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FACTORS INVOLVED IN STABILIZING SOILS WITH ASPHALTIC
MATERIALS

By Aveust HoLMmEs, J. C. RoEpigER, H. D. Winsia,! AND R. C. SNYDER?
Standard 01l Development Company Esso Laboratories—Process Division

SYNOPSIS

This paper describes various observations made on the properties of soils dur-
ing nvestigations conducted to obtain information which would assist in the
design of soil-asphalt mixtures for structural use. Rather close adherence to
experimental data has been maintained in its presentation so that the opinions
advanced are limited to results recorded for the selected test conditions. Ex-
tended theoretical discussions have been avoided since.1n the case of such poorly
defined material as compacted soil, they are apt to lead to conclusions difficult
to demonstrate conclusively.

In addition to the liquid and plastic limits, the exudation value or the amount
of hiqud retained under a selected compaction loading has been employed to
classify a soil and supply information for the design of a so1l mixture. A mutual
relationship apparently exists between these values which can be expressed
mathematically, thereby indicating that they are all based upon the same funda-
mental so1l property

The usual soil constants attempt to portray the behavior of the unconfined soil
1n the presence of water and give little information on the properties of so1l 1n the
highly compacted state 1n which 1t 18 employed 1n earth constructions. A series
of constants have been developed which give this information and thus aid in the
further characterization of soils from the standpoint of their practical manipula-
tion.

Except for hme which appears to be specifically adapted for improving poor
soils, the use of chemicals 1n general for improving the properties of poor soils
so that they may be satisfactory for construction purposes appears to have little
practical value

By using non-aqueous liquids 1nstead of water, compacted soils having much
greater load-bearing strengths can be produced, however they generally show
lower dry so1l densities Light petroleum distillate oils appear to be the most
effective 1n this respect.

In soil design, the following principles should be taken into consideration
(a) the angle of failure and therefore, the angle of load distribution does not have
a constant value of 45 deg but decreases with increase 1n so1l thickness, approach-
ing the limit of 0 deg to the vertical, namely simple shear, (b) the load-bearing
capacity varies according to the 1 5 power of the thickness of the compacted soil,
(c) the greater the number of layers used to build up a given thickness of com-
pacted soil, the greater the strength and the soil density, (d) tensile strength
rather than shear strength 18 determinative for the load-bearing capacity of
compacted soi1l at 1ts point of failure

For preparing soil-asphalt mixtures, satisfactory results will be obtained when
the ratio of the soi1l fraction passing a No 10 sieve but retained on a No 200 sieve
to the soil fraction passing the No 200 sieve 1s greater than175t020 For soils
showing a smaller ratio, special studies should be made.

This presentation 1s an abridgement of the onginal paper which has been pre-
pared to conserve paper in accordance with the regulations of the War Produc-
tion Board.

Interest 1n improving the properties of solls by the changing ambient moisture conditions
employed 1n road construction to withstand associated with their topographical and ch-
better the detrimental effects brought about matic locations has already yielded & consid-

1 Pregent address—U S Army erable Iiterature on the subject  Soils causing

2 Present address—U S Marine Corps the greatest concern from a moisture stabihty
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standpoint are those high in silt and clay and
the various treatments which have been de-
veloped to improve their quality can be
grouped as

(a) The diution procedure 1n which poor
soil 18 diluted with granular aggregate until
the deleterious properties of the poor soil are
reduced 1 amount until they cease to be sig-
nificant;

(b) Treatment with chemicals so that the
so1l will maintan a suitable moisture content
under fluctuating chmafic conditions and
thereby insure 1ts stability,

(c) The addition of hydraulic setting ma-
terial by which the soil 15 cemented into a
more or less completely stabilized mass;

(d) The addition of waterproofing material
such as bituminous binders by which 1t is
attempted to render the soil more or less im-
pervious to water and thus retain originally
designed properties

The Esso Laboratories have been particu-
larly interested mn the last procedure and
have already presented some of thewr findings
and conclusions on the use of asphaltic ma-
terials i the stabilization of soils 3¢ The 1n-
vestigations have been continued on various
factors which 1t was felt would contribute to
the understanding of the principles underly-
ing the asphaltic stabilization of soils and the
design of stabilized soils mixtures Other
workers may have already worked along simi-
lar hines and disseminated their findings which,
however, have not become famihar to the
writers.

CONSTANTS OF THE SOILS

One of the useful constants i the design
for a stabihized soil 1s the exudation value,
namely, that quantity of liquid which a soil
can contain without being squeezed out under
consohdation or without producing a plastic
mixture In addition to being related to the
specific properties of the soil, the exudation 1s
further dependent upon the hquid added,
such as water, asphalt or their mixtures, the
consohdating load applied and whether the
loading is appled continuously or intermit-

3J C Roediger and E W. Khnger, Proceed-
ings, Highway Research Board, Vol 18, Part
II, p 299,1938

4J C Roediger and E. W Klinger, Proceed-
wngs, Association of Asphalt Paving Tech-
nologist, Vol 10, p 1, January, 1939

tently. In compacting the soil to note its
exudation pomt, 1t is advisable to employ the
single plunger rather than the double plunger
to more accurately gauge the results, espe-
cially when plastic mixtures are obtained.

The exudation values for the 50:50 water—
MC-2 cutback mixtures are generally around
60-70 per cent greater than those for water
alone.

Because of the existence of voids m the
soil-hquid mixtures at their exudation point,
it appears that asphalt-stabilized soils should
tend to become richer in character under
traffic consoldation due to the gradual re-
moval of the voids, although they may appear
somewhat lean at the time of construction.
The reproduability of the exudation pownt
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Figure 1. Exudation Values of Soll—Water
Mixtures vs. Compaction Loading

appears to be within 1 5 per cent from the
average of a series of values

Figure 1 itlustrates the vanation between
compaction loading and water exudation
value for several soils, which can be sum-
marized mto the empirical expression

Log P = — mw + 6.385,

mm which P 1s the total compaction loading
applied to the briquette on molding to pro-
duce exudation, m the slope of the lme on
semi-loganthmie plot which varies with the
soll, and w the exudation value as per cent
moisture. The value 6 385 1s the average of
the various intercepts of the hines on the axis
of compaction loading at zero moisture If
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the exudation value at any compaction load-
ing has been ascertained, the use of the above
relation permits estimation of the exudation
value at any other compaction loading simi-
larly apphed.

It would appear that some relationship
should exist between the exudation value de-
termined under various compaction loadings
and the liquid limit, plastic limit, and plas-
ticity index. As represented in Figures 2 and
3 for the liquid and plastic Limits, this rela-
tionship is linear with the lines passing
through the ongin. It has been graphically
determined that the relationship between exu-
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Figure 2. Exudation Values vs. Liquid Limit at
Different Compaction Loadings

dation value, compaction loading, and either
the liqud or plastic imit assumes the form of

A —log P

= ———B—— z,

y being the exudation value, P the compac-
tion loading on a 2-in diameter by l-in. high
briquette, z exther the hiquid or plastic limut,
and A and B constants. For the liqud
limit, the data mndicate A =6 471 and B=71;
for the plastic limit, A =7013 and B=44
The plasticity index yields a somewhat differ-
ent relationship, although linear, in that

SOILS

intercepts varying from 6.5 to 9.6 for 10,000
to 1000 pounds compaction loading, respec-
tively, are obtained on the exudation value
axis for zero plastic index.

WETTING AGENTS AS AN AID IN
SOIL COMPACTION

In the demgn of soil-water-asphalt mix-
tures, stress 1s laid on compacting such mix-
tures to their maximum densities. The max-
mum soil density obtained is affected by the
nature and consistency of the hiquid employed
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Figure 3. Exudation Value vs, Plastic Limit at
Different Compaction Loadings

and the importance of sou-water mixtures 1n
soll constructions led to ascertamnmg the
possibibity of increasing the maximum dry
sofl density by the addition of a wetting
agent Compacted soil-water mixtures were
prepared m which the water contamned an
effective wetting agent of the sodium tetraiso-
butylphenol sulfonate type, m 01, 05, and
1 0 per cent concentrations.

From the data obtamed m these tests, 1t
appears that the presence of wetting agents
of the type employed 1s without effect for
increasing the densities of compacted soil-
water mixtures.



HOLMES, ROEDIGER, WIRSIG & SNYDER—ASPHALTIC STABILIZATION 425

FACTORS AFFECTING THE SHEAR TEST

It is well recognized that the shear test on
sous is influenced by factors introduced into
the performance of the test, among which are:

(a) variation in the diameter of the plunger
and of the orifice,

(b) rate of deformation during load applica-
tion,

(c) height of specimen.

These several factors have been briefly in-
vestigated using 2-in diameter briquettes of
a silty-clay, sity loam, sand and sand-clay
soils, compacted under a total load of 6000 1b.
Plunger diameters of 028 to 2.0 in. and
orifice diameters of 0.28 to 1.75 in. were
used, while briquette heights varied from 0.5
to 35 1n. In order to ascertain the effect of

Type 2. Plunger diameter equals the orifice
diameter. Punching shear results with the
length of the sheared plug generally equaling
the height of the briquette for the short
specimens, whereas, in the case of longer
specimens, a slight compression of the sheared
plug may occur. Failure occurs sharply and
the Joad bearing values are reproducible,

Type 3: Plunger exceeds the orifice diameter
but is less than the diameter of specimen.
Compaction followed by upward extrusion of
the soil mixture past the plunger occurs until
the specimen becomes thin enough to be ex-
truded through the onifice. Sharp breaks are
not obtained with this combination of plunger
and orifice. :

Type 4: Plunger exceeds orfice and equals
the diameter of specimen and mold Simple

TABLE 1
EFFECT OF ORIFICE AND PLUNGER DIAMETER VARIATION ON LOAD AT FAILURE
Soil Mixture New Jersey Soil + 12% Water B““%nxtg_‘;’lcttm“"
Briquette Height—in . 1 1
Deformation Rate—in min 1 1
Wet Soil Density—lb, per cu. ft 141 41 141 141 135 135 8 136 135
'y Soil ty—Ib. per cu. ft. 126 126 126 128 1205 121 121 5§ 120 5
Orifice Diameter—in & 13 13 & 1} 12
Total Load at Failure
Using Plunger Diameters of
mn 200 150 100 150 70 ] 50
m 650 400 250 250 150 160 50 150
1% m. 2400 2280 800 450 2000 1700 00 50
g m 10000 l9000_{_ %6“6 1800 2300 ggg
n, 0000: 2300 4000
Shear Btrength—lb per aq. m (Onfice &
Plunger baving equal diameter) 230 230 230 240 80 85 85 82

briquette diameter, tests were also run on
6-in diameter briquettes compacted to the
same density as the 2-in. spectmens.

One nch high briquettes were tested for
strength using onfice diameters of ¥ to
1% i 1n combination with plunger diame-
ters of #% to 2 ;n with the results shown in
Table 1. Figure 4 shows the four types of
fallure observed along with a typieal plot of
total load at failure versus plunger diameter
which indicates the range within which these
types of failure occur for briquettes laterally
confined in the two inch diameter mold The
types of failure may be described as follows®

Type 1 Plunger diameter is less than the
orifice diameter A truncated cone type of
fatlure combining both shear and tension re-
sults and sharp failure oceurs at low load
bearmng values

extrusion takes place and the load bearing
values are quite reproducible.

From Table 1 it can be seen that for a
given orifice diameter, the strength increases
mm an exponential manner with increase in
diameter When the plunger diameter equals
the orifice diameter, the indicated shear
strength 1n pounds per square inch of sheared
surface area are substantially equal for diame-
ters, &%, %, 1} and 12 in using 2-n.
diameter by 1-m high briquettes.

Comparison of the regular Hubbard-Field
deformation rate of 24 1n per min. with the
rate of 1 . per min. has shown that the
total load values at both rates of deformation
are roughly equal.

The effect of height of specimen on the
load bearing properties of soil-water mixtures
was evaluated on 2-m. and 6-m. diameter
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briquettes ranging in height from 0.5 m. to
3 5 m. with the orfice and plunger each 1 125
in. in diameter. For the specimens of the
Brownsville silty-clay and New Jersey silty-
loam soils 2 m. 1n diameter and greater than
15 m. high, upward extrusion of the soil
around the plunger, accompanied by consid-
erable cracking of the top surface, as well as
compression under the sheared plug took
place, which effects were not evident on
spectmens 1.5 in. or less m height. These
changes only occurred with sandy soil to a
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Figure 4. Diagrammatic Sectional Views of
Type of Failure with Change in Diameters of
Orifice and Plunger.

rather neghgible extent on the thicker speci-
mens This suggests that 15 to 20 m 18
the maximum height for proper evaluation,
using the methods employed The total
punching shear strengths at failure obtained
mn these tests appear to vary in an exponen-
tial manner with the thickness of the speci-
mens as mdicated by the logarithmic plot
(Fig. 5) The specific power of the thickness
corresponding to the total punching shear
load at failure 15 a function of the properties
of the soil, the shear for the fine silty-clay
solls tends to become a linear function of the
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specimen height, m contrast to the typically
sandy soils mn which the total punching shear
tends to vary roughly with the cube of the
specimen height. This is a striking illustra-
tion of the dufference in behavior between the
sandy and the fine grained soils, which is fur-
ther illustrated mn Figure 6 representing the
relationship between the punching shear per
square mch and the specimen height in inches.
Punching shear strength per unit area can be
calculated upon the sheared area over the
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Figure 5. Effect of Briquette Heighton Total
Bearing Capacity of Soil-Water Mixtures Equa-
tions for 2-in. Diam. Briquettes.

Brownsville Log P = 1.157 Log H 1 2.898

New Jersey Log P = 1.340 Log H + 2.878

Maracaibo Log P = 2.784 Log H -+ 1.978
P = Total Shear Load at Failure, 1b.,
H = Height of Specimen, in.

total thickness of the specimen or that of the
lateral area of the soil plug punched out.
The line for the Maracaibo soil (2-in diame-
ter specimens), Figure 6, vividly portrays the
behavior of a sandy soil under the punching
shear test by showing that sand exhibits hittle
umt shear resistance mn comparatively thin
layers and 1t is for only appreciable thickness
of compacted soil, that the shear resistance
becomes mportant At the greater thick-
nesses, consolidated sand may exiubit greater
shear resistance than the fine grained soils.
The two fine grained soils employed in these
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punching shear tests, decrease m the value of
therr indicated umt shear with decrease in
specimen height due to the diminution of the
effects of lateral support of the walls of the
mold and that of the compacted soil. The
effect of the wall support on the umit punch-
g shear value is indicated in Figure 6 by
the values for 1dentical specimen heights for
2-in. and 6-in. diameter specimens at 1-m.
and 2-mn. height. The 2-in. diameter speci-
mens give greater indicated unit shear values
than those of 6-n diameter. The hmiting
specimen cdiameter beyond which umform
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Figure 6. Indicated Shear Strength par sq. in.
vs. Thickness of Specimen
Equations for 2-in. Diam. Briquettes
Brownsville Log S = 0.212 H 4 2.364
New Jersey Log S = 0.330 H + 2.343
Maracaibo Log S = 1.764 H 4 1.432

shear values would be obtained was not de-
termined.

EFFECT OF LIQUID DISTRIBUTION ON
SOIL DENSITY AND STRENGTH

Investigation of a soil for its bituminous
stabilization requires preparation of mixtures
of soils, water and bituminous materials by a
mechanical mixer. The appearance of the
final mix 18 described in various terms such
as lean, good, fat, rnch, spotty, etc., but m
nearly all cases, the compacted briquettes
contain soil lumps which have not been dis-
integrated or wetted by the liquids. The
effect of these hard soil lumps in the field has

been a much debated question and their
existence has been used to explan the differ-
ences noted between laboratory and field re-
sults. A short study was carried out to
remove & part of the conjecture on this topic.
Selected amounts of water were added to a
soil rather difficult to stabihize with asphaltic
binder, the largest amount of water employed
corresponding to 1its previously determined
water exudation point and briquettes pre-
pared from the soil-water mixtures after
undergomg various treatments to obtain dis-
tribution of the water throughout the soil.
The presence and distribution of dry soil
particles was determuned by rubbing out the
soil under a stiff kmfe to note streaks or
lumps of dry material The data presented
in Table 2 indicates the followmng conclusions.

(a) Improving the water distribution in a
soil-water mixture has only small effect on
the wet and dry soil densities of the com-
pacted briquettes, but maternally increases
their strength as the distribution approaches
completeness -

(b) The best results were obtained by adding
a large excess of water such as corresponds to
the Iiquud limit and drymng to the required
moisture. The long period of drying required
indicates this procedure to be generally un-
attractive from a practical standpomnt

{c) The results next mn order of effectiveness
were obtained by thorough rubbing out of the
soil after the soll-water mixture had been
allowed to stand overmght This procedure
18 tedious to assure best results and makes
dafficult the control of the moisture from the
excessive exposure of the soil-water mixture
during its manipulation.

(d) Simple standing of the soil-water mix-
tures m closed containers gave optimum re-
sults on the overnight period, the 1 hr. period
giving briquettes of lower strength The
difference between the soil-water mixtures
allowed to stand 1 hr and overmight decreases
as the moisture content increases until it
practically disappears at exudation moisture.

(e) Heating the soil and water 1n an auto-~
clave failed to bring about any distribution of
the moisture, the discharged material mn all
cases containing dry soil under a layer of
mud.
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These observations indicate that improving
the moisture distribution in a soil-water mix-

SOILS

ciated with the over-wetting procedure, it
appears preferable to allow the well-stirred

ture has no noteworthy effect on wet and dry  soil-water mixtures to stand overmght in

TABLE 2
EFFECT OF UNIFORMITY OF WATER DISTRIBUTION ON PROPERTIES OF SOIL
(All Soils Compacted and Tested According to Hubbard-Field Procedure)

New Jersey Red Soil
Preparation of Soul and Tests Air Dry Nominal Water Content
5 8 12 14 16
1. Water added, mixture allowed to stand 1 hr. i1n closed contaner
before oompam.l :
Appearance and Condition of Boit Dry and Uniform Slhightly spotty Small
dusty mud
»
uneven
No No No o Sl. Yes
Momtum Dehrmined—wt.% 3.08 5.0 8 02 11.98 13.71 15.72
Wet SOI.I Dan!lty—lb. ou.ft 123 3 130 0 136 5 141.8 140.0 138.3
Dr{ g—l ou ff. 110 & 123 5 126 0 126 8 122.5 119 8
bud-led tre: 4700 200 123 1220 000
2. Water added, mixture allowed to stand overnight in closed
contamer before compacting
Appearance and Condmon of Sorl Few hard lumps | Uniform—no spots shown:
on rubbing out with
spatula
Exude No No No 81 Yes
Moisture Determined—wt % 4 99 79 1215 13 79 15.75
Wet 8oil Density—Ib per cu ft 127 8 136 0 M0 139.8 138 3
So1l Density--ib. %er ou.ft 121 5 126 0 125 § 122 5 119.4
Hu bard-Field 6725 5 5 1178
3. Water added, mixture allowed to stand 8 days i closed con-
tamer before com Jwe
Appearance and Condition of Soil Uniform—no spots or streaks on rubbing
out with spatula
Exude No No No 81 Yes
Mosture Determined—wt.% 4.67 7 38 11.62 13 70 1671
Wet Soil Density--1b. per cu ft 128 0 136 0 415 140 8 137 0
Dry 8ol Demutg—lb %er cu.ft, 122 § 126 § 127 0 124.3 118.5
Hubbard-Field Strength—I1 5950 4775 2176 176
4, Water added, mixture allowed to stand 7 days n closed con-
tamer before com‘r t.ut
Appearance and Condition of Soul Umiform throughout
Exude No No No 81 Yes
Mossture Determined—wt % 47 75 186 1387 155
Weh Soil Denuty—lb per cu ft 128 B 136.5 141 8 140 & 140 0
{) So1l Densit; Tr ouft 123 7 128 9 127 0 123 7 121.1
bard-Field Strengt 6250 5125 400 1150 650
8. Water added, allowed to atand 20 hr 1n closed contamer, then
rubbed out with knife and mixed to produee uniform moisture
throughout mix
Appean.nce and Condition of Soil Uniform throughout
Monsture Determimned—wt.% 48 7 68 107 130 15 38
Wet Sonl Densnty—lb per cu ft 128 7 135 8 140 3 130 8 139.0
3{, Densit; lb %er cu ft 122 9 126 2 126 9 123 7 120 3
bard-Freld 6375 5525 3150 1450 700
8 Water added to hiquid limut, allowed to stand 20 hr , then dred
mosture, pulverued through No 60’ sieve, com-
1.?:ppeam.nce and Condition of Soit Uniform throughout
xude
Moisture Determined—wt % 3 36 52 72 8 10 97
Wet Soil Density—lb. per cu ft 122 6 120 4 135 6 130 8 M1.1
Dry Soil Densit; g—lb eu ft. 118 3 123 0 126 3 126 3 129.0
Hubbard-Field ngt 5250 8600 7500 6600 4800

soil densities, but improves the strength that
can be obtamed on the compacted soil, and
that this distribution 18 best accomplished by
over-wetting the soil and then drying to the
desired moisture. Because of difficulties asso-

tightly closed containers before compacting
mnto briquettes.

The effect of better liquid distribution was
further investigated on a soil-water-cutback
asphalt mixture along the hnes given under
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Method 5, with the results presented in Table
3. Although compacted briquettes having
much greater strength are obtained, which is
especially pronounced with the mixtures con-
taining the greater amounts of liquids, the
water resistant properties of the briquettes
are not improved

STRENGTHS OF SOIL-WATER MIXTURES AT
PROCTOR DENSITY AND AT DENSITIES
OBTAINED UNDER 10,000 axo 6,000-LB

COMPACTION LOADINGS

The Proctor procedure for obtaining maxi-
mum soil density is based upon the idea that
a soil-water mixture compacted to maximum

creasing the weight of the plunger, the height
of its drop and the number of blows. All
such modifications must necessarily be more
or less arbitrary. An examination has there-
fore been made of other methods for com-
pacting and indicating the load bearing ca-
pacities of soil mixtures, which involve the
compaction of the soils to much greater den-
sities than obtained by the Proctor procedure.
For this investigation soil containing a range
of mosture contents passing through the
Proctor optimum moistures was tested in the
form of 2-in. diameter by 1-in. high briquettes:

(a) According to the Hubbard-Field proce-
dure by compacting under 10,000 ib. total

TABLE 3

EFFECT OF GOOD DISTRIBUTION OF LIGgUHJ)Es I?S% ‘S’OIL-CUTBACK ASPHALT-WATER MIXTURES
1. M n usual manner
ket 367 378 30 3.4
MC-2 Cutback—wt % 6 8 10
Mix Evaluation V.L. V.L L F
Wet Soil Density—Ilb. per cu ft. 130.0 132.3 134 5 134.5
Dry Soil Density—ib. per cu. ft 120 7 120 6 120 3 118 8
Hubbard-Field Strength—1b,
Before 7-day Water Absorp.? 4075 3375 2175 1625
%Itgr 13% Water Absormo Disint, Disint. 1%(7)‘3 31112 1
—g sq om. B B
V:lumetne ; o 4 us 9.3
2 Same muxtures as above but pulverized and mam-
pulnted with spatula to produce a uniform texture
Water—wt 0 30 254 2.7
MC-2 Cutback—-wt % (] 8 10
Mix Evaluation L L F
Wet Soil Density—1b per cu. ft. 128 0 127 b 181 5 134.5
Dry 801l Density—Ib. per cu f 119 5 1170 1190 119 4
Hubbard-Field Shength—lb
Before 7-day Water Absorp 4900 4900 4600 3900
Aﬂnr 7-day Water Absorp. Disint Dasint Dmsint. 200
100 sq. cm 17 9
Volumetrm d,wel _&er 103

8 Cracked on edges

b Water absorptlon on 2-in. diam by 11n high briquettes 1mmersed to a depth of § in.

Mix Evaluation® VL = very lean; L = lean, F = fat.

dry soud density would be the most stable
toward subsequent variations in moisture con-
tent of the soil and future compaction with
time, the load bearing capacity of the Proctor
compacted soil bemng generally obtained by
the apphcation of the Proctor needle Later
experience has shown that the Proctor density
as usually determined is not the maximum
dry soil density that can be attained in the
field so that various modifications of the
original procedure have been introduced
which seek to represent more closely the
densities obtained in practice, such as m-

load in the Hubbard-Field machine, determin-
ing the Hubbard-Field strength and the dry
and wet soil densities.

(b) By compacting under 6000 Ib. total load
m the Hubbard-Field machine and determin-
g the punching shear strength using 1.125-
in. plunger and omfice. The dry and wet
soil densities were also obtaned.

{¢) By compacting under a loading in the
Hubbard-Field machine to produce a bri-
quette density equal to that produced by the
Proctor compacting procedure and determin-
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ing the Hubbard-Field strength and 1.125-in.
plunger-orifice shear strength on the com-
pacted briquettes. The dry and wet soil den-
sities were also obtained

Table 4 gives the properties of the soils at
their maximum dry soil densities under the
several compacting loadings From the large
amount of data procured from these tests, the
following 1tems appear worthy of mention

1. In agreement with observations by other
workers mn this field, the maximum dry soil
density increases with increases 1n compac-
tion pressure and is accompanied by progres-
sively lower moisture contents; simple hinear
relationship exists between the maximum dry
soil density and the corresponding moisture
content One point on this line may be that
representing the Proctor maximum dry soil

SOILS

creasing moisture content of the soil-water
mixture. The required compaction loading
is largely dependent on the nature of the
soll, the present data indicating 4000-5000 Ib.
for good sandy soil as compared to 400-700
Ib. for the clayey-silty soils when they con-
tain less than their critical moisture. The
relative loadings required to obtamn Proctor
densities apparently have possibilities for
classifying soils and for correlation with their
load bearing capacities and suitability for
stabihization

3. The maximum dry soil density obtained
under the Proctor method of compaction
occurs at higher moisture contents than for
mixtures having maximum Hubbard-Field
strength. The moisture at maximum Hub-
bard-Field strength corresponds closely to

TABLE 4
PROPERTIES OF SOILS AT THEIR MAXIMUM DRY SOIL DENSITIES

Soil South Carolina Good | South Carolina Poor| New Jersey Red San Francisco

Specific Gravity 4 2 647 2 862 2 749 2 736

mpaction Loadingon21n by

11n Briquette 300 6000 10000] 525 6000 10000{ 500 6000 10000] 425 6000 10000
Mowsture at Max Dry Sou

Density—% 101 87 85125 99 88174 110 98153 114 10 8
Maximum Dry Soil Density 1262 1305 13101190 1260 1290/1120 1249 127 0(113 5 1263 129 2
Coefficient Density vs. % Mois-

ture -3 0 -3 84 -2 07 -3 30
Coeffictent~—~Log _ Compaction

ding vs % Moisture —0 936 -0 377 -0 183 -0 302

Coeffictent—Log = Compaction

Loading v Maximum Dry

Soil Density 40 246 +0 132 +0 087 +0 089
Calculated Compaction Loadin,

to Produce Maximum Dry So1

Density at 0% Mowsture 3 28 X 1012 1156 X 107 § 0 X100 2 53 X 108

density and 1ts corresponding Proctor opti-
mum water and the other, the density of the
solid aggregate 1n pounds per cubic feet hav-
1ng zero mosture (=62 4 X specific gravity of
drysoil) The slopes of the lines or the change
1n maximum dry soil density with correspond-
ing changes 1n moisture content as shown
Table 4 indicate that good sols exhibit a
more rapid increase in dry soil density than
the poorer soils From this it may be con-
cluded that the sandy or good soils con-
solidate more rapidly than the poorer clayey
or silty soils

2 The static compaction loading required
to form 2-m by l-in briquettes having the
samea density as that obtamned on the soil by
the application of the regular Proctor pro-
cedure 15 not constant but decreases with in-

that indicated for maximum dry soil density
when the soil is compacted under 10,000-1b.
loading. Sandy soils exhibit no such pomis
of comcidence since no maximum strength is
indicated m these tests for such sois com-
pacted under Hubbard-Field loading to Proc-
tor density The existence of maxima in two
properties of soil-water mixtures compacted
to Proctor densities, namely, dry soil density
and maximum Hubbard-Field strength, ex-
cept 1 the case of sandy soils, raises the
question as to which should be employed m
soil designs Soi designs in general tend to
employ too large amounts of moisture so that
mixtures contamning less water are to be pre-
ferred, such, for instance, as that indicated by
the maximum dry soil density, obtamned under
the 10,000-tb Hubbard-Field loading
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4. The change 1n compaction loading with
vanation in moisture content at maximum
dry soil density eould possibly serve as a soil
characterstic and may be expressed as the
corresponding change in the loganthm of the
compaction loading, thus

log P = —mxz + b,

P bemg the compaction loading on a 2-in
by 1-n briquette, z the moisture content and
m and b constants The value of m from the
data presented 1s approximately —09 for
sandy soils and around —03 for the poorer
sols In other words, it 1s easier to de-
hydrate a poor soil by increasmg the load
upon 1t than 1s the case for a good sandy
soil.

5 The rate of increase n maximum dry
soll density with increase 1n compaction load-
ing 15 dependent upon the specific soil, and
may be expressed as the change in the loga-
nthm of the compaction pressure with the
change 1n maximum dry soil density, thus

log P =nD +e,

P bemg the compaction loading on a 2-in
by 1-m. bniquette, D the maximum dry soil
density, » and ¢ constants The value for n
from the data presented amounts to +0.246
for the good sandy soil and around 01 for
the poor solls As a matter of nterest, the
calculated loading required to produce maxi-
mum density, namely 62.4 times specific
gravity of the dry soil indicate 3 28 X 101 1b.
for the sandy soil and 115 X 107 and 253
X 108 for the poor soils, thus showing the
greater resistance to ultimate consohdafion
for the sandy soils Such values might also
serve as qualifymng soil indices

Summanzing the information on the be-
havior of the soil-water mixtures of the sois
employed in these tests, the preferred pro-
cedure for soil design appears to be to com-
pact the soil into bnquettes of 2-m. diameter
by 1l-in high under 10,000-1b loading and
evaluate their strength by the Hubbard-Field
test The optimum moisture will be that n-
dicated for the mixture showing maximum
dry soil density under this procedure

CHEMICAL TREATMENT OF SOILS AS
A PRELIMINARY STEP IN
THEIR STABILIZATION
Soil properties are determined by the re-
lative proportions of its constituents which

may be broadly grouped mnto the granular
material such as gravel, sand and silt char-
acterized by lack of bonding action and the
clays having great bonding action It 1s the
clay fraction which primanly contributes to
the undesirable changes 1n a soil under the
mfluence of moisture when present 1n exces-
sive amounts, although this 1s shared to some
extent by the silts Attempts have been
made by various workers to modify the
properties of these fine soil fractions so as to
1mprove the soil constants Results obtained
by the use of chemicals to render soils suit-
able for bitummous stabihization are presented.

For this investigation a soil refractory to
stabihization treatment was employed. This
was an achive, silt-clay, falling within the
A5-6 classification of the Public Roads Ad-
minstration, and very sensitive to the
amounts of water which could be admixed
before becoming plastic and difficult to work.
To 50 g of the soll, selected quantities of
chemicals 1n aqueous solution were added to
give a total mixture of 250 cc, the suspen-
sion allowed to settle, the supernatant hiquid
removed by decantation and the settled
treated soil evaluated for 1ts soil constants.
The chemical treatments were grouped as
follows*

(1) To note the relative effects of cations, a
series of chlorides was employed with the
results given in Table 5

(2) The relative effect of the amon was noted
by employing a series of sodium salts varying
m their amon, with the results given in
Table 6.

(3) The effect of treating the soil with acid
(bydrochloric acid) has been summarized
Table 7 -

(4) The results of the use of selected acids,
bases and salts have been summarized in
Table 8.

(5) The behavior of the soil treated with a
selected series of chemicals, when subse-
quently treated -with MC-2 cutback asphalt
was examined- in the form of compacted soil
briquettes, the positive results have been
recorded mn Table 9

Effect of Cations

As summarized in Table 5, 1t appears that
the cations affect but slightly the hqud limit



432

of the soil with the possible exception of
potassium which shghtly increased the hquid
limit Where effective, 1t appears that the
cation tends primanly to increase the plastic
limit, which is to say that the soil can retain
more moisture before becoming unduly plas-
tic. As a corollary to-this, the plasticity in-
dex is decreased. As a rule, 1t is considered
that a soll improves in quality for construe-
tion purposes with decrease in the plasticity
index, so that the changes wrought by the
effective cations may be considered beneficial.
Increased settling volumes were observed for
the aluminum, chromium and ferric chlorides
but these are fictitious since the increased
settling volumes were largely due to the
hydroxides of these metals which formed in
contact with the soil.

SOILS

plastic limit, the hydroxyl is outstanding in
this action. In addition, the hydroxide ion
and the chloride ion tend to decrease the
plastieity index as shown by sodium hydrox-
ide and sodium chloride It may be con-
cluded that the effect of the active amons is
to increase the plasticity index, but instances
occur 1n which the plasticity index is de-
creased because of the increase in the plastic
limit as for example, with sodium hydroxide
or sodium chloride, or as a result of a de-
crease in the liquid limit as occurs with
sodium nitrate, sodium dichromate and sodi-
um acetate.

In addition to increasing the liquid limit
of the soil, and altering the plasticity index
the anions also frequently act to reduce the
shrinkage limit. This 18 tantamount to say-

TABLE §
EFFECT OF CATIONS UPON SOIL CONSTANTS
Kind of Salt w"sZﬁ on pH \?:f:g:ic Liquid Lumtt | Plastic Lymat | Plastic Index

Barium Chlonide ] 71 88 409 22.5 184
nesium Chloride 5 70 91 408 21.4 19 4
Calcium Chloride 8 70 91 411 218 193
Potassium Chloride [} 71 92 46 0 24 9 211
hum Chloride 6 75 04 410 246 16 4
pper Chlonide 6 65 04 21 204 217
Manganese Chloride ] 638 98 437 228 209
Ferrio Chloride ] 6.8 112 408 253 155
Alummum Chloride 6 (X 121 39 6 72 123
Chromium Chlonde 5 66 141 42 2 283 139
Water 74 94 42.6 N3 211

a Apparent volume of soil after settling for 2 hr. in 250 cc. graduate.

The most effective salts in this series for
improving, that is, for reducing the plasticity
index of the soil, appear to be, in order of
decreasing merit, aluminum chloride, chro-
mium chlonde, ferne chloride and sodium
chloride.

Effect of Anions

From the data 1 Table 6, 1t appears that
the anions are much more active in influenc-
ing the properties of soils than the cations.
In a few 1nstances the cations affect the
plastic limit. The anions, where effective,
tend primarily to increase the liquid limat,
the most effective anions being the silicate
and oxalate followed by the hydroxide and
carbonate. The result of this effect 18 to 1n-
crease the moisture holding power of the soil
before 1t will tend to flow Although the
anions 1n general exert httle mfluence on the

ing that the range in moisture content over
which shrinkage occurs on drying has in-
creased and thus the soil has been rendered
less desirable for construction purposes So-
dium hydroxide appears to be an exception
to this behavior in that it increases the
shrinkage limit.

The shrinkage ratio is, in general, little
affected by the anion employed except that
1t appears to be decreased by sodium hydrox-
ide and sodium oxalate, thus to increase the
volume of the dried soil, and increased by
sodium ecarbonate, thus to decrease the
volume of the dried soil.

Notable increases m the setthng volumes of
the soil were noted with the use of sodium
oxalate, sodium carbonate and sodum silicate,
the settling volume decreasing in the order
given Sodwum silicate is often used to assist
in the dispersion of a soil for sedimentation
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analysis, but these data suggest that both
sodium oxalate and sodium carbonate would
be better suited for this purpose
Summarizing, of the various salts listed 1n
these tests, the sodium chloride and sodum

that the main result of such treatment is to
reduce the liquid with practically no effect
on the plastic limit with a resulting decrease
m the plasticity mndex. These effects are,
however, only attamed for acids having a pH

TABLE 6
EFFECT OF ANIONS UPON SOIL CONSTANTS
Molsper 50| _Sett! Liqud | Plast Plastic | Shrink Shrink
Kind of Salt g ol | Volumeec| Lumt | Lumt | Inden |  Lumt | Rames
Sodium Chioride 0015 7 410 26 16 4 15 4 179
Sodium Sulfate 0 015 74 398 210 188 171 173
Sodium Nitrate 0 015 68 38 4 31 6 16 8 161 173
Sodium Hydroxide 0 015 78 475 36 3 10 191 168
Sodium Carbonate 0 015 130 463 20 8 255 133 187
Sodium Dichromate 0 015 390 21 0 180 155 171
Sodium Acetate 0 015 6 39.0 21 4 17 6 16 3 173
ol gk e | w | ES | B Rt | H1 | G
Water - cate 73 a's 215 211 - 159 1'76
TABLE 7 of approximately 6.1 or less. To produce a
EFFECT OF ACIIS’({RY&%%%%%%IC ACID) UPON plasticity index of approximately 3 for the
Hydroobions Ao soil in question requires an acid (hydrochloric
rochlorio Acu H 1
Liqud | Plastic | Plastic acid) having a pH of 1.9.
Mols per hmt Limit index
pH 50g soil Effects of Various Acids, Salts and Bases
1 o a1 R | 29 An additional series of acids, bases and
gg 9 0218 29 208 HE salts were investigated as given 1 Table 8.
61 008 36 2o 170 In this series no pronounced effect was pro-
i3 o 326 20 5 121 duced upon the liqwd lmt, whereas, except
34 b3 &3 28 0.8 for phosphoric acid and to a lesser extent
19 0 50 250 218 33 nitric and acetic acids (which decreased the
Water 26 s 21.1 . . AN
plastic limit), the remaining materials, where

TABLE 8
EFFECT OF SELECTED ACIDS, SALTS, AND BASES UPON SOILCONSTANTS
Mols per 50 N < Shrinkage Shrinkage
Reagent g soil Liqud limit | Plastic mit | Plastic :ndex Lmit ratio
Sulfuric Acid 0 015 420 217 203 18 2 178
Natric Acid 0 015 429 18 9 240 15 8 17
Hydrochloric Acid 0 015 410 210 200 18 8 175
Phosphoric Acid 0 015 38 1 158 226 149 179
Acetic Acid 0 015 40 2 189 213 150 178
Boric Acid 0 015 37.4 278 986 18 6 170
Oxalic Acid 0 015 4 4 23 191 15 8 176
Di-Sodium Phosphate 0 015 43 0 217 213 151 178
Caleium Acid Phosphate 0 015 41 7 19 7 20 15 4 172
0 015 379 296 83 19 2 1868
Potassium Permanganate 0 015 420 28 9 131 10 9 1 66
1me 0 015 397 308 89 24 2 1358
Lime Solution—8at’d 42 2 212 210 16 1 172
Lime 10% 382 363 19 28 6 150
Water 42 6 215 211 15 9 176

hydroxide appear to have beneficial effects
for reducing the plasticity index, whereas the
sodium sihcate, sodium oxalate and sodium
carbonate act to increase it.
Effect of Acid
The effect of acids upon the soil constants
18 1ndicated in Table 7, from which 1t 18 seen

effective and, notably lime, tended to increase
the plastic limit, or as a corollary to decrease
the plastiaity index. The effective matenals
also tended to mecrease the shrinkage limit so
that their net results would appear beneficial.
These changes are accompanied by a decrease
in the shrinkage ratio.
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1
Stabnlizatron of the Chemically Treated Soils

The chemically treated soils were further
investigated by the regular procedure of add-
ing cutback asphalt, preparing molded speci-
mens and submitting them to the usual water
absorption test The successful treatments
are presented m Table 9.

The complete data indicate that lime pre-
treatment of the soil gives by far the best
results; potassium permanaganate has moder-
ate beneficial action; phosphoric acid and
boric acid have some beneficial effect; the
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perature. In order to investigate this fea-
ture, two refractory soils were heat treated at
140 F, 250 F. and 390 F. for two days before
the application of water and cutback asphalt.
One of the soils was mvestigated both with
and without the addition of lime. These
tests are presented in Table 10, which also
mcludes data on the air-dried soil for com-
parison

The information obtained on the effects of
heat treatment before stabilization appears to
be as follows*

TABLE §

EFFECT OF SELECTED CHEMICAL AGENTS UPON THE STABILIZATION OF SOIL
BROWNSVILLE SOIL

Treatment -
Water, wt % . 100
Chemical Agent Acd Base Salt
Kind HiPO« HyBOs Hydrated Lime KMnO,
Amount, mols per 50 g. soil 0 015 0 015 0 015 0 088 0 015
wt % 294 186 222 100 472
MC-2 Cutback, wt % 100 100 100 100 100
Soil Constants
Liquid Limat 381 37 4 307 38 2 420
Plastic Limt 156 278 308 363 289
Plastic Index 26 096 89 19 13 1
Shrinkage Limit 149 (188 24 2 28 6 199
Shrinkage Ratio 179 170 158 150 165
Mix Evaluation G G G G G
Compaction Loading, 1b. 10,000 10,000 10,000 10,000
BExudstlon —_— —_ —_ — -
rVI?et Soil Density, 1b per cu. ft 128 8 127 6 128 0 127 6 130 0
Dry Soil Density, Ib. per cu ft. 107 0 106 2 108 6 106 2 108 3
Hubbard-Field St.rength 1b
Before 7-day water al 1400 1400 1830 3100 13560
After 7-day water absorptmn 100 100 900 900 1 300
Water Abao?tmn, g per 100 aq. cm. 57.6 63 7 140 67 36 8
Volumetric Swell, % 128 190 76 27 12

other chemicals, although varying in the re-
sults produced, appear to be without practical
interest

HEAT TREATING SOILS PRELIMINARY TO
BITUMINOUS STABILIZATION

Refractory soils do not respond readily to
simple treatment of water and asphalt Such
soils can often be handled by the addition of
chemical agents, of which lime has been the
most successful, or partial curmng of the soil
nmixture before compacting. Another possi-
bility of modifying soil properties preparatory
to stabihzation with bituminous matenals 1s
by heat treating the soil at a moderate tem-

(1) No change 1s produced 1n either the dry
or wet soil densities

(2) For the Hubbard-Field strength test on
the freshly compacted briquettes, heat treat-
mg at 140 F produces somewhat lower
strength than was obtained for the air dried
soil, but at mcreased temperatures, these
strengths mcrease until at 390 F they some-
what exceed those obtained with the air-dried
soil

(3) After 7 days water absorption the Hub-
bard-Field strengths increase with mcrease 1
temperature of heat treatment. Also, after
absorption, for the soil contaimng hme,
strengths ranging from 600 to 1400 1b. were
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obtained from heat treatment as compared to materials. The relation between time of

800 I for the ar-dried hme-treated soil. heating and temperature was not investigated.
TABLE 10
EFFECT OF HEAT TREATING SOIL ON ITS STABILIZATION
Sol A B
Water Added—wt % 8 8 10 10 10 10
MC2 ¢ —« 4 8 ] 10 ] 10
Lime - 0 0 0 0 ]
Air dry—not heat treated
Mix Evaluation L, Spotty F, 8, L, Spotty | F-G, 8], [¢]
Spotty Spou.y
Wet Sonl Denslt,y, 1b per cu ft. 137 9 134 4 133 6 127 5 122 6
Dr; 123 0 116 9 136 0 106 2 98 0
Hu{bard-held St.rength lb
Before Wntel' Absor P | 2475 900 2825 900 1250
B After “ @ days) 125 175 Dlsmmtg- 300
gra
‘Water Absorption, g per 100 cm 215 96 8 78
Swell, vol 7p s 92 81 59
Heat treated 2 days at 140°F.
‘Mix Evaluation L F-@, 81, | L, 8potty | F-G, 81, L F-G, 81,
Spotty Spotty Spotty
Wel‘. Sotl Density, Ib per cu. ft. 137 1 138 4 181 4 125 8 130 @ 128 6
122 5 119 3 114 3 104 8 108 8 100 3
{ “ &Soll + Lame) 114 2 105 3
bard-led Strength, 1
Before Wnter Absorptlon 1825 75 1500 850 2975 1050
After (7 days) 150 150 Duutlet:- 600 325
gral
‘Water Absorption, g per 100 sq. cm. 187 91 L] 123 110
Swell, vol % 10 2 10 0 79 74
Heat treated 2 days at 250°F
Mix Evaluation L F, 8potty | L, Spotty | F, Spott; L F, Spot
Wet Soll Denm.y, 1b per cu ft 136 9 133 6 1321 v 12%08 v 131 3 l%o gty
Dl'y 122 0 115 0 115 0 106 4 109 6 102 2
{ s« o (Sod 4 Lime) 116 0 107 3
Hu bard Field Strength
Before Water A tmn 1875 825 2225 975 3900 1550
After « (7 days) 175 250 Dul?te- 1075 700
A
‘Water Absorption, g per 100 sq ¢m 18 3 90 grates 11 4 68
Swell, vol. % 85 556 50 50
Heat treated 2 days at 390°F
Mix Evaluation L L-G, 81, L (¢} L F-G, 81,
Spotty Spotty
Wet Soll Denmt.y, 1b per cu. ft 138 0 134 8 134 5 128 5 131 0 128 0
" Soul + Lume) 123 2 116 2 117 0 107 0 }(1)2 g }g’? g
Hui)bard—Fleld Strength, lg
Before Water Absorptlon 2800 1050 3225 1000 5150 1750
ter (7 days) 300 500 Dism¢ b 100° 1400 750
‘Water Abso tion, g per 100 sq cm 18 3 18 7(?) 17 4 98 58
Swellvo?p 75 42 i 126 52 60
= Lean, F = Farr, G = Good
" Bmder stnppmg from soil .
b Cracked on the top of the briquette
¢ Crached on sides of briquette near bottom
(4) Water absorption tends to decrease EFFECTS OF VARIOUS LIQUIDS ON
shightly with mncrease in temperature of heat PROPERTIES OF COMPACTED
treating. SOILS
(8) Volumetnic swell tends to decrease with  go1 gtabilization with asphalt employs
increase of temperature of heat treating. almost exclusively cutbacks which are mixed

It appears that heat treating refractory with the soil previously moistened with water
sols can improve their properties from the to assist in the distribution of the cutback
standpomt of stabilization with bitummous and to improve the water proofness of the



436

mixture. The dry soil densities of the com-
pacted soil-water-asphalt mixtures, however,
are as a rule, not as great as can be obtained
with water alone and the mixtures exhibit .
lower strengths. High dry soil density is one
of the objects sought in compacted soils in
road and embankment construction. It was
thought that this would be facilitated by the
presence of certain wetting agents which had
the property of lowering the surface tension
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Figure 7. Relative Effects of Water and Oils
and Compacted Soils. New Jersey Soil. Bri-
quettes compacted under 10000—1b. total load.

of the water, but such agents appear to be
without effect.

The greater strengths and dry soil densities
usually observed with the straight soil-water
briquettes as compared to those containing
bituminous materials has been ascribed to the
lubricating action of the water. This feature
has been given some study by employing
liquids and oils covering a wide range of
viscosities. The high strengths obtained al-
though combined with comparatively low dry
soil densities suggest that dry soil density
may lack some of the importance ascribed to
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it when non-aqueous liquids are employed
for preparing soil mixtures. Some of the
hquids investigated are obviously impractical
for field use but the high strengths obtaned,
although associated with relatively low dry
soil densities, warrant further study of the use
of the non-asphaltic petroleum oils with soils.
The information here presented must be con-
sidered only as indicating the results which
can be obtained by incorporating relatively
low viscosity liquids in soil mixtures.

A series of tests was performed with the
New Jersey Red Soil using petroleum oils of
several types and covering a wide range of
consistency. The o1ls used were:

Cylesso 150 (Cyhinder oil)
RC-2 Cutback Asphalt
MC-2 Cutback Asphalt
SC-2 Cutback Asphalt

Naphtha No 1
Refined O1l No. 1
Gas O1l

Marcol

Similar results were obtamed in any one
series of mixtures using the same volume of
liquid. Table 11 illustrates the effects ob-
tained with 12 cc of the hquids per 100 gms.
of soil Figure 7 shows graphically the com-
plete data obtamed in these tests.

From the results obtamned with the New
Jersey soill 1t may be said that greater
strengths accompanied by greater voids con-
tents and lower dry soil densities are obtamed
with the soil-oil mixtures than for the soil-
water mixtures and that the best results are
obtaned with petroleum oils having not more
than approxmmately 22 centipoises absolute
viscosity at 77 F (85 SUV/100 F ). Higher
compaction loadings are required to produce
the same dry soil densities for the soil-oil
mixtures as compared to the soil-water mix-
tures due to the poorer lubricating properties
of the o1l even though having the same
viscosity This may be partially explained
by the poorer wetting properties of ois as
compared to water, for hydrophilic mmeral
matter.

During the course of these tests the in-
ferior lubricating properties of the ois for
compacting soils was clearly shown by the
relative compaction loadings required to pro-
duce defimte dry soil densities as compared
to those for the soil-water mixtures, namely,
1500-10,000 Ib. versus 550-600 Ib. for the
soil-water mixtures. It was indicated that
within limits, the load bearing properties of a
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compacted soil apparently show little relation
to the compaction pressures employed.

Dry soil density by 1tself appears to have
little relation to the strength of compacted
soil For any one liquid there exists a maxi-
mum dry soil density as the quantity of

strength of the compacted soil is not closely
related to the viscosity of the liquid, at least
when hquds of different natures are em-
ployed. In order to have more diwrect in-
formation on the effect of the nature of the
liquid on the properties of compacted soils,

TABLE 11
COMPARISON OF EI"FECT OF WATER AND OILS ON PROPERTIES OF COMPACTED SOILS

JERSEY RED SOIL (SP!

'EC. GR = 2749)

quuld Used 1n All Mixes—12 co. per 100 g of soil

Properties of Liquid l%‘"l Denslttg
- - per cu ‘Hubbard-
Liqud Visconty at 77°F | Exyde Vods | Field
Sp .gr py P Strength
i- enti-
stokes | poises Wet Dry
% b
Water—wt % 1 000 0 890 0 890 No 1410 l;: g 3.0 2350
Naphtha No. 1—wt. % 0 788 0 730 083%0| No 127 8 ug é 9.5 3478
Refined 01l No 1—wt. % 0 807 1.71 137 No 131 3 llg-z 7.1 4350
Gas Oil—wt. % 0 839 312 2 66 No 125 0 l}g g 123 4125
Marcol—wt. % 0 844 26 2 21.9 No 127.8 l}g é 103 4550
Cylesso—wt % 0 905 2010 1809 No 1320 dg g 77 3250
RC-2—wt % 0 943 2964 nn No 128 8 1% g 106 1850
MC-2—wt % 0 032 5832 5523 No 1310 li; a 88 2700
8C-2—wt. % 0 930 3790 3616 No 131 8 1}; g 83 475
No 11 Flux—wt % 0 977 |120600 128840 No 127 § lﬂ ; 113 1100
Water(a)—wt. % 1 000 089 089 130 6 120 96 1125
lm(g)

e —om

added Lhiqud is varied and the soil-hiquad mix-
tures are compacted under the same loading.

Effects of Liquids Having the
Same Viscosity as Water

It has been shown that soil mixtures hav-
ing greatly increased strengths are obtained
by using petroleum oils and other non-aqueous
liquids 1n place of water in the preparation of
the compacted soils. The oils used in these
tests covered a wide range of viscosity, from
somewhat below that of water to that many
times 1ts value, with the result that indica-
tions were obtained to the effect that the

ted to average dry soil density of soil-oxl briquettes.
n loading required to produce dry soil density of briquettes made with eon'eupondmc volume of oil.

briquettes were prepared with the following
liquids having similar absolute viscosities:

Water Isobutylene trimer

Amylacetate Varsol—narrow cut

Carbon Tetra- Absolute Ethyl Alcohol
chlonde

Xylene

As shown in Table 12, the descending order
of briquette strength for the seres of liquids is:

1. Varsol—narrow cut, Best

2. Carbon Tetrachloride

3. Isobutylene trimer

4 Xylene
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5 Absolute ethyl aleohol or amylacetate

6 Water, Worst

The aromatic liquids (xylene) appear to be
mferior for producing strength m soil mixes
to the paraffinic solvents, varsol and 1sobu-
tylene trimer, and are agamn surpassed
by chlormated liquids, carbon tetrachlorde.
One of the interesting and unexpected results
revealed 1 these data is that some hquids,
for example absolute ethyl aleohol and amyl-
acetate, are capable of ylelding briquettes
having greater dry sol density than can be
obtamed with water This may have practi-
cal implications and ments further interest
since one of the things currently deswred in
earth construction is the compaction of soils
to their maximum dry soil density It must
be emphasized that none of the non-aqueous
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tures having maximum strength with second-
ary consideration bemng given to dry soil
density. The present work suggests that this
can be promoted by the use of non-aqueous
Lhquds For soil stabilization, the results
pomt to a preference for ight petroleum oils.
It 15 possible that other hiquids than hght
petroleum oils can be similarly employed m
soil stabihzation

PROPERTIES OF SOIL-WATER-
ASPHALT MIXTURES

In a survey on the properties of soil-water-
asphalt mixtures 1t appears that maximum
dry soil densities, maximum strengths after
water absorption, minimum water absorption
and volumetne swell do not occur at identical
compositions of the briquettes, but for any

TABLE 12

COMPARISON OF EFFECTS OF LIQUIDS HAVING THE SAME ABSOLUTE VISCOSITY ON THE PROPERTIES
OF COMPACTED SOILS

New Jersey Red Soil (Sp Gr.—~2 75)

Soxl Dens)
Tqud Com- percu I Hubbard-
Abs V cttilon Exude Voids s tF leldt.h
15¢ | cc per oadin, ren,
Kind s’,’,ag" 77°F — § Wt & Wet | Dry &
* |Centipoises|{ Sou
% Vol , % 114
Water 1000 0 89 14 140 10000 Shght | 13890 | 121 2 08 850
Amylacetate 0 866 0 902 14 121 10000 Shght | 134 0 | 119 2 39 1825
Carbon Tetrachloride. 1 583 088 14 222 10000 o 1376 | N20 56 3950
Xylene 0 866 0 59 14 121 10000 No 1315 | 1173 58 3550
Isobutylene-trimer 0 738 0 89 14 103 10000 No 1203 | 171 56 3800
Varsol Cut 0 768 0 89 14 108 10000 No 1280 | 1158 76 4325
Aba. Ethyl Aleohol 0 785 130 14 111 10000 No 1362|1216 20 1675

hquds in the present tests were selected
because of therr practical value, but the re-
sults indicate possibilities which mught be ob-
tamned with further investigation along this
lme From these data 1t appears that the
results to be obtained mn the production of
compacted soil mixtures are practically inde-
pendent of the viscosity of the hquid provided
this 1s not so great as to interfere with the
mixing and compaction operations, but are
largely conditioned by the nature of the
liqud employed. Water, in general, produces
compacted soil mixtures much lower in
strength than can be obtamed with non-
aqueous liquds, having approximately the
same viscostty.

In soil constructions, great stress is placed
on dry soil density, but the important thing
would appear to be the production of strue-

one series of briquettes made with constant
amounts of water and mcreasing amount of
asphaltic binder, these maxima qecur at n-
creasing amounts of cutback i the order of
the property given The possibiity of ob-
tammng maximum wet or dry soil densities
varies with the particular soil 1n question and
1t frequently happens that pomnts of mmmum
water absorption and volumetric swell cannot
be established over the practical range of bri-
quette composition Improved results may
be obtamed on the uncured briquettes by
agmg Ths may have practical sigmficance
as mdicating that this improvement acts as a
safety factor for the accepted design.

It has been observed that for a given per-
centage of total hquids, that 1s cutback
asphalt plus water, the dry soil density in-
creases and the voids decrease in the bn-
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quettes compacted under a given compaction
loading (10,000 ib. ;n these tests) with -
crease 1n the percentage of water in the total
hquids This observation suggests that maxi-
mum dry sol density 1s only obtained by
using water alone in comparison to MC-2 cut-
back as the lubricating liquid as pomnted out
In a previous paragraph and this 1s confirmed
to a considerable degree by results on soil-
water mixtures.

Obviously the voids content and total
liquids present mn a soil mixture are closely
correlated in the manner that the greater the
total liquid content, the less the voids in the
compacted soil-hiquds mixture. Indications
have been obtained that the amount of total
liquids required to produce a briquette (under
10,000-1b. compaction) with zero voids 1s a
characteristic of the soil, as the followng
approxmate figures illustrate:

Volume Percent of Total Liquids Required to -

Obtain Zero Voids

South Carohna GOOD Soail, 21 5§
South Carolina POOR Soil, 300
New Jersey Red Soil, 34.0

San Francisco Soil, 33 5

From these figures, it may be stated good
solls attain zero voids with much less liquids
than the poor soils, which may be an under-
lying cause mn therr better behavior under
service This property might also serve as a
useful =oil constant.

STRENGTH OF STABILIZED SOILS

After a soil has been investigated and a
decision made on the treatment which should
be applied for its stabilization, there remains
the question as to how the soil muxtures
should be handled in the field to give satis-
factory performance. This generally requires
decision on the thickness to be used, about
which there has been considerable discussion,
particularly on the simple soil-water mixtures.
An endeavor has been made to obtain some
specific information which would be apph-
cable to stabihzed soil mixtures It appears
that the soil-water and the soil-asphalt-water
mixtures exhibit the same mechanism of
failure so that the same treatment for strength
design can be appled to each

The procedure followed in these tests con-
sisted of preparing the usual Hubbard-Field

briquettes from the soil mixture and testing
them for Hubbard-Field strength, shear
strength and compressive strength, and then
comparing these results with the load bearing
capacity and behavior under load of 6-in.
diam. briquettes made to various thickness
and tested with a concentrated load apphed
at the center of the briquette through a 1-in.
plunger. The stresses involved in the failure
of the 6-1n briquettes under this method of

TABLE 18
New
Jersey
Soils Red | Brownsville
Soil | amlity-clay
a silty-
Spearfic Gravity 2 749 2.654
Laquad Lamat 311 5258
Plastic Limit 2 2 214
Plasticity Index 109 311
Field Moisture Equivalent 49 25 0
Siratas e B b
n 0
Exudation Point
Water only—10,000 Ib com on | 14 18
50 50 Water—MC-2 10,000 Ib
compaction 19 21
Wet Screen Analysis
Through No 4on No 10 06 003
“ “ 10 ¢ ¢ 2 1.9 015
“" LY 20 “ € 40 a 8 0 o‘
o« “ 40 ¢« ¢« 60 76 0.11
o “ 80 “ ' 100 9.5 013
“ “ 100 ¢ “ 200 116 013
o 200 ¢ ¢ 325 53 |[Thru No 200
09 42
" " 325 W o
TABLE 14
Gravity deg API 16 0 = (0 9593 sp gr
at60 F )
Flash (Tag O C ) deg F
Furol Viscomty at 140 deg. F 180
ASTM Distillation
IBP—deg F 391
74 0
437 18 1% of O H
500 56 3% of OH
600 85 9% of O H
680 100% of O H
Residue—Vol % by duff 752

testing are both tensile and shear, but the
attempt to determine which one predominates
has not heretofore been too successful Suffi-
cient evidence has been obtained, however, to
mdicate that compressmive strength 1s not
closely correlated with the strength properties
of a soil and that failure of the 6-in unsup-
ported compacted so1l specimens 1s primarnly
through lack of tensile strength

Two soills were employed n these tests,
namely, New Jersey Red Soil and Brownsville
Soill  See Table 13 for properties.
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For the soil-water-cutback mixes, the regu-
lar grade of MC-2 cutback, Venezuelan Binder
“C” base having the typical inspections 1n
Table 14 was used. Distilled water was em-
ployed m making all mixtures

Experimental Procedure

To the air dry soil whose mosture con-
tent had been previously determined, water
was added to give the desired total moisture
content and the soil-water mixture allowed
to stand overmght. For the soil-water only
muxtures, briquettes were prepared the next
morning, m case of the soil-water-cutback-
asphalt mixtures, the required amount of cut-
back asphalt was mcorporated the next morn-
mg mto the dampened sol and the total
mixtures allowed to stand 4 hr. before pre-
paration of the briquettes The mix evalua-
tion, or the ease of mcorporating the cutback
and the umformity of the distribution and
completeness of coating the soil particles,
were noted during these mixing operations.
Three series of briquettes were prepared

(1) 2 diam by l-in high, made according
to the regular Hubbard-Field procedure which
mcludes preliminary tamping with 25 blows
of the No. 1 tamper and final compaction
under 10,000 I Hubbard-Field loading. In
case exudation occurred, the final compaction
was made on a fresh charge under a compac-
tion loading just short of the exudation
pressure.

(2a) —Two sets for Hubard-Field and Shear
strengths, 2-in diam. by 1-in high were made
with prelimmary tamping with 25 blows of
the No 1 tamper and then compacted under
a loading to produce the dry soil density ob-
tained for the 6-in briquettes prepared as
described . (3).

b—One set for compressive strength, 2-in
diam. by 4-in. high, was made similarly and
compacted to the dry soil density obtained
for the 6-n briquettes prepared as described
in (3)

(3) 6-in diam. briquettes covering a range 1n
height from 1 to 6 were made according to
the regular Hubbard-Field procedure with
prelimmary tampmg with the No 1 tamper
and final compaction of 10,000 1 total Hub-
bard-Field loading. In case exudation oc-
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curred, a fresh mixture was compacted under
a loading just short of the exudation pressure.

The 2-m. diam by 1-in high briquettes
were evaluated for their several strengths on
the Hubbard-Field machine according to the
standard procedure usmng the 2-m diam by
14in high briquette confined in a 2-in. diam.
mold placed over a 1.75-m diam. orifice with
the load applied on a 2-in diam plunger.
The specimens fail by a combination of shear
and extrusion

The Shear tests were conducted in a man-
ner similar to that of the Hubbard-Field test
using 2-in diam. by 1-in. high briquettes con-
fined n the 2-In mold, except that the plunger
was 175-n m diam used mm combination
with the 1 75-n. orifice. The specimens fail
mn this case primanly through shear which
results in the punching out of a plug of the
soll mixture This method has been desig-
nated as the Hubbard-Field or “modified”
shear test. Although the effects of side wall
support enter to an appreciable extent into
the final strength figure as ponted out m a
previous section, no attempt was made to
correct for this in this series of tests

The compression tests were performed on
2-in. diam by 4-in high unconfined briquettes
with the load applied through a 2-in. plunger
on the top surface
The 6-in diam. briquettes were tested by
confining them in a 6-in. mold with the speci-
men unsupported on the bottom except
around the circumference over a 5.75-in.
orifice, thus giving a bearing surface 0 125-in.
wide around the outer edge. The load was
applied to a centrally located 1-m. diam.
plunger The specimens failled by a com-
bination of shear and a breaking away of a
conical plug having curved lateral surfaces
whose outline depended upon the thickness of
the specimen.® The size and shape of the
cones was more conveniently measured on the
opening formed m the residual shell remain-
g 1n the mold rather than on the cone 1tself.
The extensive data are not being presented

8 It 18 realized that 1n addition to specimen
thickness, side wall support also exerts 1ts ef-
fect on determining the contour of the cones,
particularly in those cases where the edge of
rupture 18 at the supporting ring. This has
been omitted from consideration 1n the present
discussion, being reserved as a subject for
future study
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but a typieal set of cone contours is illustrated
1 Figure 8.

There appears to be an approximate rela-
tion between the Hubbard-Field strength and
Hubbard-Field or “modified” shear strength,
which present data indicate to be.

Log § = 0867 H.F. — 0.528

S being the Shear strength and H.F. the
Hubbard-Field strength. The value of the
slope of the line appears to be fairly defimtely
established but not that of the given con-
stant. .

As observed in this investigation, no ap-
parent relation exists between the compres-
sion and shear strengths from which 1t might
be inferred that compressive strength 1s of
lhittle use in the design of soil mixtures.

Angle of Break of Soils at Failure

On 1ncreasing the load to failure on the
1-in. plunger at the center of the 6-in bri-
quettes supported only on a 0.125-in. edge
around the circumference at the bottom, the
compacted soil breaks out in the form of a
frustum of a circular cone with the lateral
surface concave, as illustrated in Figure 8,
the upper base having a diameter equal to
that of the plunger and the bottom base vary-
ing in diameter up to & maximum equal to
the diameter of the supporting edge of the
orifice (5.75-in. for the present 6-m. speci-
mens). The contours of the sides of the
cones vary in curvature depending upon the
thickness of the specimen under test and the
physical properties of the soil mixture In
addition, it appears that the lateral surface
of the cone immedately adjacent to the
plunger breaks out along a straight line in
cross-section Inspection of a large number
of graphs of the cone contours reveals that
the angle to the vertical varies with the
hetght of the come broken out, not with the
original thickness of the specimen The tan-
gent of the angle to the vertical of the lateral
surface of the cone adjacent to its upper base
is a linear function of the thickness of the
cone. The exact relation appears dependent
upon the properties of the specific soil mix-
ture, which prevents the formulation of any
general relationship between the tangent of
the angle to the vertical of the lateral cone
surface at the upper base and the cone depth,
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beyond the knowledge of the existence of its
linearity.

In designing for thickness of stabilized
soils, 1t has been customary to assume that
the soil fails along a surface making an angle
of 45 deg. with the vertical The present
data suggest that this may not be entirely
true, but that the angle 1s related to the
thickness of the compacted soil undergowng
failure and that as the thickness increases,
the soil will fail m a manner approaching
simple shear This conclusion refers to re-
sults obtained by the use of 6-in specimens
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Figure 8. Typical Cone Contours

laterally confined by the walls of the mold
and unsupported at the bottom except by
a narrow edge around the circumference.
Larger specimens supported uniformly over
the bottom surface and free from rigid lateral
restramnt might produce different mndications
than those described.

Penetration of Plunger at Farlure vs
Thickness of Briguetie

On applymng the 1-in. plunger to the com-
pacted soil specimen confined in the 6-in.
mold and supported only at the periphery by
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the 5 75-in onfice, the plunger tends fo pene-
trate the specimen a certain distance before
failure occurs, the extent of the penetration
depending upon:
1. the strength and plastic properties of the

soil-liquid mixture, and
2 the thickness of the specimen

For any one series of the 6-in. briquettes
prepared from a given soil-hquid mixture, the
method of the preparation of the briquettes,
the compaction loading employed and the
wet and dry soil densities were practically
1dentical so that the only variable entering
mto therr formation would be that of thick-
ness These tests indicate that the plunger
penetrates the compacted soil when its thick-
ness 15 greater than approximately two i,
wrespective of whether the soil 1 friable, well
compacted or mn a rather plastic condition.
Upon plotting the experimental results, it
appears that the relationship between the
penetration of the plunger at failure and the
thickness of the briquette may be approxi-
mately expressed as

Pt=033(T—-2)

P bemg the penetration of the plunger and T
the origmnal thickness of the briquette unsup-
ported at the bottom except for a width of
0 125-in around the peripheral edge

This observation suggests that soils should
not be compacted to greater thickness than
2 1n 1n layers thicker than 2 :n  The pene-
tration of the plunger into the briquette be-
fore fallure may be related to the shear
properties of the compacted soils mn such a
manner that when the l-in plunger pene-
trates the soil specimen, a shearing stress 1s

set up which 1s equivalent to the total load .

divided by the circumference of the plunger.
The ratio of this umt peripheral stress for
the 6-1n briquettes to the unmt Hubbard-Field
shear obtamned on the 2-in diam by lan
high soil specimens should show some definite
relation to the penetration of the plunger at
the time of faillure It has been found that
penetration of the soil occurred when this
ratio exceeded umty and this occurred when
the 6-n diam briquettes had greater thick-
ness than 2 m Beyond this pomnt there
appears to be no defimte relation between
these two quantities indicating that when
failure occurs in the soil, the behavior of the
soil from then on 18 unpredictable
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The dicated crtical ratio of umty sug-
gests that until further information becomes
available, the loading on a soil should be so
distributed that 1ts unit peripheral shear does
not exceed that of the Hubbard-Field or
“modified” shear It would seem, however,
that only a moderate mncrease mn penetration
should be permitted with increase 1n specimen
thickness of compacted soils beyond the limit-
g thickness of 2 in , thus indicating intrmsic
stabihity of the soill mixture

To estimate the hmiting loading at which
only negligible penetration of the compacted
soil should be produced, the Hubbard-Field
strength and umt Hubbard-Field shear
strength have been plotted agamnst penetra-
tion on semi-log anthmic paper by which a
linear relationship 1s apparently obtamed.
The curves indicate that for a compacted
soll to exhibit no penetration under loading as
applied through the 1-in plunger on the 6-in.
briquettes, the tests on the 2-m diam by
1-n spectmens prepared and tested according
to the procedure outhned m this report should
show around 1,900 tb Hubbard-Field strength
or around 130 b umt Hubbard-Field shear.

It would appear that only a moderate in-
crease in penetration of the plunger should
occur with increase in specimen thickness of
the compacted soils by which the intrinsic
stabihty of the soll mixture 1s mdicated.
Some nsight mto the relative stabilities of
sols can perhaps be gamed by considering
the fundamental nature of the quasi-extru-
sion Hubbard-Field strength test and the
simple Hubbard-Field shear test, both of
which are performed on the same size speci-
men and mn which the soil 1s forced through
the same size orifice The excess force re-
qurred by the Hubbard-Field test over that
for the shear test must indicate the effort to
crowd the soil outside of the dimension of the
potential shear plug into 1ts lateral bounda-
rnes This process requires the foremg of the
soul particles over each other; mn other words,
the overcoming of the internal friction of the
soil specimen, so that the ratio of the values
obtained for the Hubbard-Field strength and
shear tests may be presumed to give some 1n-
dication or measure of the stability of the
compacted soil. From a plot of the ratio on
log-log paper agamst the penetration of the
1-m plunger mto 6-m diam by 4-m hgh
soil specimens supported # m around their
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bottom, linear relations are obtamned. The
slopes of the lines for the New Jersey soil-
water and soil-water-cutback mixtures lie
close to each other, indicating the same -
trinsic stability of the soil, the difference in
values for the two series of mixtures originat-
ing probably from the effect of the hqud
binder employed 1n the two cases The slope
for the Brownsville soil-water mixtures is
much greater, suggesting that this soil is in-
trinsically more stable than the New Jersey

soil This feature demands further investiga-

tion before drawing definite conclusions.
Load Bearing Strength versus
Thickness of Compacted Soul

Considerable discussion has already been
devoted by various investigators to the sub-
Ject of the required thickness to support
anticipated loads but practically no informa-
tion 1s available for the soil-water-bitumen
mixtures To supply this information was
one object of this investigation The failure
of compacted soils by the application of con-
centrated loads through a small plunger at
the center of a briquette supported only
around 1its lower edge appears analogous to
that of circular metal plates submitted to the
same treatment Formulae have been devel-
oped for the latter which indicate that the
strengths of circular plates varies as the
square of their thickness Compacted soil-
hqud mixtures will not necessarily show the
same strength relationships as metal plates.

From a series of tests on compacted souls,
the concentrated loads obtamed at failure
with a 1-in plunger apphed at the centers of
6-1n  bnquettes ranging 1 thickness from 1
to 6, confined within the 6-n mold and sup-
ported around the circumference over a 5 75-
in orifice have indicated the powers of the
thicknesses as related to the loads supported
at the pomnt of failure given in Table 15

The strength of a soil appears to be more

closely related to the thickness to which 1t 18~

compressed at the moment of failure than to
initial thickness, thus indicating that design
based on orgmal thickness 1s apt to be mus-
leading unless some relation between 1t and
final cone height at failure can be established.
The exact exponent correlating thickness to
load bearing capacity varies according to the
properties of the soil mixture which mn turn 1s
dependent upon both the flud employed and

the soil entering into the mixtwite The com-
bined effect of these several factors mntroduces
uncertainty nto the thickness design of soil
mixtures which necessitates factors of safety
of considerable magnitude However, for de-
sign purposes, the data indicate that, until
additional information becomes available, the
average the load bearing capacity of a com-
pacted soil construction may be considered to
vary as the 1 5 power of the thickness

Forces Acting at the Failure of
Unsupported Soil Briguetles

There has been considerable discussion as
to whether road surfaces fail through the
action of shearmng or tensile forces It 1s
obvious that under traffic the road surface 1s
subjected to two main forces, the horizontal
shoving caused by the advance of the vehicle
and the vertical pressure due to its weight.

TABLE 15

EXPONENT OF THICKNESS VERSUS LOAD AT
FAILURE FOR COMPACTED SOILS

T(})x:l inal l;_I%ght
ckness | of Cone
Based On o Punched
Brniquette Out

New Jersey Soil

Soil-Water Mixtures 1 330 1 448
New Jorsey Soil

Soil-Water-Asphalt Mixtures 1431 1 662
Brownsville So1

Soi1l-Water Mixtures 0 934-1 409] 1 616-2 244

Because of greater simpheity for experimental
mmvestigation and mathematical analysis, this
study has been limited to the effects of the
applhication to compacted sous of wvertical
loads analogous to those produced by vehicles
at rest If failure under these conditions con-
sists mm the cutting through of the surface
accompanied by further consolidation of the
material directly under the load (the sides of
the depression assuming an angle of approxi-
mately 90 deg. with the surface and without
appreciable deflection of the surface around
the area of failure) the failure may be as-
sumed to have resulted primarily from simple
shear effects Thus any of the simple shear
tests such as the Hubbard-Field shear em-
ployed 1n this mnvestigation, would serve as a
measure of the bearing capacity of the surface
construction This type of failure rarely, if
ever, occurs Such a faillure would mean no
distribution of load beyond the area of its
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apphcation and there 1s ample experience to
indicate the contrary. Load distribution on
earth has been customarily considered to take
place through a cone whose sides make an
angle of 45 deg. with the vertical; but as
shown m a previous section, this angle for
compacted soils laterally confined but unsup-
ported on the bottom vares with the thickness
of the construction. This discussion attempts
to analyze the various forces mnvolved 1n the
failure of 6-in diam. soil specimens of various
thicknesses, confined on the sides mn a 6-in.
mold but unsupported at the bottom except
around the edge resting on a 5 75-m. orifice
and tested by applymg a load to failure
through a 1-in. diam, plunger at the center of
the upper surface.

The contour of the cone indicates that the
forees are combimations of shear and tension
varymg from primanly shear within the im-
mediate region of the plunger to primarily
tension at the outer edge of the specimen;
particularly the latter when the break occurs
away from the edge of the supporting orifice.
Simce the walls of the cone form an inclimed
surface, the treatment of the forces should be
analogous to that of a plane of failure under
tension for ordmary construction materials.
Although the contours show that the surfaces
of the cones are decidedly curved, 1t has been
assumed for purposes of approximate analysis
that the surface of the cone 1s produced by
revolving about the axis straight line jomning
the end of a top diameter to the end of the
corresponding base diameter.

The following 1s the treatment of the data
employed m this discussion with the results
presented in Table 16

Let L =Total load at failure 1n pounds
h=Height of cone 1n inches
0=Angle to vertical of side of cone in
degrees
a; =Lateral area of cone
S, =Tension per unit lateral area of cone
perpendicular to shear plane
S, =Shear per urit lateral area of cone
parallel to shear plane
L;=Total tension i1n effect at failure—
pounds
L,=Total shear in effect at faillure—
pounds

The angle 0 was calculated from its tan-
gent as estimated from the graphs of cone
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contours; the lateral area a, of the cone was
calculated from the dimensions of the cone.
Using these symbols the following relations
can be formulated*

L
o= Load per unit lateral area of cone
1

S = L gin 6
a

Sy = £ cos 6
@

The component of tension parallel to the
direction of the apphed force then becomes

S;sin 6 = I—J sin? 8
a
from which the total component of the ten-

sion effective 1n promoting rupture 1s seen
to be

Le= a1 8;8n 80 =Lsam?6.

The component of shear acting 1n line with
the direction of the apphed force then be-
comes

S;co80 = é- cos? 8
a

from which the total component of shear act-
ing m line with the direction of the applied
force becomes

L, = a, 8,co8 0 = L cos? g,

L, is more conveniently caleculated as the
difference between the total applied load L
and L, the effective vertical tension.

The relative magmtudes of the unit shear
and unit tension acting at the surface of the
assumed cone vary with the shape or height
of the cone. It may be assumed that what-
ever force primarily determmes the strength
of the soil mixture should reveal a practically
constant unit value per unit area, and from
the values 1n Table 16 it appears that this is
the vertical component of the tension A
further indication that shear plays a re-
latively minor role mn the failure of the bn-
quettes 1n tests in this investigation 1s the
relatively small calculated umt shear values
as compared to the Hubbard-Field unit shear
values 1n the table; these approach each other
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when the soil mixtures become decidedly
plastic.

Further evidence that compacted soils fail
primarily through tension has been obtained
from 6-n. soil briquettes having alternate
layers of the New Jersey Red soil and thin
layers of gray Brownswille soil. These speci-
mens were loaded to fallure by the l-mn.
plunger, the cone and remaning shell cut

mixtures when failure occurs, and that this
mvolves a high percentage of shear resistance,
although at the lower portions of the cone
there was no evidence of such flow This in-
dicates failure in this portion primanly
through tension.

In connection with the relative effects of
tension and shear in the failure of the unsup-
ported 6-in. briquettes, 1t may be of interest

TABLE 18
ANALYSIS OF FORCES AT FAILURE OF ¢6-IN. BRIQUETTES—NEW JERSEY SOIL
6-1n Briquettes With Load Apphed to 1-in Diameter Plungers, Assumed Cone of Straight Sides

HF Caled | Caled
Shear on Load |Tension| Shear |Vertical| Total |vyerpicall Total
2-m by Angle per persq | per 5q | Compo-| Vertical | Compo- | Vertical
Water | _1-n | Loadat| g 4, | of Side | Lateral | . mn m of | nentof | Effect | pentof | Effect
onDry | Brg at| Failure | ©F to Area | Lateral | Lateral | Lateral | Ten- of Shear of
Soil Soil L Vertical| a1 Area | Area | Area | sion | Tension Shear
Density [] L S =L S, L|k g | Lt =L |= coste =]
of 6-1n rrl il e sintg |Gt cos?@
Briq sind | cosé
wt % 2’1 f:’ 1) . deg. | sq sm. b
4 725 1 62 8 203 197 175 0 90 156 32 045 8
134 2 49 8 328 400 312 204 238 78 170 506
271 3 384 405 670 418 525 258 106 412 167
579 4 344 49 3 1173 8 62 0 69 374 184 8 00 394
043 4 875 260 57 4 16 42 720 14 78 316 181 1327 762
8 103 119 111 60 3 208 572 408 284 433 90 141 29
369 210 26 335 107 85 6 50 8 85 230 394 129
543 294 390 401 13 56 85 10 63 535 215 819 328
016 372 235 440 7 196 106 16 52 565 264 13 03 851
1227 439 28 6 528 22 11 20 40 53 280 17 91 947
10 98 163 112 601 20 8 784 [ X ] 301 5 90 1 1056 40
351 204 49 4 332 10 &7 801 6 88 6 08 202 448 149
667 280 39 4 3917 16 80 10 68 12 98 878 2 10 01 398
847 3 02 312 487 17.40 901 14 88 4 67 228 12 72 619
1421 427 21 817 27 50 13 38 24 00 6 50 6 20 97 1088
12 92 6 119 099 57 13 5 8 82 729 4 08 8 02 81 2 80 38
371 2 06 456 286 12 92 924 9 04 8 60 189 8 32 182
569 2 86 397 394 14 18 9 05 10 80 578 228 8 30 331
885 374 324 470 18 41 9 88 16 67 520 249 13 15 616
1219 4 81 26 2 56 9 21 48 9 46 19 27 418 238 1723 981
145 85 119 099 49 3 10 3 11 60 8 80 7 b6 6 68 68 493 61
363 198 471 23 86 12.70 9 31 8 65 6 83 195 § 80 168
583 2 88 96 396 14,72 9 39 11 33 599 237 874 346
727 3.32 35 6 432 16.856 981 13 70 571 247 11 58 480
1085 438 285 528 20 00 9 56 17 58 4566 240 16 45 815
20 172 40- 099 56 68 41 2.84 2 38 166 198 28 0 86 12
136 209 481 333 4 06 3 05 2 68 229 77 177 59
200 218 47 5 34 2 58 4 32 3 98 3 18 109 2 68 91
230 2 38 450 356 6 45 4 56 4 56 322 116 323 115
240 212 48 2 337 712 530 25 3 88 131 380 100

across therr diameters and the cross-sections
photographed. It appears that the failure
has been primarily through tension since dis-
tortion along the surface of rupture does not
show Compression of a top portion of the
cone has taken place but evidently this has
not affected the adjacent soil from which the
cone was punched, except for plastic mixtures.
The pictures of the plastic mixture were in-
teresting in showing the flow of such soil

to compare the calculated average tension
values for the New Jersey soil-water mixtures
with some preliminary tensile strength results
obtained by experiment using the soils com-
pacted to the same wet soil densities m a
2-in. diam mold as found for the 6-m. bri-
quettes (see Table 17).

It will be noted that the determined values
are considerably less than those calculated
and that moreover the determined values 1n-
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dicate a very sharp maximum for the mixture
containing 14 5 per cent of water This n-
dicates the marked mcrease 1n the coherence
of the so1l mixture of this composition as com-
pared to the others submitted to the tensile
strength test. Much higher tensile strengths
can be obtained by compacting the sotl mix-
ture to hugher soil densities, but this feature
was not investigated further. It would ap-
pear, however, from these few data that the
tensile strength of compacted soil mixtures
might serve as a better criterion m therr
design than the tests 1n vogue at the present
time.

TABLE 17
TENSILE STRENGTHS ON NEW JERSEY BSOIL
iz,
mponen!

Water L‘ﬁ'go‘::“ of Tgl?mon, Tenmle
calculated Strength
from cones

% by wt 8g. sn Ib persg in | 1b peresg n
4 4.57 2 68 115
8 8.72 549 178
10 9.58 5909 178
12 898 5 57 2 8
45 9 37 5 96 9 58
20 302 20 22

Effect of Layer Compaction on the Load
Bearing Strength of a Soil

It was suggested previously that in com-
pacting soils to greater thicknesses than 2 1
layers prefereably not greater than approx-
mately 2 in. should be used. This indication
has been further mvestigated by compacting
soll 1n a 6-in. mold 1n layers under 10,000-1b.
loading on each layer, and then without re-
moving the specimen from the mold, evaluat-
ing 1ts load bearing capacity by applymg the
load to the 1-n. diam plunger centrally
located on the upper surface of the briquette
under two conditions, namely.

a Supporting the 6-in briquette on a 5 75-m.
‘iam orifice so that 1t was resting only on a
rmg 0.125 wide around the circumference
with no support underlying the remaining
bottom surface

b Supporting the 6-m bnquette over the
entire bottom surface by resting the specimen
on a sohd support The results from these
two test condifions as apphed to soil-water
mixture usmg New Jersey Red soll mdicated
that
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1. Compaction m layers produces greater soil
density which increases progressively with
decrease 1n the thickness of the layer com-
pacted, 1n other words, the greater the num-
ber of layers by which the soil 1s compacted
to a given thickness, the greater the soil den-
sity The lmmting thmmness, however, was
not estimated

2 Compaction 1n layers produces a progres-
sive increase mn the load bearing capacity of a
compacted soil for a given thickness of con-
struction.

It was also considered of interest to note 1f
any relationship existed between the load
bearmmg capacities for the soil tested under
the two conditions of support, and for this
purpose the ratios of the two values obtained
1n this seres of tests were plotted It appears
that the same load bearing strength will be
mdicated for either case when the thickness
of the compacted soil is 7-8 . or greater.
This indication might be employed for estab-
lishing the mimmum thickness for compacted
soll construction. It also suggests that any
discussion of the relative merts of supported
and unsupported 6-m. briquettes will be
limited to soil thickness below the limit at
which the same failure loading 1s obtained for
erther of the two types of briquette support.

Water Absorption of 6-in. Diameter Briguelles

The effects of water upon stabilized soils is
customarily evaluated by exposure of small
compacted specimens to various moisture con-
ditions which 1n our case consists of 1mmer-
sion of 2-in diam by l-in. high briquettes to
a depth of 3 n 1 distilled water. The be-
havior of the 6-in briquettes from 1 to 5 in.
thick on exposure to water has been noted by
mmmersing them to one-half their height m
water for 85 days with periodic inspections of
their water absorption and volumetric swell,
with the following results.

1. Volumetric swell remans relatively low in
value and generally reaches its maximum
value mm from 14 to 36 days. For the soil
muxtures employed, the 1-in. lngh briquettes
exhibit practically the same volumetrc swell
whereas the briquettes of other heights vary
m this property, which tends to decrease with
mcreasing amount of asphalt mn the mixture.
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2. Water absorption is relatively high and re-
quires approximately 50 days to reach its
maximum value. Water absorption appar-
ently decreases with increase in the amount
of asphalt in the mixture and increases with
the ncrease 1n thickness of the briquette.

The erratic behavior of the softened water
soaked soils under the loading as carried out
in these tests was such that the design of
stabilized soils, based upon properties de-
termined on the compacted soils before being
submutted to the action of moisture, does not
appear to apply too closely to the construc-
tion after 1t has been exposed to excessive
moisture. In other words, for design pur-
poses, the properties of the compacted soils
after submission to water absorption are
controlling.

Conclusions

From the discussion of strength of stabilized
soil, one can say that:

(1) There appears to exist a relationship be-
tween the Hubbard-Field and shear strengths
which present data mdicate can be expressed
approximately as

Log S = 0867 Log (K F.) — 0 528,

S being the shear strength and H F. the
Hubbard-Field strength.

(2) Compressive strength 1s of questionable
use 1n the design of soil mixtures because of
its lack of correlation with other strengths
which have indicated correlation through ex-
perience with the service behawviors of soils.

(3) In the rupture of compacted soil by the
application of a concentrated load at the
center of a 6-in. briquette, 1t appears that the
angle to the vertical of the cone broken out
varies with the height of the segregated cone
and not with the origmnal thickness of the
specimen and moreover that the tangent of
the angle of the lateral surface of the cone is
a linear funection of the height of the cone.
These correlations are hmited to laterally
confined 6-1n. diam soil specimens and thus
include the effects of sidewall support.

(4) On testng 6-m, diam. compacted soil
specimens by loading a 1-in. diameter plunger,
penetration occurs on specimens having a
thickness greater than 2 m The relation
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existing between the penetration of the
plulx)lger and thickness of specimens appears
to be

Pt =033 (T - 2),

P being the penetration and T the thickness,
both 1n inches.

(5) Until further information becomes avail-
able, 1t appears that the load on a soil should
be so distributed that the peripheral shear
around the bearing area would not exceed
the Hubbard-Field unit shear without the
production of measurable penetration. For
soil to be satisfactory from this standpoint it
appears that in the compacted condition it
should show around 1900 1b. Hubbard-Field
strength or around 130 I unit Hubbard-
Field shear.

(6) The intrinsic stability of a soil can appar-
ently be indicated as the ratio of the Hub-
bard-Field strength to the Hubbard-Field
shear.

(7) The load bearing capacity of a com-
pacted soll appears to vary according to the
height of the segregated cone raised to the
15 power

(8) Under concentrated load, compacted sous
appear to fail when the tension component of
the appled load exceeds the tensile strength
of the soil. This has been indicated by the
calculation of the apphed loads, the photo-
graphing of sections of soil specimens after
failure and the determination of the approxi-
mate shear strengths of soils.

(9) Compacting a sol n layers to a given
thickness, as compared to compaction mn a
single layer, produces greater soil density and
mcreases the load bearing capacity

(10) Indications have been obtaned that be-
yond a certamn thickness (7-8 in. for New
Jersey soil), the same load bearing capacity
will be indicated on testing the laterally con-
fined 6-in soil specimens i a supported or
unsupported condition.

(11) Water absorption, expressed as grams
per 100 sqg cm of exposed surface, appears
to increase 1n amount with increase in the
thickness due possibly to a more open struc-
ture of the soil with 1ncrease mn its thickness.
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(12) The design of soil mixtures should be
based upon the properties of such mixtures
after they have been submitted to the action
of water since water-soaked compacted soil
mixtures, at least if not completely stabilized
towards the action of water, do not behave
the same as the compacted soils previous to
exposure to water.

THE BFFECT OF CUTBACK CONSISTENCY
AND THB TEMPERATURE OF MIXING

In stabilizing soils with cutback asphalts,
the binder should obviously be incorporated
into the soil mixture as uniformly as possible.
The ease and the thoroughness of the dis-
tribution of the liquid asphalt among the soil
particles 15 dependent, among several factors,
upon 1ts consistency, which in practice is
selected according to the gradation of the
soil or aggregate bemng treated It can be
nferred from this that other factors remamn-
ing the same, the same results ought to be
obtained with produets having approximately
1dentical consistency at the time of incorpora-
tion and mixing The consistency of the cut-
back can be controlled within certam hmits
by variation 1 1ts temperature since these
products have a rather high temperature co-
efficient of wiscosity, but in controlling the
viscosity of the cutback during the prepara-
tion of the mixture, the soil or aggregate
should preferably be at the same temperature
In order to observe the effect of consistency
of the cutback upon the properties of stabi-
lized soil, a number of tests have been made
with the followmng grades of cutback asphalts
mixed with a soil fairly difficult to stabihize
with asphaltic binders. RC-2, MC-2, SC-2,
RC-4, MC+4, 8C4

From the results of these tests 1t appears
that increasing the viscosity of the catbacks
from that of the No. 2 Grades (100200 Furol
viscosity at 140 F) to that of the No. 4
grades (125-250 Furol wiscosity at 180 F.)
decreases the wet and dry soil densities of
the compacted soil, decreases the obtainable
Hubbard-Field strength for the leaner mix-
tures but increases that for the richer mix-
tures before these are exposed to the water
absorption test; decreases the resistance of
the compacted soil to the effects of water as
indicated by low Hubbard-Field strength
after the water absorption test, increased ten-
dency for the compacted briquettes to dis-
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integrate 1n water and greater water absorp-
tion and volumetric swell.

Lowering the viscosity of the cutback by
increasing the mixing temperature, permits
production of mcreased soil densities, in-
creases Hubbard-Field strength both before
and after water absorption, but decreases
resistance to the effects of water as indicated
by increased water absorption and generally
mncreased volumetric swell.

The net effect of increasing the mixing
temperature appears therefore to be negative
in character.

AIR CURING SOIL~ASPHALT MIXTURE
BEFORE COMPACTING

To evaluate the effect of curing the soil-
asphalt muxture, overnight before compact-
ing, soil-water-asphalt briquettes were pre-
pared from mixtures of New Jersey soil
molded immediately after mxng and after
allowmg the mixture to air-cure in a loose
condition before molding and testing. It
appears that compared with the uncured mix-
tures, curing the soil mixture before compact-
ing (a) yields briquettes having much higher
Hubbard-Field strengths before the water ab-
sorption test; (b) decreases the water-resist-
ant powers of the compacted soll in that
larger quantities of asphaltic material are
requred to prevent disintegration of the
briquettes, (c) causes the briquettes to have
higher water absorption and greater volu-
metric swell for mixtures of the same original
composmion. For briquettes satisfactorily
water resistant, the briquettes exhibit appre-
ciably higher strengths after the water ab-
sorption test

These observations strongly suggest that
better results might be obtained in the field
by following a similar procedure, namely,
aerate the treated soil to remove the major
portion of the moisture before compaecting.

ROLE OF 200-SIEVE FRACTION IN
ASPHALTIC SOIL STABILIZATION

No easly discernable relation exists be-
tween either the water exudation value of a
soil or that of a 50 50 water cutback mixture
and the magmitude of the soil fraction passing
the No 200 sieves The role of the soil
fraction passing the No 200 sieve has been
further investigated in reference to the other
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soil fractions as defined by the quantity of
material retamed on No 10 sieve, passing
No. 10 and retained on No 200 sieve and
passing No. 200 sieve and other soil properties
such as the liquid limit, plastic limit, plas-
ticity index, P.R A classification, exudation
values under 10,000-1b. compaction loading,
the stabilization treatment recommended and
characteristics of the treated soil. A general
trend exists for increasing exudation values
up to around 30 to 35 per cent with increase
in the amount of minus 200 soil present but
there is no definite correlation. However, on
comparing the ratio of the amount of the
10/200 sieve matenal to the fraction passing
the No. 200 sieve with the Hubbard-Field
strength after the water absorption test, the
water absorpfion and volumetric swell, it ap-
pears satisfactory stabilization is practically
assured when this ratio 1s 17 to 2.0. Al-
though satisfactory results can be obtamed
when this ratio has much lower values, such
results can only be ascertained by special in-
vestigation. This soil fraction ratio appears
to be particularly applicable to the cohesive
and plastic soils since the non-cobesive soils
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can show a high soil fraction ratio and still
have a high-water absorption

The soil-fractions ratio may be interpreted
as a special application of the improvement
of a poor soil brought about by the addition
of granular material in which the ratio in-
dicates the proportion of sands that must be
added to the fine soil to obtain satisfactory
results by bituminous treatment, with the
added implhecation that the fraction passng
the No. 200 sieve 1s difficult to stabilize by
simple cutback asphalt treatment. The ap-
parently satisfactory results which can be
obtained at times with soils showing a lower
soil-fractions ratio than 1.7 to 2.0 is un-
doubtedly connected with the specific prop-
erties of the fine soil fraction from a stabiliza-
tion standpomnt. This ratio can serve for
classifying soils and for evaluating the suit-
ableness of a soil for bituminous stabilization.
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DISCUSSION ON STABILIZING SOILS WITH ASPHALTIC MATERIALS

MR. A T. GoupBeEck, Nalional Crushed
Stone Association: I rather question the idea
that the tensle resistance of the soil is the
critical value. It may be i the described
test, but I wonder if the tensile stress in the
stabilized layer 1s the ciitical stress  That de-
pends upon whether the tension created in the
roadbed exceeds the tensile resistance

Mg. C. N. CoNNER, Public Roads Admini-
stration: I am interested mn the character of
the stress. It appears to me to be similar to
shear, involving diagonal tension such as that
found 1n breaking a concrete beam. Further,
I would like to know the umf stress that might
have occurred along the surface of the cone.

MR. HoLmes. Answermg the last question
first, the tensile strength which we have found
for soils varied from about 2 to 7 b per sq. mn.
on the soil mixtures from which this series of
cones were made, the tensile strength ran
around 5 Ib. persq. in. In regard to the ques-
tion of whether or not the tensile strength 1s
the critical one, the low values of 5 as com-

pared to around 92 b per sq in. of shear
would indicate that the tendency to fail by
tension is certainly the greatest.

M=. Gorpeeck I still do not think that
answers my particular question I should like
to know what tensile stresses are actually
created 1n the subgrade or in these layers of
stabilized soils. Until we know whether the
tensile stress created is greater than this tensile
resistance that 1s spoken of, I still do not think
we know the answer We all know that very
high stabilities can be created in layers of ma-
terials that have no tensile resistance at all
I have 1n mind, of course, a layer of crushed
stone. We know very well that there may be
no tensile resistance yet high stabihities are
secured.

M=z. HoLues® The information we have 1s
limited to the calculated values on the cones
in these tests We have had no experience
with crushed stone structures and so cannot
answer the question from that standpoint.





