BEARING INDEX OF SOIL AS A CRITERION FOR THE MAXIMUM

DENSITY REQUIREMENT

By W. H. CampEN AND J. R. SMITH
SYNOPSIS

In this paper a method is proposed for the use of strength as a criterion for
the design of compacted so1l and so1l-aggregate mixtures to be used in construct-
ing sub-bases and bases for flexible pavements The data presented 1n the paper
show that at maximum density and optimum water content, as obtained by the
standard A S T M method, the strength of so1l mixtures varies widely and 1n
general is quite low.  It1s also shown that, with a given so1l mixture, the strength
increases as the bulk density increases. Advantage 18 taken of this fact to devise
a method whereby equal strengths may be developed in all so1l mixtures

The method proposed is as follows: (1) Maximum Density and Optimum
Moisture is determined on a given soil, or soil-aggregate, mixture by three com-
pactive efforts whose energies are in the ratio of about one, two, and four The
strength of the soil mixture at the three maximum densities and optimum
moistures is then determined, and the strengths obtained are plotted against
densities. From the resulting graphs the densities can be determined for the
various mixtures under study which will give equal strength The strength of
the mixture is taken as the load which is required to produce } 1n total deforma-
tion with a two in diameter bearing block on the surface of a soil mass compacted
into a mold eight in. in diameter and four in. in height. This load 1s designated
as the ‘“Bearing Index.” .

The energy 1n foot-pounds per cu 1n of compacted material required to develop
the desired strength may be determined by plotting energy against strength.

The authors believe that the use of strength as the criterion for maximum
density requirements will result 1n more accurate pavement design and will give

.proper consideration to the inherent strength properties of soils.

GENERAL

In the design of flexible pavements for load
carrying capacity, the strength of the layers
superimposed on the subgrades 18 of prime
importance. Nevertheless at the present
time the strengths of layers of compacted
fine-grained soils and soil-aggregate mixtures
are not controlled. Generally 1t i1s merely
assumed that compaction to maximum den-
sity, or to some percentage of maximum
density, at optimum moisture content by the
standard A.S.T M. method (1)! develops
adequate strength.

Laboratory investigations reveal that soils
and soil aggregate mixturés possess a wide
range of strengths when compacted to maxi-
mum density by the standard method. Load
bearing tests made on test sections con-
structed i the field under rigid control,
indicate that the strength imparting power
of superimposed layers, per inch of thickness,
varies with the different soils or mixtures,

1 Figures 1n parentheses refel; to the list of
references at the end of the paper

even though they are all compacted to stand-
ard maximum density. Compaction to maxi-
mum density by other methods such as that
of the U. 8. Engineers (2) which apphes
considerably more compactive effort than
the A.S.T.M. method, also develops different
strengths 1n different soils or soil-aggregate
mixtures.

Tt 18 evident therefore that uniform strength
cannot be developed by using any one com-
pactive effort. However, uniform strength
can be developed by using the proper com-
pactive effort. In this paper we are pro-
posing a method for doing so, but instead
of using the compactive effort as the criterion
for design we will use the dry bulk density
produced by the effort. This 18 done because
1t is much easier to specify density in the
letting of contracts, than 1t 18 the compactive
effort

Briefly the procedure is as follows:

1. The maximum density and optimum
moisture are determined on the sample by
three different compactive efforts. 2. The
strength 15 determined at each maximum
density. 3 A graph is constructed by the
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use of maximum density and strength. 4.
The density which indicates the desired
strength is then selected from the graph.

STRENGTH AND BEARING INDEX DEFINED

Before proceeding with the development
of the method, it will be necessary to define
the terms “Strength” and “Beanng Index”
a8 used in this paper. The strength of a
compacted soil mixture 18 measured by its
resistance to consolidation or displacement.

typical fine-grained soils and an equal number
of soil-aggregate mixtures. Some character-
1stres of these soils and mixtures are given in
Table 1

In Table 2 are given the maximum densities
and optimum moistures of all the materials
as determined by the AST.M. method.
The same information obtained by two other
methods 18 also included. Method No. 2 1s
the same as the A ST M. except that a 10-lb.
hammer 1s used. Method No 3 is that used

TABLE 1
CHARACTERISTICS OF SOIL MIXTURES
Soil Gradation—Passing Sieve No li: g::: ? Pll' ::l';w Spec Gr
No Source 270 200 10 4 4
% % % % % %
1 Omaha, Nebr 840 [ 880 1000 | 1000 1000 [1000 | 205 50 2 60
2 Omnha. Nebr 980 (1000 1000 {1000 [1000 |1000 | 345 10 § 27
] 850 | 975 | 1000 |1000 | 1000 1000 | 380 180 2 68
9 Gmdef.hnd Nebr | 480 | 614 | 800 [2000 [1000 | 1000 | 240 90 262
10 Waterloo, Ia 346 [ 676 | 044 | 2000 [1000 | 242 77 2.65
18 Seribner, Nebr 986 | 998 |1000 |1000 |1000 | 417 21.1 2'60
Soil-Aggregate
No. Source
b g AFHEHEHFHE TR
7 w-mloo.ln 72 | 247 | 425 | 473 |1000 | 152 28 263
8 8 138 | 262 { 523 | 61.6 |1000 | 245 13.0 260
9 Omaba, Nebr " 114 | 208 | 473 | 719 1000 | 20.1 4’8 2 61
1 Watarloo, Ia 112 | 3.1 |71 |07 w00 | 280 5.0 264
The load in pounds required to produce % in. TABLE 2
total deformation on the surface of the soil ~MAXIMUM DENSITIES AND orrm&ms MOISTURES
with a bearing block 2-in. in diameter is TX
designated as the bearing index.
The strength test we propose to use is not Densities and Mostures
new. It has been used by us since 1936 Sol | Method N Method N Method N
(3, 4) as a gwde in the design of airport run.  No ° ot | X °? thod No. 3
ways. Mr. O. J. Porter in 1942 (5) reported Density | 202 |Denpty| 2015 |pengey| Mors-
the use of a similar test by the California
State Highway Department in connection 1":‘37 % |B 3:' 9 ?}.’ﬁ' %
with the determination of the bearng ratio I w3s| 150
of soils. Both tests measure the resistance H loo| 180 16| 170 | ne2} 157
of the soils to consohidation a.nd displace- 9 1242] 108 ] -
ment, or plastic flow. 3 | to| ise | Tose| 175 | 13| 186
DEVELOPMENT OF METHOD ol
To demonstrate that the bearing index nﬂ“{fu o
of different soils and soil-aggregate mixtures : w5l 8o
compacted by the same method varies widely, 2 1876 67
and to show that with any one soil the bear- 7 | 128 25 | 15| 30| 435) 37
ing index increases as the compactive effort g Mgl 48 {3‘33 48 a4 H
increases, we are presenting data on six ) :




98

by the United States Engineer Dept The
compactive effort per blow expressed in foot
poundals is 177, 322, and 483 respectively,
and the energy in foot poundals per cubic
inch of material compacted 1s 235, 428 and
965 respectively.

The results in Table 2 indicate in a general
way that the maximum density of all soils
and mixtures increases and the optimum
moisture content decreases, as the compactive
effort increases The effects of increased

TABLE 3
BEARING INDEX OF SOILS AND SOIL-
AGGREGATE MIXTURES AT STANDARD
MAXIMUM DENSITY
Soil
Soil Bearing Bean:
No Index Agg]rqegate l:ndc:nx8
2] 1
1 2,230 1 1,050
2 580 2 2,020
6 1,280 7 430
9 2,220 8 350
10 810 9 4,000
13 875 11 500
TABLE 4

BEARING INDEXES AT VARIOUS MAXIMUM
DENSITIES

DESIGN

soils and muxtures by the three compactive
efforts are given 1n Table 4. It will be noted
that with all soils and mixtures, the bearing
index increases as the density increases.

The data on the three fine grained soils
in Table 4 are shown graphically in Figure 1
to illustrate how densities necessary to pro-
duce deswred strengths can be determined.
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Figure 1. Density—Bearing Index Relations.
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compactive efforts are more pronounced with
fine gramed soils than with soil-aggregate
mixtures. In fact one base muxture (9)
shows hardly any inciease

In Table 3 are shown the bearing indexés
of all soils and mixtures after compaction to
maximum density at optimum moisture by
the standard method The results mdicate
very defimtely that the bearing indexes vary
widely when one compactive effort is used.

The bearing indexes obtained by compacting

Figure 2, Density—Energy Relationship

For instance, if it 1s desired to obtain a bear-
1ng 1ndex of 1500 Ib with each of the three
soils, so1l No, 2 will have to be compacted to a
density of about 114 b, soil No. 10 to about
118 Ib., and soil No, 13 to about 108 Ib

If the energy necessary to produce a re-
qured density is also desired, it can be de-
termined by plotting density against energy,
expressed 1n foot-poundals per cubic inch of
compacted matenal, as shown in Figure 2.
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By plotting the beanng index against energy
the work required to develop equal strength
with all sois can be calculated In Figure 3
it will be observed that to develop a bearmg
index of 1500 1b, soils 13, 10 and 2 require
410, 490, and 665 foot-poundals respectively.
Optimum moistures corresponding to selected
densities may be determmned by plotting
optimum moistures agamnst densities

i '

%000 %x\ : i

& i

1500 | %\ CSOIL O 2 lI
i ™~

Do, i I\ £SOIL NO 13 \\-i

s - :

Mk N |

g"'"" i i OIL NO 10 \?

gl | )

3 ! i N |

ool : S

L N§

] 1

! : N

450055300 ) 500 865

500 600 700 800
FOOT POUNDALS PER CUBIC INCH OF COMPACTED MATERIAL

Figure 3. Compactive Effort—Bearing Index
Relationship

POSSIBILITIES OF THE METHOD

We wish to point out the possibilities of the
proposed method  Furst 1t provides a labora-
tory procedure by means of which the energy
required to develop a defimite strength value
can be determmed. ‘The eneigy required is
correlated with the density developed. The
density is later used as a control i con-
struction Secondly i1t provides a means of

determining the least amount of energy
required to develop the desired strength 1n
any soll or soil-aggregate muxture This
should lead to economy- of construction
Lastly 1t provides another tool by means of
which flexible pavements can be designed
for load carrymng capacity more accurately

In conclusion we are not unmindfull of the
fact, that compacted soil masses when used
as superimposed layers mn flexible pavements
must be able to distribute loads as well as to
support them We do not beheve that the
bearing index measures the ability to dis-
trnbute loads However, there is no doubt
but that the distributive abihity does increase
as the bearmng index increases For the
present 1t appears that the distnibutive value
of a given mixture at a given bearing index
must be determuned in the field in terms of
strength 1mparting power (6).
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DISCUSSION

Mr. H G. Nevirr, White Eagle Dinsion,
Socony-Vacuum Ol Company: This paper 18
probably only one of a number of contributions
which will be made 1n exploring the field of
the effect of densification on the strength of
soils and bituminous mixtures, both of which
are extremely important 1n highway designs
It has become quite obvious 1n recent years
that densification 1s an essential step n the
construction of highway pavements Itis a
logical corollary that control of this densifica-
tion 18 an essential point 1n design and that

1t must, therefore, be predetermined for this
reason and controlled in the actual construec-
tion. This paper outhnes an approach
mvolving soils and makes some suggestions
1 connection with the design. Other work,
such as has been done or 1s underway 1n our
own laboratories involves the effects of densi-
fication on bituminous aggregate muxtures
Eventually the whole field must be explored
and from 1t will come improved control
designs and techmques

The paper discussed attacks the problem
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rather broadly and by implication reaches
some rather basic conclusions. Without at-
tempting to take a position regarding them,
it seems desirable to point out some of the
factors in the situation.

The data shown are rather interesting
While they represent a fair amount of work,
it has been our experience that the variability
in soils or mixtures in this field, the inaccur-

DESIGN

The densification-energy approach 1s an
nteresting one, but in our opinion some care
is required in 1ts apphcation It remains to
be demonstrated that the densification result-
ing from a given amount of energy applied
to the compaction system is independent of
the way in which the total energy involved
18 put in  More simply stated, 1t 18 not cer-
tain that reaching the amount of energy in
question by more blows gives the same den-
sification as by obtaining this energy with
the same number of more intensive impacts ®
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Figure B. Per cent Moisture at Maximum
Density vs. Compactive Effort.
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Figure A. Per cent Moisture of Maximum
Density vs. Dry Bulk Density.

acies in testing them, and similar factors
all require that more data on any one soil be
determined previous to drawing sweeping
conclusions. For example, we suspect that
five or six points are necessary to get a really
reliable densification versus energy -curve,
and that 1n general a considerable amount of
work must be done before final design tech-
niques can be really worked out. Later
comment amplifies this point

Furthermore, in comparing different systems
of densification, we must deal with the energy
received into the soil mass, which may be
something quite different from that applied
to the equipment system.

Some further analysis of the data supplied
in the paper is of interest, particularly the
plot of variation of optimum moisture result-
ing from variation in density due to changing
the compactive effort. The curves in Figures
A and B speak for themselves. The indicated
situation that the densification increase is
proportional to the per cent compaction
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increase is not unreasonable, and Figure B,
according to this theory, shows that the data
are not always too exact.

Apparently in these finely divided soils
the lubricating action of moisture is more
important than its weakening effect in shear,
and hence for any desired density the opti-
mum water content is roughly that which
fills the voids less the amount of entrained
air necessarily left. This minimum entrained
air corresponding to the optimum moisture is
somewhat dependent upon the particular soil,
and probably varies with the individual
sample, but 1t tends to lie between 1 per cent
and 5 per cent, with some indication that 1t
decreases as the compaction effort increases,
all of which seems reasonable emough. An
exactly similar situation may not exist in
bituminous aggregate mixes.

Y
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While the proposal that densification be
carried on to an arbitranly predetermined
figure has theoretical merit, it seems a ques-
tionable method of desxgn, the economic
factors must also be considered, with the cost
of densification balanced against thicker
bearing courses.

In general, it seems obvious that in addi-
tion to the properties of the actual soil or
aggregate encountered we must consider not
merely the amount of liqud (either moisture
or bitumen) present, but hikewise the degree
of compaction to which the mixture will have
been subjected and the consequent density
existing at the time of the occurrence of the
stress conditions designed for. This paper
is a very commendable effort to bring out
some of these effects, discloses the importance
of the problem, and is therefore an excellent
contribution to this field.

DESIGN AND CAPACITY OF GUTTER INLETS

By N. W. ConNNER, Professor of Fluid Mechanics,
North Carolina State College

IN ABSTRACT!

The design and 1nstallation of gutter inlets
to carry water from city streets to the sewer
systems has long been a troublesome problem.
The capacities of existing designs are known
only 1n a general way, and new types of con-
struction give no assurance of improvement in
capacity. ,

Several years ago, in Raleigh, North
Carolina, the replacement of several types of
old street surfaces with smooth concrete base
pavement and gutters so mncieased the 1ate of
1un-off that the existing dramage facihties
had to be revamped to take care of the addi-
tional water. In many instances the sizes of
culverts were adequate, but the number, si1ze

1For a complete report of the tests see
“Design and Capacity of Gutter Inlets” by
N. W. Conner, Bulletin No. 30, Engineering
Experiment Station, North Carolina State
College, Raleigh, North Carolina.

and design of many of the inlets and catch
basins had to be changed to meet the new con-
ditions. A standard design of inlet was
adopted for use in the newly-paved streets,
which consisted of an opening mn the side of
the curb 6 in. by 24 ;n. and a 24 n by 24 in
castiron grate mn the gutter. Before the
paving program had been completed, trouble
began to develop because of flooding con-
ditions

In order to secure information on the per-
formance of inlets, the City of Raleigh and the
North Carolina State College Engimneering
Experiment station undertook a jomnt research
project The purpose of the mvestigation
was twofold: first, to determine the capacities
of the several types of inlets 1n use when 1n-
stalled on various grades, and second, to study
the hydrauhc prnciples mvolved whereby
mmprovement, 1n inlet design could be effected,
especially on steep grades.





