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IMPORTANCE OF VOLUME RELATIONSHIPS IN SOIL STABILIZATION
Hans F. WINTEREORN AND A. N. Durra CHOUDHURY, Princeton University

SYNOPSIS

Stabilized soils in common with other porous construction materials are ther-
modynamically unstable under conditions of normal chmatic exposure This
basic 1nstability 18 not too important, since such materials are not expected to
last forever; however, 1t is important that they do possess an economically
justifiable service life Therefore, the rate of deterioration is the really signifi-
cant fact

Internal deterioration depends on the presence of deteriorating agents within
these porous systems. Since water itself is-often an important deteriorating
agent, or at least a vehicle for other deteriorating agents, the rate of water
intake into such systems 1s of major importance This rate s a function of the
porosity and of the size of the pores as well as of the water affimity of the internal
surface, and of the surface tension of water

General formulae are derived for the rate of capillary water penetration and
tested by means of slaking experiments on clay and sand-clay systems The 1m-
portance of volume relationships is demonstrated, furthermore, by the results
of stabilization tests on synthetic saline soils made with beach sand and contain-
ing ilhite, kaolimte and montmorllonte, respectively, as clay fraction

The formulae, test data, and general considerations presented may serve as a
basis for understanding the shortcomings of our stabilization specifications and
for placing these specifications on a better scientific basis 1n order that they may
possess valdity for foreign climates and soils in addition to their usefulness for
our own domestic conditions

Stabilized soils, whether clay-aggregate, soil-
bitumen, soil-cement, soil-hme, soil-resin, or
other, represent porous systems. Deterioration
of such systems can be of a surface character,
such as pitting and abrasion, wind and water
erosion; or imnternal, such as.

1. lowering of clay-aggregate adhesion bond,

2 infiltration of water-film at mineral-bitu-
men mterfaces (internal stripping),

3. oxidation or other deterioration of bi-
tumen,

4 destruction of mineral-cement bond by
physico-chemical and chemical reactions.

Surface damage can be prevented by proper
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Rate of Destruction of Coheswe Bonds in Sorl
Systems—In many soil systems the rate of
bond destruction 1s more important than the
rate of water penetration The oider of mag-
nitude of bond destruction can be ascertained
from slaking expennments The results of such

SOILS

tance for the present purpose will be discussed
here

In this method, specimens are made n the
plastic state in the molds normally used for
tensile stiength specimens of portiand cement
mottar The specimens are dried m the air
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Figure 1. Time Required for Capillary Penetration

experiments in which the method of the Rus-
sian pedologists was employed have been de-
scribed and analyzed previously in consid-
erable detail (1).! Slaking 13 a complex
phenomenon, and only the ponts of impor-

1 Italized figures 1n parentheses refer to the
list of references at the end of the paper

or under better controlled conditions and
coated with paraffin, leaving, however, a center
strip of a predetermmed width, usually 3, %
or § i, free of coating The specimens are
then suspended in water, and the time and
appearance of slaking are noted and recorded
The following are commonly observed phe-
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nomena, depending on moisture content, soil
character and soil and water temperature:

1 very finely dispersed particles separating
from surface of water attack,

2. intermediate-size soil aggregates separat-
ng from specimen,

3 large-size soil aggregates separating from
specimen,

4 water penetrating the specimen without
slaking until, after saturation and breaking of
the internal bonds, the lower part of the
specimen breaks off clean.

Phenomena (1) to (3) may or may not be
accompanied by swelling of the specimens to
different extents.

557

time recorded is a measure mainly of the rate
of bond destruction

Considering the behavior of the different
iome modifications of the same soils, 1t is
found that the slaking times for the Na- ¢and
sometimes for the K) modifications are usu-
ally very considerably higher than for the
other modifications. This cannot be accounted
for by a difference mn the porosity or the in-
ternal surface energy of the dry specimens,
rather the cause hes i the low-energy but
high-volume osmotic swelhing exhibited by
the alkali-modifications of clays possessing a
8i0::R.0; ratio>2. This swelling closes the
soil pores and permits only slow penetration

TABLE 1
SLAKING TIME IN MINUTES
Avg. N
Ions Na | K Ca | Ba | Al | Fe | H | Except |Natural
Mg Na andK Sail
Valence 1 1 2 2 2 3 3 1
Size (Diameter 1n A°) of 10ns 1906 268 166 212 286 114 134 07
1 Argentine subsoil 28 14 10 13 1 8 15 22 49
Argentine subsoil 4 flint 58 5 3 3 2 4 4 9 18 61
Argentine subsoil 4 limestone 179 11 8 7 (] 7 25 18 130
2 Argentine topsoil 268 200 10 20 25 33 8 13 49 233
Arge:',::: topeoil 4 flint 39 4 [} 13 [ 3 [ 13 96
Argentine topeoil - limestone 92 21 u® 21 1 13 7 12 14.8
3 Marshall subsoil 159 17 -] 19 2% 27 17 19 30 234
Marshall subsoi] - fhnt 360 4 8 4 4 4 4 13 5.9
Marshall subsoil 4- hmestone 385 27 12 21 17 13 18 10 33 17.8
4 Putnam subsoil 138 73 [] 45 i) 38 20 29 38 38.6
Putnam subsoil 4 flint 240 97 31 12 10 52 12 [} 16 131
Putnam subgoil 4+ hmestone 255 28 22 22 14 10 5 18.9
5 Cecil subsoll 229 213 188 243 245 335 25 | 360 328 2180
Cecil subsoil 4 fint 110 89 59 93 39 58 57 39 3 59
Ceail subsoil + himestone 59 76 209 132 62 111 115 100 72 114 4

In Table 1 are given the slaking times for
nine ionic modifications of five different soils,
as well as of sand-clay specimens made of the
soils and of artificial flint and limestone-sand,
respectively, in accordance with ASTM spec-
ifications for sand-clay.

Only the Cecil soil specimens showed the
No. 4 type of water effect Since in this soil
thorough water penetration 18 only a matter
of a few minutes, 1t must be concluded that
the bond weakening or destruction time ranges
from about three to six hours It is significant
that relatively large times were required for
the failure of all Cecil .so1l specimens, which,
coupled with the easy water penetration of
this soil, corroborates the fact that the failure

of water. This internal swelling is of greatest
significance also for clay aggregate systems.
A fim$ sand-clay with Marshall soil as binder
required about six hours for slaking i the
case of the swelling Na-modification and an
average of only six minutes for the other less
swelling modifications. .

A comparison of the average slaking times
recorded for the flint—and the limestone sand
—clay specimens shows the greater bond form-
ing capacity of the limestone.

Importance of Volume Relationships in Soil
Stabilizalion—In a'study of the effect of salin-
ity on the susceptibility of soils to stabihza-
tion, the mportance of volume relationships
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evidenced 1tself to such a degree that it is
worthy of discussion at this place (2). Tests
were made on the susceptibility to stabiliza-
tion by means of portland cement, hme, as-
phalt, tar, amline-furfural resin, resin 321, and
abietic acid, of three synthetic soils, to which
varymng amounts of salt had been added The
composition of the soils was as follows:
65 percent sand (beach sand from New
Jersey)
25 percent silt (ground field spar)
10 percent clay: (a) illite
(b) kaolinite
(¢) montmorillonite
According to all available data concerning
physico-chemical relationships between min-

TABLE 2
’ Montmo-
Soil liite |[Kaol
Designation Soil Sail | millonite
Soul
Compacted dry weight 1n 1b 120 126 119
per cu ft
Volume percentage of mineral 80 763 720
material
Volume percentage of dry clay 78 76 72
fraction
Volume percentage of ewnelling 20 2 14 453
water of clay®
Volume percentage of air voids 20 237 280
1n dry system
Difference of voids—swelling 18 223 |—173
water of clay

8 From data by Winterkorn and Baver (3)

eral surface character and susceptibility to
stabilization, the soll with the kaolmte clay
should have been the most easy to stabilize
(especially by means of waterproofing agents).
It should have been followed by the illite and
montmonillonite sois. As a matter of fact, the
rating for susceptibility to waterproofing stabi-
lization was. (1) lite soil; (2) kaolnite soil;
(3) montmonllonite soil The reason for this
dewviation from the chemically expected rating
18 of a spatial nature and is illustrated in
Table 2.

An untreated illite soil specimen, with a
fully satisfied water affinity would contan
only about 18 percent awr voids, less 1f the
coarser soll fractions were assumed to possess
some water affimty Clearly, this gives a con-
dition of maximum non-detrimental water
content (except during freezing) and thus a
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condition of maximum wet density with prob-
ably high compressive strength. In fact, any
form of stabilization could be expected to
meet with reasonable success provided always
that there was enough binder matenal present
1n the soil to make waterproofing stabilization
with small amounts (1 to 3 percent) of stabi-
hizer effective.

TABLE 3

THE EFFECT OF TEMPERATURE ON
SLAKING TIME

(a) Wadth of exposed strip & sn

Slaking
Time
Matenal T Remarks
em] ’
deg Pr 45| 20
min. | min
H-Kaolnite 124 | 63

Samples broke straight
across, cracks before
failure, separation of
large aggregates from
upper
1ng of lower portion

Continued disin tion
with swelling, k1
nndﬁ-npld sepa;ntmn of
smal

Same as agvesn but without
swelling and flaking

Considerable swelling and
very shight flaking, sam-
ple” breaks straight

across
H-Montmonllomte | 120 | 68 | Shght sweling and flak-
+ sand ng, straight k

(b) Whdth of ezposed sirip § sn

H-Kaolimte 4 sand | 124 | 70

H-Illite 69| 37

H-Tilte + sand 3B| #

H-Montmonllomte | 331 | 308

Matenal "5:;“%' 15| 40 Remarks

H-Kaolinite 28| 61

Flaking and continuous
H-Kaohnite + sand | 43 | 18

separation of secondary
structural units, escap-

1ng of awr bubbles
H-Iliite 72 | 33 | Swelling, continuous sep-
H-Illite 4 sand (] ] aration of secondary

structural umits Rate
of particle and air bub-
ble release 1ncreases
with temperature.

The very low water affinity of the kaolinite-
type of clay mineral would indicate that all
types of stabilization, and particularly water-
proofing, should be effective Two features,
however, negate this conclusion Farst, it ap-
pears from the results that 10 percent of
kaolnite 1s quite msufficient to impart to the
soil the cohesion necessary to make stabiliza-
tion effective with small amounts of admix-
ture, while, second, a concurrent detrimental
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condition is created by the presence of approxi-
mately 22 percent of voids. As a result, small
amounts even of very highly active water-
proofing stabilizers were quite insufficient to
bar the ingress of water during exposure, with
the consequent deterioration of the specimens
Larger amounts of less active waterproofing
materials are mndicated 1 such cases of a
large free pore space

In the case of the bentonite soil, the volume
of the swell-water of the clay fraction exceeded
the available pore-volume. The results of the
compressive strength tests made on treated
soll specimens which during the weathering
exposures had ample opportunity to satisfy
the water-affinity of the clay fraction, showed
that the swelling forces were sufficiently large
to outweigh the binding and (or) waterproof-
mg effects of the stabilizers used and also to
reduce greatly the cohesive properties of the
clay fraction itself.

Why Do the American Specifications for Granu-
lar Soil Stabvlization Fail to Provide Good Roads
in Indwa, Burma, and Other Couniries with
Stmilar Climates and Sorls?—The answer to
this question is to be found in the results of
the expermments described above. Clay-aggre-
gate systems for use in countries without
frost but with ramny and desiccation seasons,
must be designed on a volume basis, with the
special provisions that the spaces left by the
interlocking large and fine aggregate and the
filler are filled with clay to the extent that
the remaining pore space 1s just enough to
accommodate the swelling water of the clay.
For the average US soil and climate, the
ASTM specifications probably take care of
this requirement, also, states leading in soil
stabilization have been using for some time
density requirements instead of gradation and
PI specifications

In the case of laterite soils this problem 1s
more complex since freshly dug laterite may
possess a water affimity entirely different from
that remaining after its placing in a road sur-
face course and after one or more desiccation
periods. PI limitations based on the properties
of freshly mined laterite will lead to a road
. with insufficient binder. For the purpose of
ascertamning the binder and pore-filing prop-
erties of such clays, a study must be made of
their swell and shrink properties, and of the
effect of repeated swelling and shrinking tests
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on the water affinity and physical properties
of the material. Conmderation should also be
given to the use of dispersing agents with the
clay m order to assure the densest possible
clay-aggregate system.

The Effect of Temperature on Water Attack—
Another factor which must be considered 1n
transplanting a soil stabilization method from
one chmate to another 15 the difference in
temperature and 1n temperature pattern. Slow
chemical reactions normally double their rate
as a result of increase of temperature by 18
deg. F. Also, the physical properties of water,
especially 1ts viscosity and surface tension,
change with a change i temperature. To
illustrate the effect of temperature, slaking
experiments were performed at different tem-
peratures on hydrogen clays and synthetic
solls made of 75 percent of New Jersey beach
sand and 25 percent of H-kaolinite, H-llite,
and H-montmorillonite respectively. In order
to show the influence of the size of the area
exposed to water attack, experiments were
made with centerstrips of } and 4 in respec-
tively. The respective experimental data are
given in Table 3 The data represent average
values over at least six specimens.

It is interesting to note that the 40-deg. C.
data for both kaolinite and illite clay are little
affected by the width of the exposed area.
Little effect is also shown on the ilite clay
data at the low temperatures. On the other
hand, the kaolinite clay showed a much lower
slaking time with the wider slit than with the
smaller one. The physical reason for this was
given in the observation that with the wider
slit relatively large aggregates broke out of
the specimens while with the smaller one the
specimens falled by a straight break without
preceding loss of material. Admixture of sand
to the clays lowered the internal bond strength
of the specimens, with the wider exposed area
this lower bond strength showed itself in a
smaller slaking time.

The breaking of the bonds proceeds consid-
erably faster at the hugher than at the lower
temperatures. Theoretically, the speed of bond
destruction should be inversely proportional

either to the quotient of %' (penetration with

erosion) or to the square root of this quotient
(penetration without erosion).
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The respective data for%' nnd,t/—i-' for
n

the test temperatures (T in dynes and » m
centipoises) are as follows:

Temperature T l‘/ r
” L]
deg C
1.5 43 6 68
45 48 6 6 97
400 106 0 103

The theoretical ratios of the speed of bond
destruction at 40 C. and 4.5 C. should then
be respectively’ 2 18 and 1 48; those for 40 C.
and 15 C. respectaively: 2.39 and 1.55. For
those test results which apparently were not
affected by the width of the exposed area the
actual expenmental ratios were:

2.34 for kaolinite
1.86 for illite } 40-4.5deg C.

2.18 forillite  } 40-1.5deg C.
Considening the normal limits of reproduci-
bility of this type of test, the results corre-
spond quite closely with the theoretical expec-
tations.
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CONCLUSIONS

The data, theories, and general considera-
tions presented indicate that stabilized soil
systems must be tested from the point of view
of reaction rates rather than with respect to
ultimate thermodynamic stability.

Furthermore, they help in understanding
the basic principles of soil stabilization n
contrast to the technique which, of necessity,
can only be of local significance.

If we want the world at large to share the
fruits of our developments in soil stabilization,
these developments must be formulated scien-
tifically in a way that specific methods of
application under given chmatic and soil con-
ditions derive logically from general formula-
tions based on fundamental principles.

[y
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