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PIRBRLEE fif = Ex K Tif = Ex e
(mm) (KN/m?) (dyn/cm?) | (poise) (KN/m?) (dyn/cm?) | (poise)
x 102 x 107 x 108 x 102 x 107 x 108

0.2 10.2 16.8 0.2 1.6 1.7
0.4 13.8 18.6 0.4 2.8 34
SR 0.8 19.1 20.7 0.8 5.8 7.1
1.6 25.7 30.8 1.6 11.9 12.5
0.2 114 9.9 0.2 1.9 24
1.19~0.84 0.4 15.6 20.9 04 3.3 3.9
0.8 19.8 20.5 0.8 6.5 7.8
1.6 27.0 32.1 1.6 11.6 10.4
0.2 10.3 11.7 0.2 1.7 2.0
0.4 16.3 22.1 04 3.3 3.9
0.42~025 0.8 115 10.4 0.8 7.3 9.9
1.6 24.1 25.3 1.6 15.4 18.4
0.2 3.0 2.9 0.2 2.6 2.8
‘ 0.4 6.1 6.9 0.4 46 5.9
wUaLB P 0.8 10.1 101 0.8 7.8 8.9
1.6 20.6 20.2 1.6 14.3 16.1
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HERLILDOTHBEA, ChicksE, HMEOHMNK
P T Voigt = F 1L OB (Ex) B X O RitERE
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w=25% w=45%
J\‘ AN
BRax 1 B Eg Nk fif ®H Eg Nk
(%) (KN/m?) (dyn/cm?) | (poise) (KN/m?) (dyn/cm?) | (poise)
x 102 x 107 x 108 x 102 x107 x 108
0.2 4.6 4.9 0.2 1.3 1.5
20 0.4 5.0 5.6 0.4 2.5 2.8
0.8 9.4 16.3 0.8 4.8 5.3
1.6 16.7 20.5 1.6 14.5 16.8
0.2 3.9 4.1 0.2 1.5 1.8
40 0.4 5.8 6.9 0.4 2.7 3.1
0.8 9.0 9.6 0.8 6.9 8.2
1.6 14.3 15.0 1.6 13.1 15.1
0.2 4.4 4.1 0.2 1.7 1.6
&6 0.4 7.4 75 0.4 3.6 3.8
0.8 10.6 11.1 0.8 5.9 6.2
1.6 21.2 20.7 1.6 13.3 14.0
0.2 7.5 8.1 0.2 3.5 3.9
50 0.4 14.0 19.3 0.4 5.1 6.1
0.8 23.8 29.0 0.8 8.9 8.0
1.6 30.7 32.0 1.6 259 35.1
0.2 3.3 2.0 . 0.2 4.4 ’4.1
a5 0.4 9.3 5.6 0.4 8.5 10.7
0.8 34.8 53.3 0.8 20.9 23.5
1.6 65.3 88.2 1.6 36.0 49.2
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v) WRE& L TORMEER

FRLD2EE) & 4L 3t o Bz I BB T 5
®, FIfICis b > THREAELE I3 E2T-%k. &N
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Summary

Soil compaction is one of the most important
methods for improving the infrastructure of agricul-
tural land. In this study, the author has tried to
clarify the mechanisms of soil compaction from the
perspective of the crushing of soil aggregates and to
explain how the nature of this crushing affects the
physical and mechanical properties of compacted
soils. The main purposes of this study may be sum-
marized as follows :

—to explain the relations between behavior of
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aggregates crushed by compaction and the various
shapes of compaction curves ;

—to determine the grain sizes of particles (in-
cluding the aggregates) changed by compaction and
to explain the variation in the behavior of the
different-sized particles and the effects of this varia-
tion on soil compaction ; and

—to examine the effects of crushed aggregates on
the physical and mechanical properties of the com-

pacted soils.
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There are three particular characteristics of this
research. The first is that the shapes of the various
compaction curves are explained in terms of the
behavior of the variably-viscous aggregates crushed
and recombined during compaction. This has been
based on considerable compaction test data. Secondly,
the study explains the relationship between the
mechanism of soil compaction and the degree of
particle admixture. And thirdly, these results are
applied to an understanding of the relation between
the physical and mechanical properties of compacted
soil and grading.

These issues have been studied by means of on-
site and simulated field experiments. Thus, it has
been essential in this research that methods be
established to determine and to detect just how
aggregates change under compaction. In this regard,
the author has used rheological methods to infer the
aggregates’ behaviors, and he applied methods of fine
aggregate analysis in order to measure the tendencies
in aggregates’ change. These points are also very
important in understanding this research.

Chapter 1 : This chapter explains the importance
of understanding the mechanism of soil compaction
for irrigation, drainage, and reclamation engineering.
It describes previous studies of compaction and of the
physical-mechanical properties of compacted soil, and
it then details the procedures and goals of the present
research.

In brief, it finds that earlier research did not
progress beyond qualitative accounts of the response
behaviors of aggregates under compaction pressure.
Thus, in this study, careful observations and measures
of aggregates in compacted soil were made toanalyze
quantitatively the process of soil compaction and
effects of aggregate characteristics.

Chapter 2 . This chapter describes the distinc-
tive shapes of the compaction curves for several soil
types : various high-viscous soils ; sand ; sand-and
high-viscous-soil mixtures ; and peat soil, which is
widely distributed across the Tohoku (northeast)
region.

There are actually several different compaction
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methods, including dynamic, static, repetitive, and
non-repetitive techniques. Compaction curves for
these several methods were obtained and compared,
and the differences in the minuteness of compacted
aggregates were analyzed. There are a number of
physical-chemical factors that influence the proper-
ties and behaviors of aggregates as they undergo com-
paction. This research selected four such factors :
organic matter, soil temperature, ion, and past cycles
of soil drying and moisturizing. The relationship of
each factor to aggregate behavior was studied, and
was used to explain the characteristics of the various
compaction curves. The principal results are as fol-
lows :

(1) In order to obtain high densities in com-
pacted soil, it is essential that there must be large
particle aggregates. However, the required number of
large particle aggregates is relative to the various
sizes of grains that fill the pores among the large
aggregates. That is, there must be a sufficient number
of fine-size aggregates to allow the large ones to
move smoothly.

(2) In compacting soil samples with the same
initial grain sizes, high density results were obtained
by compaction with a more vigorous mixing action.
This condition was produced by the differences in the
rate at which aggregates were crushed and in the
ease with which large aggregates could easily move.

(3) The properties of aggregates are altered by a
number of physical-chemical factors, and an impor-
tant problem for understanding compacted soil con-
ditions is to determine the effects of each factor on
the fragmentation or conglomeration of aggregates.
Soil fragmentation, ease of slaking, and reduction in
the resistance value (yield point) of aggregates gener-
ally produce a large increase in dryness density.
However, when there is a large increase in minute
aggregates, the water which has been squeezed out
then causes a recombination of these aggregates. At
the same time, these newly-reformed large aggre-
gates have a more porous structure than those prior
to fragmentation ; thus, the dryness density is de-
creased.
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(4) For these reasons, the compaction curves of
soils can be divided into six fundamental steps,
according to the reciprocal cycles of moisturizing and
desiccating. That is, in the moisturizing phase, in-
creasing water content produces a three-step change
in the dryness density . decrease-increase-decrease.
In the desiccation phase, the decreasing water con-
tent produces a second three-step change in the
dryness density . increase-decrease-increase.

(5) Thus, for the same graph, one can trace shifts
in compaction curves-up and down shifts in some
cases and right and left shifts in other cases. This
research has clarified the basic patterns of these
shifts. Furthermore, it has been able to attribute
these pattern shifts to conditions of soil consistency
and to conditions of the aggregates as moving units
(that is, the changing directions of aggregates, differ-
ences in their yield points, and differences in their
apparent specific gravity).

Chapter 3 : In this chapter, the grain sizes of
aggregates involved in soil compaction are classified
into three groups, and the functions of each group
are discussed.

Using the conventional techniques of analysis
of water-stable aggregates, it is most difficult to
in the

compaction process. After exploring a number of

measure the minute aggregates coupled

alternatives, the author in this study employed a
different method of grain separation and size analysis,
appropriate to such fine aggregates. The time re-
quired for concussion was two hours, the ampli-
tude of vibration was 4 cm., and the number of vibra-
tions was 200 times per minute. Given the quick
effects of settling, immediately after compaction,
the test soils were soaked in water and subjected
to concussion. (Hydrogen peroxide treatment was
not used in this experiment.) From the results of
many analyses of compacted soil aggregates, it was
ascertained that there is apparently a boundary at
the diameter range of 20-30 #gm. That is, in the
process of compaction, aggregates with a diameter
larger than 20-30 pm decreased, while those with a

diameter below that boundary level increased. Ac-
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cordingly, the grain sizes that controlled the process
of compaction were classified into two grades: (1)
larger aggregates above 20-30 y#m ; and (2) finer-sized
aggregates below 20-30 ym. It was the latter group
that increased remarkably during compaction.

In order to investigate the functions and signifi-
cance of those small aggregtes below 20-30 #m, con-
sistency tests were conducted on samples which were
prepared from five separate grades of grain sizes:
aggregate sizes below 420 pm (JIS) ; those in the
range, 74-105 ; those in the range, 30-74 ; those in
the range, 5-30 ; and those less than 5gm. In these
tests, at an ordinary level of molding, the dilatancy
phenomenon was observed in samples of grain sizes
between 5-105 ym, but under full molding, this phe-
nomenon was not observed.

Soil grading after the liquid limit test indicated
that aggregates sized below 20-30 pm increased in
the JIS soil samples and that aggregates sized above
the 20-30 zm range were found in 75%-95%of the
samples. Based on this, it was concluded that the
finer-sized grains (below 20-30 zm) were the ones
that regulated the consistency qualities of the sam-
ples. The presence or absence of dilatancy was
determined both by grain size and the conditions of
admixture in the samples. Considering this, whether
small-sized particles (below 5 pm) increased or de-
creased proved especially important, because it be-
came clear that they acted to hold together those
larger-sized particles above 5 ym.

Thus, grain sizes important in soil compaction
were broadly classified into two grades. During com-
paction, aggregates which were formed of large-sized
grains due to the composition of the initial sample
soils became the sources for finer aggregates and
generally produced compacted soils of higher den-
sities. It is clear that the small aggregates (20-30 zm
and less) filled the pores among larger aggregates.
Finally, the still-smaller particles (5pm and less)
served the important function of holding together the
large aggregates.

Chapter 4 : This chapter details the results of

investigations of the physical and mechanical prop-
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erties of compacted soils and the relationships of
these to the behavior of aggregates under compaction.

To study permeability, four grades of soil samples
were prepared : 4760-2000 ym ; 1190-840 pm ; 420-250
pm ; and 74 pm and below. It was discovered that
compaction produced a remarkable reduction in per-
meability, not only in all saturated post-compaction
samples, but also in unsaturated samples of 74 ym and
less. This corresponds well to the increase in small-
sized aggregates under compaction. It was further
ascertained that the coefficient of water permeability
dropped remarkably in compacted specimens when
the content of very small aggregates (74 ym and be-
low) exceeded 40%.

Testing the degree of water retention among the
above four grades revealed that, in unsaturated
conditions, water retention in compacted soil spec-
imens below 74 pm increased remarkably. However,
for saturated specimens, there were few differences
in water retention among the four grades.

Other experiments were performed on the com-
pacted specimens to investigate the properties of
shrinkage, slaking, unconfined compression strength,
penetrating resistance, cutting resistance, and visco-
elasticity. They demonstrate that differences in com-
paction methods were reflected in measures of these
various physical-mechanical properties, even though
the moisture ratio and density remained the same
after compaction. The cause of this variation, then,
was the orientation of particles and the degree of
fineness of the aggregates. Again, the cohesive power
of fine particles (5 ym and below) proved critical.

Regarding properties of visco-elasticity, the re-
tardant spectrum and changes in the constant of
visco-elasticity were investigated. These studies
showed that by such analysis, one can understand

indirectly the behaviors of aggregates ; they prove to
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be effective methods for studying the mechanical
properties of compacted soils.

Chapter 5 . This chapter discusses the relation-
ship of compaction to several cases of applied field
issues : soil bearing capacity ; subsoil improvement ;
and the use of underground piping.

Bearing capacity data were compared for in-field
soils and for laboratory soil samples of the same
compacted condition. It was found that the bearing
capacity values of the field soils were higher than
those of the laboratory samples. The chapter specu-
lates that this is due to differences in the size of the
soil moving units.

Investigations were also conducted into the use of
buried, underground piping in the soft clayey soils
and peat soils of the alluvial paddy fields on Shonai
Plain (Yamagata Prefecture). The chapter indicates
that the short-term effectiveness of the piping de-
pends on the amount of air gaps in the compacted
soils immediately surrounding the piping ; the long-
term effectiveness of the piping depends on soil creep
and pressure movements.

Chapter 6 . This concluding chapter summarizes
the results of the thesis study, and offers a perspec-
tive on further, related problems.

This research has identified several issues of
significance. First, it demonstrates that there is a
functional classification of 3 grades of soil aggregates
involved in the process of compaction. Secondly, it
shows that it is possible to understand the mecha-
nisms of compaction of clayey soils by considering
the ways in which aggregates are crushed during
compaction. And finally, the research has indicated
the special significance of small-sized aggregates
(below 5 #m) on the physical and mechanical proper-

ties of compaction.
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