a record of tests performed, and to keep the project engineer and others
informed as to compaction results, tests and other pertinent data were reported on the
Daily Compaction Test Report (Fig. 1). This report provided a basis for evaluating
the efficiency of the testing program and revealed areas of training that needed em-
phasis. For example, during the early stages of its use, retesting of failed areas
after correction was seldom being performed. As a result, instructions have been
refined and the situation has improved.

Although all concerned have been pleased with the improvement in quality of inspec-
tion and control resulting from the intensified training, a need has been felt for some
means of measuring the degree of improvement realized. Concepts concerning the ad-
equacy of biased sampling and testing have been set forth by proponents of the statis-
tical approach to process control and product acceptance. To furnish answers to these
questions, a study of density requirements and results was initiated in 1963 and con-
tinued in 1964, in which all density tests taken on all projects completed during these
two years were reviewed. For the 2-yr period 22, 300 tests were reported, of which
over 7,600 covered Method B compaction.

To clarify factors influencing the data used in these studies, the following inspection
criteria are descriptive of the controlling conditions expected.

1. At least one density test should be made for each 2500 cubic yards of embank-
ment placed, Where variable soils occur, more frequent testing should be done. A
higher frequency may be necessary in the early stages of construction.

2., Testing should be performed primarily in those areas that appear questionable,
with periodic tests being performed in obviously well-compactedareasfor confirmation.

3. Maintain a record of compactive effort being applied so that a suitable procedure
for compaction can be developed early in the contract.

4, Obtain a standard density curve (ASTM D 698) for each major soil type on the
project. Keep a jar sample for quick reference in the field to insure applying the prop-
er standard to the soil being tested.

5. Where soils are being mixed, or where a new soil type is encountered, perform
ASTM D 698 on the soil.

6. Report all tests,

7. When test indicates failure to meet specifications, prescribe corrective action
and, after the contractor has corrected the area, retest. (Exception: if the original
test was within 1 percent of required minimum, retestafter correctionisnotrequired.)

From the information listed in the compaction reports, a computer program was
established which gave the standard deviation, computation and plots of test results for
each contract, and summarized these results for each district and for the entire state.
Only the results for Method B compaction are included in this report. Figure 2 shows
an example of the computer listing, summarizing the compaction results for District 1
during 1963. The left column shows the percent of maximum density and the right
column shows the frequency of tests for the corresponding density; the adjacent column
lists the percent of the total tests for each corresponding frequency. The listings also
show the total number of tests, the mean density and standard deviation. The com-
puter program also gave for each project the cumulative percentage of tests for the
respective density, and a plot of the ogive curve for the accumulative percentages
(Fig. 2-A). For density tests falling below specifications and when the area received
additional compaction and was satisfactorily retested, only the results of the retests
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were included in the input data for the computer run. Therefore, the failing tests shown
below 90 percent in Figure 2 are those tests for which corrective action was normally
indicated, but due to conditions in the field retests were not performed, or if performed
were not recorded as a retest,

The number of tests below specification requirements was very small, and on a
statewide basis amounted to only 4.0 percent of the total tests for Method B compaction
in 1963 and 2,3 percent in 1964, The number of retests performed was approximately
5 percent of the total tests taken, Figure 2 shows 4.26 percent of the tests falling be-
low specifications. In most cases, this is representative of the condition of the em-
bankment at the time tests were taken., Most reports indicate that corrective measures
subsequently were employed without retesting, as 65.74 percent of the tests fell within
the limits of one standard deviation. This indicates the uniformity of compaction and
test procedures. District 1 had the lowest percentage of tests within this range. The
sharp rise between 89 percent and 90 pcrcent compaction indicates that the inspectlors
as a whole were maintaining a rigid control of the work. It appears that tests were
taken often enough so that the inspector knew when the specifications were being met.
The range of the greatest number of tests (approximately 84 percent) lies between 90
and 100 percent compaction.

About 10 percent of the tests lie above 100 percent compaction. It is possible and
feasible to get a density higher than 100 percent by applying more compactive effort at
a lower moisture content, Within haul roads and turning areas, compaction is likely to
exceed the average density for the embankment and may very well exceed 105 percent
in some instances. Out of 39 projects tabulated, 10 projects reported tests higher than
105 percent maximum density, whereas 10 projects did not have any tests over 100 per-
cent. Over half the inspectors on the 39 projects reported densities up to 105 percent,
We consider that densities up to 105 percent are valid. They represent 8.5 percent of
all tests taken for the 39 projects studied. About 1.5 percent of the teststakenonthese
projects show densities higher than 105 percent. Although some of these may be valid,
it is more likely these are the result of an inspector's error developing from misappli-
cation of the standard density curve.

Table 1 was prepared from the computer listings and gives (for Method B compaction)
the comparison of test results for 1963 and 1964, A study of the standard deviation
curves and Table 1 shows that with a required density of 90 percent, the curve distri-
bution is on the higher side. Discarding the failing tests and utilization of the retests
may account for a portion of this; however, subtracting one standard deviation from the

TABLE 1

COMPARISON OF DENSITY TEST RESULTS FOR 1963 AND 1964
(Method B Compaction)

. ' Mean Density Std. Deviation ’é‘tzsit%;?f:h&l) TOtgfl ,Il\‘lélsntlsber
District o
L#63. - Jae 1963 ligied 1963 1964 1963 1964
State 95.75 95.77 4,34 3.217 71.04 68,44 3798 3881
1 95.60 95.68  4.25 4.18 65.74  67.57 2697 2692
2 97.93 99.16  5.90 5.45 65.83  67.80 125 59
3 95.71 97.25  4.14 4.93 73.90  66.02 249 412
4 96.13 94.67  4.21 3.53 68.44  63.22 215 87
5 96.13 93.92  4.50 4.02 74.73  71.80 182 39
6 4.34 3.24 69.40  173.81 330 592

95.75 95.11
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mean density still gives a figure above the specified density in all cases except Dis-
trict 5. It was reported that during 1964, District 5 had only four contracts requiring
a minor amount of earthwork with Method B compaction. Most of the earthwork in this
District is solid rock for which density tests are not taken. On the four projects in-
volving earth embankments, only 39 density tests were taken of which four failed and
corrective action was taken without retesting.

From our own experience and observation and from HRB Bulletin 270, we know that
the number of roller passes required to increase the density of the soil from 90 percent
to 95 percent is small compared to the number of passes required to increase the den-
sity from 95 percent to 100 percent. Normally, Method B compaction test results are
well above the 90 percent minimum requirement; however, we are concerned with the
high mean densities, especially where the high mean is caused by extremely high den-
sities brought about by excessive rolling. This is an unnecessary expense which is
ultimately reflected in high bid prices. In Washington, embankment compaction is paid
for by the cubic yard.

A great spread on density results may be caused by many factors, such as existing
materials, weather conditions, moisture, compaction effort by the contractor, addi-
tional compaction from hauling equipment and misapplication of density standards. Our
goal is to achieve uniformity in density testing and enforcement of requirements which
should result in reducing extremely low and extremely high density tests. We further
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assume that improvement would be shown by a decrease in the mean density to a few
percent above minimum requirements, a decrease in the standard deviation, and an
increase in the percent of tests within one standard deviation,

It is possible to use each of these factors for comparing improvement on a project
or district basis; however, since each factor is influenced by the others, overall com-
parisons are more difficult.

For example, on a statewide basis in 1964 the mean density stayed about the same,
the standard deviation decreased, but so did the percent of tests within the standard
deviation (Table 1). From our review, we know that overall improvement did occur,
but the data do not clearly indicate this. In District 2 for 1964, the standard deviation
decreased, but the percent within the standard deviation increased as did the mean den-
sity from the high mean of 1963. If the mean density had not increased, we could def-
initely say that District 2 improved during 1964, Here again, there are too many
variables to contend with, After study, it became apparent some factor other thanthose
indicated would be needed for overall comparison.

On the basis that improvement should be shown by more adequate retesting (which
would result in less failing tests being used in the final accumulated data) and fewer
densities above 105 percent (which would indicate less misapplication of density stand-
ards and less wasted compactive effort), it was concluded that uniformity of test results
would be an appropriate indicator for comparison.

1001

95

90

INDE X

80

UNIFORMITY

70

68

STATE | 2 3 4 5 6 7
DISTRICTS

Figure 4. Plot of the uniformity index for all districts for 1963 and 1964.
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89 From the computer results, the ogive
90 curves were studied and it was noted that
the percent of tests falling within specified
limits were readily available and could be
used for comparison purposes. From the
test data for Method B compaction, it was
determined that the lower limit for com-
parison purposes should be the specified
requirement of 90 percent density and the
upper limit of 105 percent density. A new
term called "uniformity index" was coined
1 which, for Method B compaction, is the
percent of the number of tests falling with-
in densities of 90 percent to 105 percent.
The difference in the uniformity index
1.7% tests below 90 from 1963 to 1964 (Fig. 3) represents an
:,—_J 1.7% tests above 105 increase of 1,76 percent of the tests fall-
96.6% tests range 90 t0 105 ing within the selected limits. This indi-
0 1 2 3 4 5 6 7 cates a very definite improvement.

Number of tests each %Density The uniformity index of each district
and statewide for 1963 and 1964 is shown
in Figure 4. Improvement is noted in all
districts except District 5. As previously
noted (Table 1), District 5 had a small
number of tests in 1964, with a high per-
cent of failing tests on a minor quantity of
embankment. Figure 4 shows where improvement has been the greatest and where
additional training is needed.

District 2 shows radical improvement from 1963 to 1964. A review of individual
test reports for District 2 shows that the low uniformity index for 1963 is the result of
a large number of low tests and extremely high tests. This also accounts for their high
mean density and standard deviation given in Table 1 for 1963. The greater emphasis
on the use of proper standards is largely responsible for the improvement.

As previously mentioned, the instructions require that a sample of the soil be re-
tained in a sealed jar and identified with the corresponding maximum density curve
(ASTM D 698) for each type of soil on the project. This is necessary in order that the
proper maximum density curve be used with the corresponding field density test to cal-
culate the percent of maximum density. If the wrong standard curve is used for agiven
field density test, either high or low results may be indicated and the test has no real
value. Present instructions require that the standard density curve be prepared either
by the district or the headquarters Materials Laboratory on preliminary samples, and
be identified for each project with a standard curve number. Supplemental tests are
made in the field as necessary. In some cases where visual identification is difficult,
a one-point Proctor test is run for each density test. Based on our review, it appears
that misapplication of standard curves is one of the major problems in the density test-
ing program; additional emphasis will be directed toward improving this condition in
the future, Figure 5 shows an apparent misapplication of standard curves where two
high peaks developed within a reasonable range of densities. Between 89 percent and
100 percent density, a peak occurs at 92 percent; between 100 percent and 196 percent
density, a peak occurs at 101 percent. The double peak indicates that the inspector
probably used the wrong standard density curve on some tests. There are other factors
which could have caused this, such as variability in moisture and compactive effort;
however, they would not tend to create two distinct peaks.

(]
COWDM~NOOHON

o

;

Percent of Maximum Density

o
O p N —

Figure 5. Apparent misapplication of maximum
density curves.

SUMMARY

Although studies presented here cover only a 2-yr period, which is admittedly not
long enough to form definite conclusions, it is considered that the results warrant
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extension of the study program on a continuing basis. Consequently, the Office for
Construction plans to continue making similar annual studies and to use the uniformity
index as a guide to planning inspector training programs and evaluating the effective-
ness of the density control program.

The emphasis being placed on good density control procedures and the realization on
the part of inspectors that their work is being used, reviewed, and evaluated has created
a pride in work and a recognition of importance that did not always exist before. The
response to the training program has indicated the need to utilize the intelligence and
individual abilities of inspectors and to foster this utilization by delegating responsibil-
ity as well as accountability, Without exception, where inspectors are not cognizant of
the importance of their work, quality is low.

We have tentatively concluded that the present density control program is adequate
and offers several advantages over other prepared procedures for the followingreasons:

1. The frequency of testing appears adequate to give full assurance that specifica-
tions are being complied with when applied in accordance with present instructions;i.e,,
testing is concentrated on suspect areas as are revealed by reaction to hauling units
and compactors.

2. The procedure results in early detection of non-specification work which permits
correction immediately, thus avoiding costly waste and delays.

3. The amount of testing required and the speed with which individual tests can be
made (20-30 min) causes little or no delay to production, and the contractor can pro-
ceed with reasonable confidence that he has either met specifications or has corrected
deficient areas as they occur, thus avoiding the possibility of major rejections or
reconstruction,

4, Early in the contract the testing program is directed toward assisting the con-
tractor in establishing a compaction procedure which will assure compliance yet not
result in costly over-compaction. This substantially increases the efficiency of the
inspectors as they can concentrate on suspect areas.

5. Utilization of the progress sampler and crosscheck and review of results gives
further assurance of adequate inspection.

REFERENCES

1, Minor, C. E., and Humphres, H. W. New Method for Measuring In- Place Density
of Soils and Granular Materials, HRB Bull. 93, 1954, pp. 49-60.

2. Humphres, H. W, A Method for Controlling Compaction of Granular Materials.
HRB Bull. 159, 1957, pp. 41-57,



Density Control: Its Benefits and Complexities

CHESTER McDOWELL, Materials and Tests Soils Engineer,
Texas Highway Department

A review of compaction principles is presented with emphasis
on how these matters affect the strength and volume change
characteristics of soils and base materials. The Texas Com-
paction Ratio is also reviewed and the difficulties encountered
are discussed. They include inadequate test procedures and
job site problems. It is proposed to develop a test method,
using a modification of the Texas gyratory equipment, that will
make it possible to identify important moisture-density rela-
tionships needed in density control from the material excavated
in making in-place density tests. A tentative procedure is
proposed for further research.

*NO ONE phase of engineering has intrigued as many minds among planning and con-
struction personnel as the principles of compaction control. All of this is amazing
because no two organizations use the same techniques for control testing, and every
organization meets with many difficulties in trying to carry out high quality density
control. Many cling to density control methods even though they know the basis on
which they are working is far from desirable, whether it be testing technique troubles
or problems concerning specifications. Obviously there must be advantages to using
density control methods, otherwise a large number of the present techniques would
have been scrapped years ago.

The benefits must be impressive or else our colleges and universities have done a
super selling job to newly graduating engineers. The truth probably is that almost
any type of density control method improves the workmanship of roadbeds so greatly
that we are willing to accept any control method that will not be too hard to enforce.
To avoid trouble with enforcement, some accept such low percent density requirements
that strengths may be seriously impaired, that is, if the contractor's equipment can
leave it that loose during construction, Figure 1 shows that various compactive efforts
produce variation in densities of a sandy soil. Figures 2 and 3 show how shear strength
of non-swelling soils is enhanced by increased densification. The lower curve in Fig-
ure 2 shows that increased densification of clay soil does not always increase shearing
strengths but may instead cause a decrease. Other work (1) shows that increased
densification of clay soils causes excessive swell. Thirteen years ago a compaction
method was developed that would require high densification of non-swelling soils and
far less densification of swelling soils (2). This method, known as the Texas Compac-
tion Ratio (Figs. 4, 5), has been widely used with success by the Texas Highway Depart-
ment and others. In its simplest terms compaction ratio is the degree to which it is
desirable to compact soil materials., The degree or change in density is based largely
on the compactibility and volume change characteristics of the material.

Compaction ratio (CR) is expressed by

D, -D
CR=_Dé_—Lx 100
s~ Dy,

Paper sponsored by Committee on Compaction and presented at the 46th Annual Meeting.
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