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PREFACE

The study of the methodology for prediction and mninization of
detrimental volume change of expansive soils in highway subgrades is a
L-yr investigation funded by the Departnent of Transportation, Federal
H ghway Adm nistration, under Intra-CGovernment Purchase Oder No.
4-1-0195, Work Unit No. FCP 34D1-132.

The work was initiated during June 1974 by the Soils and Pave-
ments Laboratory (S&PL) of the U S, Arny Engi neer Wterways Experi nent
Station (VWES), Vicksburg, Mssissippi. Dr. Donald R Snethen, Research
Goup, Soil Mechanics Division (SMD), was the principal investigator
during the period of this report. The work reported herein was per-
formed by Dr. Snethen; Dr. Frank C Townsend, Chief, Laboratory Re-
search Facility, SMD, Dr. Lawence D Johnson, Research Goup, SMD
Dr. David M Patrick, Engineering Geology Research Facility, Engineer-
ing Geology and Rock Mechanics Division; and M. Philip J. Vedros,
Special Projects Branch, Pavenent Investigation Division, S&PL. The
investigation was acconplished under the direct supervision of
M. difford L. McAnear, Chief, SMD, and under the general supervision
of M. Janmes P. Sale, Chief, S&PL.

Director of WES during the conduct of this portion of the study
and preparation of the report was COL G H HIt, CE Techni cal Direc-

tor was M. F. R Brown.
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A REMIEW CF ENG NEERING EXPERIENCES WTH EXPANSI VE
SALS IN HGMWMAY SUBGRADES

I NTRCDUCTI ON

1. Volume change resulting from noisture variations in expansive
soil subgrades is estimated to cause damage to streets and highways in
excess of $1.1 billion annually,1 particularly in the western, central
and southeastern United States. A 1972 survey2 of the highway depart-
ments in the 50 states, District of Colunbia, and Puerto R co indicated
that 36 states have expansive soils within their geographical jurisdic-
tion. Expansive soils are so areally extensive within parts of the
United States that alteration of the highway routes to avoid the mate-
rial is wvirtually inpossible. In addition, the currently used pro-
cedures for the design and construction of pavements on expansive soils
do not systematically consider the variety of factors and conditions
which influence volume change as evidenced by the continued occurrence
of warped and cracked pavenments in areas where expansive soils exist.
Thus nore accurate methods are needed for identifying, testing, and
treating expansive clays to inprove highway design, construction, and
mai nt enance t echni ques.

2. The U S. Arny Engineer Waterways Experinent Station (WES)
has recently undertaken a 4-yr study entitled "Devel opnent of Met hod-
ology for Prediction and Mninization of Detrinmental Volune Change of
Expansive Qays in Hghway Subgrades,” sponsored by the Federal H gh-
way Administration (FHWY). The study has as its major objectives (a)
the establishment of physiographic areas of simlar natural sources and
mani festations of swelling behavior, (b) the devel opnent of expedient
procedures for identifying expansive clays, (¢) the devel opnent of
testing procedures for quantitatively (amunt and rate of volume
change) describing the behavior of expansive clays, (d) the devel op-
ment and evaluation of innovative technologies for prevention of
detrimental swell under new and existing pavenents, and (e) the devel-

opment of reconmended design «criteria, construction procedures, and



specifications for the economcal construction of new pavements and

mai ntenance or reconstruction of existing pavenents on expansive clays.
All of the major objectives involve specific problems which have been
studied by numerous independent and university researchers and state
highway agencies. In order to fully understand the problens and the
solutions afforded them by the various individuals and agencies con-
cerned, a technical literature review and state highway agency contact
program was undertaken. The information for the technical literature
review was assenbled with the aid of three mjor conputer information
retrieval systems; namely, Hghway Research [Information Service (HRIS),
National Technical Information Service (NTIS), and the Defense Docunen-
tation Center (ppc) facilities. The state highway agency contacts were
limted to those states having a greater distribution and frequency of
occurrence of problems wth expansive soils as specified by the FHM A
total of fourteen state highway agencies located in the western and cen-
tral United States were contacted.  Subsequent to prelininary discussions
eleven of these agencies were visited to discuss in detail their prob-
lems with expansive soils. The |literature review and information derived
from the agency contacts provide an updated summary of engineering expe-
riences with expansive soils in highway subgrades. The information
collected also provided guidance for detailing specific research topics
included in this study. This report represents the results of the ef-
forts expended on the review of current literature conbined with details
of experiences of various state highway agencies in coping with the
problem of expansive soils.

3. The purpose of this report is to present a sunmary of tech-
nologies used to identify, test, and treat expansive clays. The report
discusses the geologic, mneralogic, physical, and physicochemical
properties of expansive mterials. Currently wused techniques for iden-
tifying and testing expansive mterials are categorized and evaluated
with respect to the applicability to highway engineering. Treatnent
techniques wused in research studies and routine construction practice
are presented and discussed. State highway agency practices wth re-
gard to construction guidelines and specifications for highways on



expansive clays are presented.  General conclusions are drawn with re-
gard to success of techniques discussed.



PROPERTIES OF EXPANSIVE SOLS

Ceol ogy

4. The origin and distribution of expansive materials in the
United States are generally a function of the geologic history, sedi-
mentation, and present local climatic conditions. These three factors
acting individually or in conbination, have contributed to the forma-
tion of earth naterials which nay present serious design and construc-
tion problems by the sorption of water and resulting increase in the
volune of the naterial. The term "expansive naterial" as used here
signifies any earth naterials which exhibit significant volume changes
in the presence of water

5. These expansive naterials may be subdivided into three cate-
gories on the basis of physical characteristics. These are expansive
argillaceous rocks, expansive argillaceous sediments, and expansive
argillaceous soils. This subdivision is geologic in context and re-
lates nmore to sedinentologic aspects and the geologic history than to
mneralogy or to the amount of volume change exhibited by the material
The term "argillaceous" signifies that the naterial contains consider-
able clay-size particles which are wusually necessary for volune change
to occur.

6. The term "argillaceous rocks" refers to relatively hard,
i ndurated clay shales or clay stones which have been buried, consoli-
dated, and at least partially cemented. Argillaceous sediments include
those naterials of Msozoic age or younger that have not been suffi-
ciently buried, consolidated, or cenmented to be included in the cate-
gory of rocks. This is an arbitrary basis and materials exist for
which it is difficult to nake this distinction. The argillaceous soils
or residual soils refer to the altered materials which have forned upon
existing rocks or sedinents. These residual soils my owe their expan-
sive character to the parent material and/or to the weathering pro-
cesses under which the soils were formed. Although each category of ma-
terial possesses different intrinsic properties, each may exhibit varying



degrees of expansion due to the presence of active clay mnerals in
the nmaterial.

7. The active clay mnerals include montrorillonite, mxed-layer
conbi nations of nontnorillonite and other clay 'minerals, and under sone
conditions chlorites and vermculites. Kaolinites and illites are usu-
ally not considered active although they may contribute to expansive
properties if sufficient anounts are present in the material. The
m neral ogi cal aspects of the problem are discussed in nore detail under
"M neral ogy. " Expansi veness caused by ninerals other than montmoril-
lonite is discussed under "Mneralogy." In general, the distribution of
expansive materials is controlled by those conditions which facilitate

the forma-tion, accumulation, and preservation of nontrorillonite.
For mati on

8. The following conditions, either individually or in conbi-
nation, lead to the formation or origin of expansive materials: (a)
weathering, (b) diagenetic alteration of preexisting ninerals, and
(c) hydrothernmal alteration. O these conditions, weathering and
diagenesis are probably the nore inportant. For exanple:

a Mntnmorillonite will form from the weathering of wvol-
canic ash or prinmary silicate mnerals such as feld-
spars, pyroxenes, or anphiboles under those conditions
which result in the retention of bases and silica wthin
the weathering system These conditions are,promoted
by insufficient leaching of the soil profile by downward
moving water due to low perneability, and excessive
evaporation in regions of aridity.3

The distinction between diagenesis and weathering,

al though somewhat vague, is between alteration which
occurs at depth (diagenesis) or within the top few feet
of the soil profile (weathering). Both involve simlar
chenmical and physical processes and both occur in and

as a result of groundwater. The diagenetic formation

of montnorillonite results from the devitrification of
volcanic ash particles or shards which have accumulated
as sedinments in sedinentary basi ns. ¥ The shards are nore
or less anorphous, range in size from sand to clay, and
are chenmically quite unstable. The instability and the
conposition, which is often intermediate between rhyolite
and basalt and thus rich in silica as well as bases, usu-
ally lead to the formation of nontnorillonite. The shards
may occur intermxed with other [ and- or basin-derived

=2



sediments or as relatively pure discrete layers severa
feet thick. Discrete layers of'volcanic ash which have
altered to nontnorillonite are termed bentonite.

Accurul ati on

9. Sedinmentary accumulations of nontnorillonite originate in
those areas which receive land-derived nontnorillonite and/or volcanic
ash sedinments. The areas nust either lie near or be stream-connected
to land areas where nmontnorillonite was formed by weathering and/or lie
sufficiently near volcanic areas such that.volcanic ash sediments can be
carried either in the air or by streans to the areas of accumulation.

10. The energy conditions at the depositional areas nust be
conducive to the deposition and accumulation of essentially silt- and
clay-size particles. These conditions my exist in several types of
sedi nentary environments. The principal controlling conditions are
relatively flat gradients and mninum wave energies. The following
tabulation shows typical sedinentary environnents suitable for the

accunul ation of wvolcanic ash and nontnorillonite clay:

Sedi nentary Envi ronnent s

Mari ne M xed Conti nent al
Neritic Deltaic Lacustrine

Bat hyl Fl oodpl ai n
Abyssal Bol son (Playa)

11. The pertinent characteristics of the environments listed in
the tabulation relate to the size and shape of the sedinentary deposit.
The marine environments, particularly the bathyl ahd abyssal, may be
areally extensive, while the continental environnents are |imted

areally and my even consist of isolated deposits
Preservation

12.  The preservation of sedimentary deposits of nontrorillonite
involves all those factors which may affect the material from the tine
that it was deposited until it is exposed at the earth's surface;
basically, this falls wthin the limts of diagenesis. The diagenetic
factors that may affect a sedinentary deposit consist of the follow ng
(a) deep burial resulting in high lithostatic (overburden) pressure,



(b) tenperature increases resulting from the burial, (c) chemcal effects
produced by pore solutions, and (d) time exposed to high pressures.5

13.  These diagenetic factors that have contributed to the for-
mation of nontmorillonite by the devitrification of volcanic ash my
with sufficient time and burial ultimtely lead to the destruction of
the mneral, whether produced originally from ash or by weathering of
volcanic ash. Thus the older rocks (Paleozoic and older) exhibit con-
siderably less nontmorillonite than Mesozoic- or Cenozoic-age rocks

These older rocks consist mainly of nonswelling illite and chlorite
clay mnerals. It is believed that with time and burial the rmontmoril-
lonite structure is altered and an illitelike structure is produced

Also, the Paleozoic rocks exhibit mxed-layer conbinations of montmoril-
lonite and other clay mnerals which are the result of diagenesis
V\bathering3’6

14, Physical and chemical weathering of argillaceous sedinents
and rocks results in changes in the properties of these materials which
my affect their expansiveness. The zone of weathering and property
alteration may vary in depth from a few inches to tens of feet. The
actual thickness of the weathering zone is generally dependent upon
climate and topography. The weathering processes which my affect vol-
ume change are discussed in the follow ng paragraphs.

15. Physical  weathering. The two rmost inportant physica
weat hering processes are stress release due to past or current over-
burden renoval and cyclic wetting and drying. Stress release is sinply
particle reorientation resulting from removal of external |oads
Cyclic wetting and drying is a physicochemical process in that water
is adsorbed on clay mineral surfaces during wet periods and is removed
by evaporation during dry periods. The process contributes to the
devel opment of cracks and my disrupt the organization of double-layer
water on and in the expandable clay mnerals. The extent to which
wetting and drying affect volume change depends upon the in situ
nature of the materials and the type of mnerals present.  For sedinents
this process my actually decrease the potential volume change by dis-
rupting double-layer water. Argillaceous rocks, however, may exhibit




an increase in volume change since the process contributes to breaking
down the rock by cracking and the admssion of water. Generally,
weathering of this type results in an increase in plasticity for the
argillaceous rock.

16. Chenical weathering. The chenmical weathering processes are

those which produce a change in the chenical constituency of the mate-
rial. The changes may be snmall, such as the exchange of interlayer
cations on clay mnerals, or large, involving the destruction of mn-
eral constituents and the formation of new nineral types. Those
chemcal weathering processes believed to be inportant in this study
are as follows:

& Cation exchange. Cation exchange wll occur in the zone
of weathering when a chenical energy gradient exists
between the groundwater and the clay ninerals. The

gradient, if present, tends to affect a replacenent of
the cations on clay mnerals by cations in the ground-
wat er . The existence of the energy gradient is de-

pendent upon size of, charge of, and concentration dif-
ferences between the ions in the groundwater and those

on clay mnerals. The replacing power of the comon
cations generally decreases in the following order:
magnesium calcium potassium and sodium  This means
that other parameters being equal, magnesium wll re-
place calcium easier than calcium will replace nag-

nesi um The replacenent may be partially a function of
clay mneral type and therefore the replacenent series
my not hold for all cases. A case in point is potas-
sium which on some clays is tightly bonded and is renoved
with difficulty. The type cation in the groundwater and
on the clay ninerals in argillaceous rocks or sedinent
may be quite variable. The cations present in groundwater
are dependent generally wupon present climate. Sodium is
commonly associated wth arid clinates whereas calcium and
magnesium tend to predomnate wunder wetter conditions;
furthermore, the arid climtes wusually exhibit higher
cation concentration in groundwater than the wetter cli-
mat es. The cations conmmonly present on nontrorillonite
are calcium magnesium and sodium  These may occur in
variable proportions but generally one cation wll pre-
dom nat e. The type of cation is deternined by the chem
istry of the environment of formation, chemstry of parent
material, and the chem cal effects produced during dia-
genesi s. Oten, but not exclusively, nontnorillonite
derived from volcanic ash devitrification in marine envi-
ronments carries sodium whereas nontnorillonite of



simlar origin produced in nonmarine environments carries
calcium or magnesium

b. Solution. Qoundwater noving through the sedinments or
rocks may possess sufficient. acidity that the nore sol-
uble mnerals such as calcite or gypsum are renoved by
solution.  This process decreases rock strength and
also permts the entry of noisture to the clay mnerals.

c. Oxidation. The presence of oxygen or oxidizing agents

in groundwater may oxidize mneral conponents such as
pyrite, which is unstable in a high pH environnent: The
oxidation of the mneral results in its remval, an in-
crease in void space, and possibly the formation of
new mneral types
17. New mneral formation. T The chenical weat hering processes
of oxidation and solution my, in certain circunstances, result in the
formation of new mneral types which are nore stable in the weathering
envi ronnent . The new mneral types generally have specific gravities

lower than the original mnerals and often are hydrated. This results

in an increase in the volume of the mterial and is expressed at the
surface by heaving. The volumetric increases caused by new mnera
formtion for four weathering reactions are given in the followng
tabul ation:

Original New Vol ume Increase of

M ner al M ner al Qystalline Solids, %
[l1ite Alunite 8

[l1ite Jarosite 10

Calcite Gypsum 60

Pyrite Mel anterite 536

The volume increases are based upon a material consisting of 100 per-
cent original mterial.
Distribution of expansive nmaterials

18, The following discussion involves the characterisics,
conpositions, and distribution of expansive materials in the conti-
nental United States. The sources of this information include data
provided by state highway agencies, geologic and soil mps published
by various Governnment agencies and private organizations, and the




conbined experiences of geologistsand engineers within the Soils and
Pavements Laboratory, VES.
19. The discussion of expansive materials has been categorized

by physiographic province. Figure 1 illustrates the first-order
physiographic provinces that were selected to form the basis of the
presentation. The areal distribution and degree of expansiveness of

expansive materials wthin the UWited States are shown in Figures 2-6
and described in Table 1. The information pertaining to the physio-
graphic provinces is prelimnary as presented in this report. Further
details and discussions of the provinces will be presented in a sub-
sequent report.

20.  The distribution of expansive mterials shown in Figures
2-6 has been categorized on two bases: (a) degree of expansiveness and
(b) expected frequency of occurrence of expansive materials. The bases
for categorization are qualitative. Three major sources of informtion
formed the bases for classificational decisions. Firstly, the reported
occurrences of expansive mterials as indicated in published literature
or other sources of data which revealed actual problems or failures
due to expansive mterials. ° These sources were not necessarily
limted to highway subgrades. Secondly, materials mps provided sum
mries of illustrated earth mterial properties pertinent to this
study. 10 Reference 10 was used to delineate areas of argillaceous
materials, and the soils surveys11 were used to substantiate suspected
occurrences of expansive materials. Third, geologic mps and cross
sections were used to identify and delineate areas of argillaceaous
rocks and sediments which were believed to possess expansive
properties. 12-20

21, These three general sources were combined to produce four
mapping categories that reflect the degree of expansiveness and ex-
pected frequency of occurrence. The four categories are as follows:

1. Hghly expansive and/or high frequency of
occurrence.

2. Medium  Mderately expansive and/or noderate frequency
of occurrence

10
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Low  Cenerally of low expansive character .and/or |ow
frequency of occurrence.

Nonexpansi ve. These areas are mainly underlain by
materials which, by their physical makeup, do not ex-
hibit expansive properties and which, upon weathering,
do not develop expansive soils.

following premses guided the map categorization:

Any area underlain by argillaceous rocks, sedinents,
or soils wll exhibit some degree of expansiveness.

The degree of expansiveness is a function of the anount
of expandable «lay mnerals present.

Cenerally, the Mesozoic and Cenozoic rocks and sedi-
ments contain significantly nore nontnorillonite than
the Paleozoic (or older) rocks.

Areas underlain by rocks or sedinents of nixed textural
conpositions (e. g¢., sandy shales or sandy clays) or
shales or clays interbedded with other rock types or
sediments are considered on the basis of geologic age
and the amount of argillaceous material present.

Cenerally those areas lying north of the glacial
boundary are categorized as nonexpansive due to the
cover of glacial drift. Wether the drift itself is
expansive is a function of drift texture and the
mneralogy of the source material. The till deposited
in Mntana and the Dakotas is partially composed of
materi al derived from expansive, Cretaceous shales in
this region; thus this till may show considerably
more expansive properties than tills in other regions.
Also, the argillaceous sediments deposited in Pleis-
tocene lakes may be of such texture and mneral ogy that
they also possess linited expansive properties.

From a regional standpoint, those soils derived from
the weathering of igneous and metamorphic rocks are
consi der ed nonexpansive. These soils may contain some
expansive clay mnerals but their concentration and
the general soil texture preclude appreciable volune
change. Also, in tenperate areas these soils are
usually limted in thickness.

The categorization does not consider climte or other
envi ronnent al aspects.  These subjects wll be ad-
dressed in a later report.

Argillaceous rocks or sedinents originally conposed of
expandabl e-type clay ninerals do not exhibit significant
volume change when subjected to tectonic folding, deep
burial, or netanorphism

12
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Distribution of potentially expansive materials

in the United States:

Figure 2.

FOUR CATEGORIES OF EXPANSIVENESS ARE SHOWN

ON THE DISTRIBUTION MAPS. THESE CATEGORIES
ARE GENERALIZED AND QUALITATIVE AND ARE
BASED UPON THE PRESENCE OF MONTMORILLONITE
AND THE RELATIVE FREQUENCY OF OCCURRENCE

OF ARGILLACEQUS MATERIAL IN THE AREA. MAJOR
CATEGORIZATIONS ARE BASED UPON STRATIGRAPHY
AND PHYSIOGRAPHY. DESCRI!IPTIONS OF THE PREDOM-
INANT GEOLOGIC FORMATIONS ARE GIVEN IN TABLE 1.
THE BASIS FOR THE CATEGORIZATION IS EXPLAINED
IN PARAGRAPH 22 OF THE TEXT.

Map compiled by D. M. Patrick, H.K. Woods, and Frederick L. Smith,
Engineering Geology and Rock Mechanics Division, U, S. Army
Engineer Waterways Experiment Station, Vicksburg, Ms.
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OF ARGILLACEQUS MATERIAL IN THE AREA. MAJOR
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AND PHYSIOGRAPHY. DESCRIPTIONS OF THE PREDCOM-
INANT GEOLOGIC FORMATIONS ARE GIVEN IN TABLE 1.
THE BASIS FOR THE CATEGORIZATION IS EXPLAINED
IN PARAGRAPH 22 OF THE TEXT.

Map compiled by D. M. Patrick, H. K. Woods, and Frederick L. Smith,
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Engineer Waterways Experiment Station, Vicksburg, Ms.



Table 1

Tabulation of Potentially Expansive Materials in the United States

Physiographic Province Map**
No. * Name Predominant Geologic Unit Geologic Age Location of Unit Category Remarks
1 Western Mountains of Reefridge Miocene CA 1 The Tertiary section generally
the Pacific Coast Monterey Miocene CA 1 consists of interbedded sand-
Range Rincon Miocene CA 1 stone, shale, chert, and
Tembler Miocene CA 1 volcanics
Tyee Eocene OR 3
Umpqua Paleocene-Eocene OR 3
Puget Gp Miocene WA 3 Interbedded sandstones and shales
with some coal seams
2 Sierra Cascade Cascade Gp Pliocene OR 4 Predominate material is volcanic
Columbia Gp Miocene* WA L Interbedded sandstones and shales
Volcanics Paleozoic to NV 4 may occur throughout, particu-
Cenozoic larly in western foot hills
Volcdnics, Paleozoic to CA L
Cenozoic
3 Pacific Trough Troutdale Pliocene WA 3 Great Valley materials charac-
Santa Clara Pleistocene CA 3 terized by local areas of lowr
Riverbank Pleistocene CA 3 swell potential derived from
bordering mountains. Some
scattered deposits of bentonite
L4 Columbia Plateau Volcanics Cenozoic WA, OR, ID, NV L Some scattered bentonites and
tuffs
5 Basin and Range Valley fill materials Pleistocene OR, CA, NV, UT, AZ, NM, TX 3 Playa deposits may exhibit limited
Volcanics Tertiary OR, CA, NV, UT, AZ, NM, TX 3 swell potential. Some scattered
bentonites and tuffs
6  Colorado Plateau Greenriver Eocene co, UT, NM 3
Wasatch Eocene co, UT, NM 3
Kirkland shale Upper Cretaceous CO, UT, NM, AZ 2 Interbedded sandstones and shales
Lewis shale Upper Cretaceous CO, UT, NM, AZ 2
Mancos Upper Cretaceous CO, UT, NM, AZ 1
Mowry Upper Cretaceous CO, UT, NM, AZ 1
Dakota Jurassic=- co, UT, NM, AZ 3 Interbedded sandstones and shales
Cretaceous
Chinle Triassic NM, AZ 1
7 Northern Rocky Montana Gp Cretaceous MT 1 Locally some sandstone and
Mountains siltstone
Colorado Gp Cretaceous Mr 1 Locally some siltstone
Morrison Jurassic MT 3 Shales, sandstones, and
Sawtooth Jurassic MT 3 limestones
8 Middle Rocky Windriver Eocene WY, MT 3
Mountains Fort Union Eocene WY, MT 3
Lance Cretaceous WY, MT 1
Montana Gp Cretaceous WY, MT 1
Colorado Gp Cretaceous WY, MT 1
Morrison Jurassic- WY, MT 3
Cretaceous
9 Southern Rocky Metamorphic granitic Precambrian wY 4 Montana and Colorado Gps may be
Mountains rocks present locally with some
Metamorphic granitic Precambrian co 4 Tertiary volcanic and minor
4 rocks amounts of Pennsylvania lime-
Metamorphic granitic Precambrian to NM 4 stone (sandy or shaly). Some
rocks Cenozoic mixtures of metamorphic rocks
with sands and gravels of
Poision Canyon fm
10 Great Plains Lance Pliocene wY 1
Fort Union Pliocene WY, MT 2
Thermopolis Pliocene WY, MT 1
Montana Gp Cretaceous WY, MT, CO, NM 1
Colorado Gp Cretaceous WY, MT, CO, NM 1
Mowry Cretaceous WY, MT, CO, NM 1
Morrison Cretaceous WY, MT, CO, NM 3
Ogallala Pliocene WYy, MT, CO, NM, SD, NE, KS, 3 Generally nonexpansive but bentonite
0K, TX layers are locally present
Wasatch Eocene MT, SD 3
Dockum Triassic CO, NM, TX 3
Permian Red Beds Permian KS, OK, TX 3
Virgillian Series Pennsylvanian NE, KS, OK, TX, MO 3
Missourian Series Pennsylvanian Ks, OK, TX, MO 3
Desmonian Series Pennsylvanian KS, OK, TX, MO 3
11 Central and Glacial lake deposits Pleistocene ND, SD, MN, IL, IN, OH, MI, 3 Some Paleozoic shales locally
Eastern NY, VT, MA, NE, IA, KS, present which may exhibit low
Lowlands MO, WI swell
12 Laurentian Uplands Keweenawan Cambrian NY, WI, MI L Abundance of glacial material of
Huronian Cambrian NY, WI, MI N varying thickness
Laurentian Cambrian NY, WI, MI L
13 Ozark and Ouachita Fayetteville Mississippian AR, OK, MO 3 May contain some montmorillonite
Chickasaw Creek Mississippian AR, OK, MO 3 in mixed layer form
1L Interior Low Plains Meramac Series Mississippian KY 3
Osage Mississippian Ky, TN 3
Kinderhook Mississippian KY, TN 3
Chester Series Mississippian Ky, IN 3 Interbedded shale, sandstone, and
Richmond Upper Ordovician KY, IN 3 liMestone
Maysville Upper Ordovician KY, IN 3
Eden Upper Ordovician KY, IN 3

(Continued)

*
%

Refer to map of physiographic provinces, Figure 1.
1 - high expansion, 2 - medium expansion, 3 - low expansion, and b o~ nonexpansive.

Numerical map categories correspond as follows:
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Table 1 (Concluded)

Physiographic Province

No.

15

16

18

19

20

Name

Appalachian Plateau

Newer Appalachian
(Ridge and Valley)

Older Appalachian

Triassic Lowland

New England Mari-
time

Atlantic and Gulf
Coastal Plain

Predominant Geologic Unit
Dunkard Gp

Catoctin Gp
Lynchburg Gp

Switt Run Gp

Carolina Slate Gp
Kings Mountain Gp
Brevard Gp

Newmark Gp

Glacial Till

Talbot and Wicomico Gps

Lumbee Gp

Potomac Gp

Arundel Fm

Continental and marine
coastal deposits

Yazoo
Porters Creek
Selma
Loess

Mississippi alluvium

Beaumont-Prairie Terraces

Jackson, Claiborne,
Midway

Navarre, Taylor, Austin

Eagleford, Woodbine

Washita

Fredricksburg

Trinity

Map
Geologic Age Location of Unit Category Remarks
Pennsylvanian- AL, TN, KY, VA, WV, MD, 3 Interbedded shale, sandstone, lime-
Permian PA, NY stone, and coal
Precambrian AL, GA, TN, NC, VA, WV, I Metamorphosed rocks
s
Precambrian AL, GA, TN, NC, VA, WV, b
MD, PA
Precambrian AL, GA, TN, NC, VA, WV, L
MD, PA .
Paleozoic AL, GA, NC, SC, VA, MD L Metamorphosed and intrusive rocks
Paleozoic AL, GA, NC, SC, VA, MD L
Paleozoic AL, GA, NC, SC, VA, MD L
Triassic PA, MD, VA L
Pleistocene and ME, NH, VT, MA, CT, RI, NY L Glacial deposits underlain by non-
Ordovician expansive rocks. Local areas of
through clay could cause some swell
Devonian potential
Pleistocene NC, SC, GA, VA, MD, DE, NJ L Interbedded gravels, sands, silts,
and clays
Upper Cretaceous NC, SC 3 Sand with intermixed sandy shale
Lower Cretaceous DC 3 Sand with definite shale zones
Lower Cretaceous DC 1
Pleistocene to FL 4 Sands underlain by limestone,
Eocene local deposits may show low
swell potential
Paleocene AL, GA, FL, M3, LA, TN 1 A complex interfacing of pravel,
through sand, silt, and clay. Clays
Pleistocene show varying swell potential
Pleistocene LA, M5, TN, KY 4 A mantle of uniform silt with
essentially no swell potential
Recent LA, MS, AR, MO 3 Interbedded stringers and lenses
Pleistocene LA, MS, TX 1 of sands, silts, clays, marl,
Paleocene LA, MS 1-3 and chalk
Upper Cretaceous TX 1-2
Upper Cretaceous TX 3
Lower Cretaceous TX 1-3
Lower Cretaceous TX 3
Lower Cretaceous TX L
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Vol canic areas consisting mainly of extruded basalts
and kindred rocks may also contain tuffs and vol canic

ash deposits which have devitrified and altered to
montmori | lonite,

Areas along the glaciated boundary may have such a thin
cover of drift that the expansive character of the
materials under the drift may predomnate
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M ner al ogy

23. 'Expansive, argillaceous rocks, sediments, and soils gen-
erally owe their expansive character to their constituent clay mneral
suite, past and present loading history, and to their natural and im
posed aqueous environnents. Swelling may also be due to chenical
processes acting on certain nonclay ninerals which result in the form-
tion of new mnerals of lesser density. The volune changes exhibited
by argillaceous materials are related to the interactions of various
intrinsic and external factors of varying intensities acting alone oOr
in unison upon the system This section deals wth the effects pro-
duced by the mneral conponents and relationships between the ninerals
and the aqueous environnent.

Cay mneral ogy21"26

24. The clay ninerals conprise a group of hydrous alumino-
silicate ninerals belonging to the phylYosilicate and double chain,
inosilicate groups. The mnerals in these groups are characterized
by small grain size, large surface area, and unbalanced electrical
char ges. Structurally, the phyllosilicates are nainly platelike where-
as the inosilicates are tubular in shape. The clay ninerals that are
of nost concern with respect to volume change are in the phyllosilicate
group. The extent to which water is inbibed is a function of the struc-
tural configuration, clay mineral size, and water chenistry.

25. Structurally, the phyllosilicates consist of three general
configurations which are distinguished by the arrangements of the
alum num octahedral and silica tetrahedral layers. The alum num
octahedral layer or gibbsite layer consists of alumnum and/or nagnesium
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ions. in sixfold coordination wth hydroxyl or oxygen. The silica
tetrahedral layer has silicon ions in fourfold coordination with oxygen.
These three configurations may be further subdivided on the basis of
ionic substitutions wthin both structural layers, e.g., alumnum for
silicon, and iron or magnesium for aluminum Cay mnerals which have
alumnum or trivalent ions in the octahedral layers are termed di-
octahedral, whereas those which contain nagnesi umor divalent ions are
termed trioctahedral.

26. The clay mnerals are classified in the follow ng fashion:

a. Two-layer clays consist of one silica tetrahedral
layer bonded to one alunminum octahedral layer. Kaoli-
nite is the common mneral, in which the octahedral
layer contains mainly alumnum serpentine consists of
a magnesiumrich octahedral [ayer.

b. Three-layer clays have one octahedral |ayer bonded
between two tetrahedral |layers; exanples of this type
are illite, vermculite, and nontnorillonite. The
term montnorillonite, as wused here, indicates the
di octahedral magnesium bearing 'nenber of the snectite
group. These mnerals may occur as di- or
trioctahedral.

M xed-layer clays consist of interstratifications

of the two- and three-layer clay mnerals previously
descri bed. The mixing may be regular or random
Examples of regular mxing include chlorite, a three-
| ayer plus octahedral |ayer repetition. Another
common regular mxed-layer clay is nontrorillonite-
chlorite. The randomy nmixed-layer clays consist of
any of nmany possible conbinations.

Io

The structural configurations of these three classes of clay ninerals
are shown in Figure 7.

27. The small grain size and resulting large surface area are
due to the clay mneral's origin by weathering or diagenetic alteration
of preexisting mnerals. In these processes alteration begins at very
small centers or points on the grain surfaces and eventually spreads
throughout the grain. The resultant alteration product nmay have
crystal lographic continuity throughout the surface but Iacks physical
continuity. Thus the size of the clay mneral is inherited from the
size of the initial weathering center.
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28. Those clay minerals exhibiting high volume change do so
because of electrical charge characteristics, degree of crystallinity
and size. Clay mnerals possessing internally unbalanced electrica

charges due to

lattice substitutions mintain electrical balance by

cations located on the surfaces and edges of the mnerals.  These
cations may be easily hydrated and thus affect the devel opment of

doubl e-layer water on the clay. The effects of degree of crystallinity
on swelling may depend upon the particular clay mneral. Generally

the effects of
mneral size
a.

lo

size are such that volume change is increased when clay

decreased
Montnorillonite. The clay mneral rmontnorillonite

although dioctahedral, usually contains some magnesium
substituted for aluminum in the octahedral layer. This
substitution results in a lattice charge deficiency
which is neytralized by the presence of cations such
as Na', Ca , Or Mg~ on interlayer positions. A-
though these ions possess ionic radii that would permt
occupancy of the space wthin the hexagonal opening at
the surface of the tetrahedral layers, the ions are
hydrated and as a result of increased ionic radii nust
occupy space on and above the tetrahedral [layers.  Such
a position props adjacent layers apart and permts
access of more water to interlayer positions.  Since
the interlayer ions balance charge deficiences in the
octahedral layer, the ions are weakly held and thus may
be removed by ion exchange. Ordinarily, nontnorillonite
exists as extremely small particles wth dimension on
the order of a few tens of Angstrom units.

Verm culite. As a preface to the discussion of the

swel[ing vermculites and chlorites, it should be
enphasi zed that these materials are not the commn
exanples of megascopic mnerals associated wth the
metanorphic rocks, but rather are fine-grained weather-
ing and diagenetic alteration products that have formed
from preexisting mca, illite, chlorite, and vermc-
ulite.  These fine-grained chlorites and vermculites
possess properties simlar to those of nontmorillonite
particularly wth respect to swelling and cation ex-
change.  The simlarities conplicate mneral identifi-
cation, and it is quite likely that swelling chlorites
and vermculites have been identified as montmoril-
lonites in routine X-ray analyses. Another source of
confusion stems from the fact that these mnerals often
occur as mxed-layer interstratifications wth
montnorillonite or other clay mnerals. The clay
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vermculites are three-layer <clay mnerals exhibiting

a wide variety of physical properties and variable

chem cal constituenci es. Charge deficiencies or ex-
cesses may exist in both tetrahedral and octahedra

| ayers. The net charge is negative and usually

bal anced by interlayer Mg**, Na*, or k¥ ions. Aum
inum may substitute for silicon in some vermculite,
whereas other vermculites contain no tetrahedra

al uni num The fornmer varieties are nmore simlar to the
coar se- grai ned vermculite, whereas the latter resenble
montnorillonite. The interlayer cations are hydrated
and control the extent to which the nineral expands.

Chlorite. The fine-grained chlorite may be considered

a regular mixed-layer interstratification of a di- or
trioctahedral three-layer clay and one octahedral-type
| ayer containing rmagnesi um Apparently, the anount

of swelling exhibited by this material is dependent
upon the continuity of this octahedral -type |ayer. As
with vermiculite, the swelling chlorites often occur
in mxed-layer associations with other clay ninerals.

M xed-1ayer types. Regular and random nixed-|ayer

conbinations of nontnorillonite, <chlorite, and vermc-
ulite with other clays may be of inportance in con-
tributing to expansiveness. Cenerally, the anount of
expansion would be in proportion to the amount of
montnorillonite or other expansive clay mnerals present
in the nixed layer association. As stated elsewhere, the
anmount of nontnorillonite present in the Paleozoic rocks
is usually significantly less than that in the Mesozoic
and Tertiary rocks; however, this mneral nay be present
as a mxed-layer conponent and thus contribute to the
expansiveness of these older rocks.

Kaolinite. The clay nineral kaolinite exhibits very
mnor interlayer swelling. This is explained by the
virtual absence of ionic substitution in either the
tetra- or octahedral layers which results in nore or
less conplete electrical neutrality and the absence
of conpensating cations. Al so, the individual two-
|ayer structures are nore tightly bonded together by
the opposing electrical charges on the adjacent octa-
and tetrahedral layers. Therefore, the volume change
exhibited by this nmneral is nainly due to water sorbed
on the periphery of individual grains

Ilite. This three-layer clay nineral also exhibits
very mnor interlayer swelling. This results from the
presence of nonhydrated K* ions in interlayer positions
within the hexagonal openings of the tetrahedral |ayer
The kXt satisfies charge deficiencies residing mainly on
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the tetrahedral layer and is thus tightly bonded.  These
characteristics effectively preclude the admssion of
significant amounts of water between the wunit I[ayers.

Clay mneral-water interaction 21-23,27

29. The electrical charges exhibited by clay mineral grains
are caused by the followng: (a) charge deficiencies due to ionic

substitution within the lattice, (b) broken bonds at grain edges,

(c¢) inperfections within the lattice, and (d) the polar nature of ions
exposed at clay surfaces. This last cause includes the negative elec-
trical charge of oxygen in the silicon tetrahedral layer and a positive
charge due to the hydroxyl portion in the alumnum octahedral [ayer.
Lattice inperfections and broken bonds may produce either a positive
or negative charge, whereas ionic substitution usually results in a
negative charge.

30. The magnitude and location of these electrical charges are
different for the various clay mnerals and are fundamental in ex-
plaining the ability of some mnerals to inbibe significantly nore
water than others. Wter associated with the clay mnerals consists
of three types:

a  Hydroxyl or bound water. This water forms a part of
the octahedral layer and cannot be renoved by heating
at tenperatures below koo°c for nost clay mnerals.

b. Interlayer water. This is double-layer water which
occurs between clay mneral surfaces in some clays.
It is gradually removed by heating up to 150-200°cC.

c. Pore water. This water occurs in the open spaces

between grains and also constitutes the more tightly
bound double-layer water on grain surfaces. This

water is essentially removed by drying at room tenper-
atures and conpletely removed by heating at
approxi mtely 100°c.

31. The clay mnerals which exhibit appreciable expansion or
shrinkage are called expansive clay mnerals and include montmoril-
lonite, vermculite, chlorite, and nixed-layer conbinations of these
mnerals with each other or wth other clay mnerals. Halloysite, the
tubular, hydrous menber of the kaolinite group my also exhibit expan-
sive properties. Xaolinite and illite generally do not exhibit volume
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change to 'the extent of nontnorillonite, vermiculite, or chlorite and
are called nonswelling clay mmnerals. Table 2 lists some representa-
tive free swell data for the common clay mnerals.

32. The distinctions between swelling and nonswelling clays and
between interlayer and pore water are illustrated in Figure 8. The
clay particles are represented in the deflocculated state. The |ower
diagram shows a three-layer swelling clay such as vermculite or mont-
nmorillonite with water in interlayer and pore areas, while the upper
diagram shows a nonswelling clay such as illite with surrounding pore
wat er .

33. The double-layer water adsorbed between clay layers in
expandable clays and the water adsorbed on the surfaces of other clays
possess properties which are sonewhat different from those of the water
in pore spaces. The double-layer water exhibits a certain degree of
crystallinity which is not a property of the pore water. The crystal-
linity is greatest adjacent to the clay nineral itself and decreases
outward from the mneral surface. The thickness of the oriented water
and whether the decrease in crystallinity is gradual or abrupt appears
to be dependent wupon the nature of the clay nmineral and the type
cation present. Mntnorillonite exhibits larger thicknesses of
oriented water than the other clay mninerals. Those cations which en-
hance'the orientation are those whose hydrated or nonhydrated size can
be accommodated within the water structure, for exanple, sodium and

lithium fit, whereas calcium and nagnesium do not.

Physi cal Properties

34, Physical properties of expansive soils which determne the
behavi oral characteristics of the material have been enunmerated and
defined in a nultitude of publications. In many cases, attenpts have
been nmade to isolate the individual properties and explain the behavior
on the basis of a single property or a conbination of single property
contributions. However, in both the laboratory and field situations,

the actual behavior is a function of conbinations andinterrel ationships
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Table 2
Typical Values of Free Swell for Conmon

Cay Mnerals (From Reference 22)

day Mneral Free Swell,* %
Sodi um montmorillonite 1400-2000
Calcium mgntnorillonite 45-145

Vermculite** - -

Chlorite** -
Illite 60-120
Kaolinite 5-60
Hal [ oysite 70

M xed layer typet

¥ Test data based on swell in water of 10 cc of dried, crushed nate-
rial passing No. 30 sieve and retained on the No. 50 sieve.
¥% Free swell is variable and dependent on size and crystallinity.
+ Free swell is variable and dependent on amobunt of expandable clay
mnerals present. 32



SURFACE AND PORE WATER

~10 A

NN TN—
—T ;

ILLITE

SURFACE AND PORE WATER

| I
| |

£ AN

MONTMORILLONITE

Figure 8. Deflocculated clay mneral associations show ng
surface water (illite) and surface and interlayer water
(rmontrorillonite)

34



among the properties. The following discussions are based on a twofold
categorization of the physical properties in order to point out and
explain some of these interrelationships: (1) the intrinsic properties
of the mterials which contribute to or influence the actual volune
change and apply to both laboratory and in situ materials and (2) the
properties, or more precisely, the anmbient environnental conditions
which enhance the probability and magnitude of expansivity and apply
mre to in situ materials.
Intrinsic properties

35. The intrinsic properties which influence the behavior of
expansive materials are presented in the following paragraphs. Con-
finement, time, and tenperature are not intrinsic properties as defined
in the previous paragraph; however, they are factors which influence
the role of the intrinsic properties in determining the amount and
rate of volume change in both laboratory and in situ conditions and as
such are discussed under this general topic.

36. Soil  Conposition. 21,28-43 This includes the type and
amount of clay mneral wthin the soil and the size and specific
surface area of the clay mmnerals. The type and amount of clay mnera
are the intrinsic factors which determne whether or not the materia

will expand. In other words, the potential for volume change rests on
the mneralogic composition; and the remaining intrinsic factors, com
bined with the anbient environmental conditions, determine the extent
or magnitude of volume change

37. The size of the clay mneral particles in expansive mate-
rials affects volume change by controlling the development of double-
layer water on the particle periphery. Generally, small particle sizes
result in large effective surface areas which permt considerable
thicknesses of double-layer water to surround the individual particles
This is particularly inportant for clay mnerals which do not exhibit
interlayer swelling since the expansivity of the materials is alnost
entirely due to sorption of peripheral water. Clay mneral size is not
an independent paranmeter, but often is a characteristic of the specific
clay mmneral. For exanple, nmontmorillonite occurs as extrenely smal
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particles which may be considered colloid. In the conpletely dispersed,
defl occul at ed conditon, Sizes on the order of a few unit cells my be
present. Oh the other hand, kaolinite may occur as rather large par-
ticles which may be of a fine silt size. Chlorite, vernmculite,
illite, and mnixed-layer clays are generally internediate in size be-
tween nontnorillonite and kaolinite. In sunmary, clay mneral size
and specific surface area are inversely proportional such that surface
area increases with decreasing nineral particle size from kaolinite to
mont mori | onite.

3. Dry density. 28,41,43-h9 The dry density is an inportant

factor in deternining the magnitude of volume change. The swell or

swelling pressure of an expansive soil increases wth increasing dry den-
sity for constant noisture content. The reason, sinply stated, is that
higher densities result in closer particle spacing, therefore causing
greater particle, interaction. This particle interaction, or nore
precisely, double-layer water interaction, results in higher osnotic
repulsive forces and a greater volume change. This holds true for both
remolded and undisturbed materials. Another inportant and somewhat
indirect influence of dry density on volume change is its interrelation-

ships with sone of the other intrinsic factors. For exanple, the dry

density of a mterial, particularly conpacted soils, wll influence the
soil fabric (interparticle arrangenent). Details of the influence have
50 ol

been described by Pacey and Seed and Chan and are depicted in

Figure 9. For a given conpaction effort and at low initial noisture
contents, a less oriented fabric is obtained. As the nmoisture content
increases, the soil fabric is nore oriented.

39, Soil fabric. 27’31’33’hl’h3’50’51 The soil fabric refers to

the orientation or arrangenent in space of the constituent particles.
In the case of argillaceous sedinments and rocks, the fabric consists
of the arrangements of the platelike clay mnerals with each other and
with the nonclay conponents. The type of clay nineral arrangenent
present wll influence the amunt and to some degree the direction
(lateral or wvertical) of volume change exhibited by an expansive nate-

rial. The fabrics exhibited by argillaceous sedinents and rocks are
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conplex, variable, difficult to observe, and have.not been specifically
categorized in an acceptable manner. Individual <clay mneral platelets
generally occur in either agglomerated or nonagglonerated arrangenents.
Aggl onerated arrangenents consist of independent groups of platelets
which may be associated in several ways, while nonagglonerated arrange-
ments are void of discernible groups and the fabric is uniform

t hr oughout .

40. The individual clay nineral platelets within either of
these two arrangements may exist as individual units of the snallest
size (dispersed) or as small booklets of individual units wth face-to-
face contacts of the individual wunits (aggregated). If the dispersed or
aggregated units exist with no points of contact with other units and
are surrounded by double-layer water, the association is denoted as
def | occul at ed. A flocculated association is one in which the dispersed
or aggregated units are in contact with adjacent units.

41,  Generally, sedinents and sedinentary rocks exhibit observ-
able fabrics which may be categorized with respect to geonetry alone
wi thout regard to whether or not the individual units are surrounded by
double-layer water. These fabrics may be either parallel or ramdom.
The parallel fabric inplies that a majority of the clay platelets are
in an aggregated parallel arrangenent which is wusually parallel to bed-
ding. The random fabric inplies a less oriented arrangenent of clay
pl atel ets.

34,40,41,43,52,53

42. Pore water properties. The phenonenon  of

volume change in expansive soils is the direct result of the availa-
bility and variation in the quantity of water in the soil. Ther ef or e,
the properties of the water wll have a significant influence on the
expansive behavior. The volume change of expansive soils is primrily
due to the hydration of the clay mnerals or, nore precisely, the ad-
sorption of water nolecules to the exterior and interior surfaces of
the clay nineral to balance the inherent change deficiency of the
particle. The degree of hydration is influenced by the amount and
type of ions adsorbed on the particle and the amount and type of ions
in the pore fluids. Pore fluids containing high concentrations of
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cations, i.e., soluble salts, tend to reduce the magnitude of volune
change of an expansive soil. On the other hand, pore fluids with [ow
ionic concentrations may actually leach out the' charge balancing cations

and cenenting agents and render the soil nore susceptible to volune

change.

43, Confinenent. 28,29,31-33, 4, 5459 The application of a sur-
charge or external load to an expansive material wll obviously reduce
the anmount of volume change that is likely to occur. In the laboratory

measurenment of swelling pressure, less than 1 percent deformation of

the testing device may result in large errors in magnitude of the
swelling pressure. For in situ conditions, the presence of a layer of
nonexpansi ve overburden material may elimnate the probability of danmage
from the wunderlying expansive material. It may be noted that confine-
ment has its greatest influence on expansive soils in a stress-related
sense (swelling pressure). The greater the confinenent, the greater

the stress and the smaller the deformation. Cenerally, the load applied
by a pavenent is far less than that required to nmaintain niniml de-
formation; therefore, problens with expansive clays in highway subgrades
are nore related to deformation

44, Time.28’32’33’hh’55’57—59 The influence of tinme on volunme

change is another interrelated property which has its mgjor inpact on
the rate at which expansion occurs. The time to the first occurrence
of volume change and the rate of expansion are functions of the perne-
ability of the soil and the availability of water. Expansion occurs as
soon as nmoisture is made available and continues wuntil an equilibrium
condition is reached with regard to the source of water or the hydra-
tion of the clay mnerals.

54,57 ,60-62

45, Perneability. As indicated in the previous

discussion on the influence of time on volune change, the perneability
plays an inportant role in the time rate of volume change. The perne-
ability is a function of the initial nmoisture content, dry density, and
soil fabric. For conpacted soils, the perneability is greater at the
[ower noisture contents and dry densities and decreases to sone rela-

tively constant value at about the optinum noisture content. Above

39



optimim the perneability is essentially constant. The obvious reason
for this mninum permeability near the optimum nmoisture content and
maxi num dry density is that the voids available for nmoisture movenent
are at a mninum because of the close particle spacing.  Above optinum
the interaction of the double-layer water also mninizes the voids
necessary for nmoisture movement. For in situ expansive soils, the
perneability 1S normally enhanced by such structural discontinuities
as fissures, fractures, and desiccation cracks

L6, Tenperature. 29,44,63,6%,  mha inflyence of tenperature is
primarily limted to its effect on the viscosity and specific gravity
of the adsorbed water. Increases in tenperature tend to depress the
doubl e-layer  water, while tenperature decreases result in double-Iayer
expansi on. O nmore inportance is the influence of tenperature on the
movenent of nmoisture, both vapor and liquid, as a result of therml
gradients within the soil mass. \Water vapor at a higher tenperature
will mgrate toward a cooler area in an effort to equalize the thermal
energy in the system Liquid noisture movement by thermal gradients
occurs as a thermoosnmotic film analogous to electroosmtic flow.

b7. Structure. 55,58,65-6T The structure of argillaceous sedi-
ments and rocks includes those features or discontinuities which con-
tribute to the nonhomogeneity of the material. OF nost concern with
respect to volume change are fracture zones, fissures, cracks, and
micro- and macrofaults. The structural discontinuities may exhibit

variable orientations in space and originate as a result of stress con-
ditions which have developed in the natural sediments or rock mss. The
conditions which contribute to fracturing and faulting include desic-
cation, stress release during wunloading, and possibly tectonic |oading
The structures, if not cemented, provide avenues for the introduction

of moisture into the expansive soil. Their occurrence is generally con-
centrated in the upper layers within a few feet of the surface. How-
ever, if the upper mterial is removed, new structures wll appear in

the new shallow zones.  This inplies that the discontinuities existed
in the lower zone prior to overburden removal, but did not open until
the overburden pressure was reduced. Figure 10 shows x-radiographs68
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of approximately the upper 6 ft* of Pierre shale ((K) from southeastern
Col or ado. 69,70 The radiographs reveal the extent of fracturing in this
material. Some of the fractures have been filled wth gypsum cement
{denoted GF). The notation FO refers to a fossil shell.

48. Oenentation.56’71'Th Cementation refers to the adhesive
action of mneral cements which coat and bond the particulate constitu-
ents together in sedimentary rocks. The presence or absence of these
cements may determine whether a particular material should be classified
as a rock or a sedinent. It seems logical that materials exhibiting a
high degree of cementation would possess |ess expansive properties than
materials lacking cements. The presence of cement produces two effects
the development of bonds between points of contact which decrease the
likelihood of the displacement of adjacent particles and the coating
of individual particles which reduces the ability of the clay mnerals

to inbibe water.

L9, The common cenenting agent may either be crystalline or
anorphous and consists of CaCO3 (calcite), iron oxides or hydroxides
(hematite or goethite), and various forms of silica. The degree of
resistance to weathering and strength decreases in the order of silica
iron, and carbonate. The carbonates, however, probably conprise the
nost conmon cenent in Sedimentary rocks. Siliceous cenents are commonly
associated with bentonites and other rocks which contain montmorillonite
derived from the devitrification of volcanic ash. In these cases the
devitrification of the ash produces silica in excess of that necessary
to produce nontrmorillonite. The excess silica may be removed from the
zone of alteration and redeposited elsewhere in the system by ground-
water.  The redeposited silica produces indurated zones in the sedinen-
tary sequence

50. \hether carbonate cenents would enhance or retard the
vol une change exhibited in a highway subgrade is dependent upon the
elevation of the grade with respect to natural ground surface, and the

* A table of factors for converting U S. customary units of measure-
ment to netric (SI) units is presented on page 7.
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anbient climatic conditions because the carbonate ninerals are easily
weathered in moist climates. The exposure of fresh material in a cut
would contribute to the renoval of carbonate cements and thus increase
the probability of moisture inbibition and volune change

51, Sone argillaceous sedinmentary rocks possess a degree of
soundness and induration indicative of cenentation, but do not exhibit
appreciable mneral cements. These have been referred to as conpaction
shal es Eas opposed to cementation shales). The induration is apparently
derived from bonds which have developed at contact points between in-
dividual clay mneral particles. These bonds are probably tine-related
and have developed by diagenesis (diagenetic bonds). This phenomenon is
a characteristic of older rocks and occurs during and because of the
recrystallization of the clay ninerals, i. e., nmontnorillonite altering
to illite. These bonds, as well as the conconitant changes, tend to
decrease the possibility of volume change in the naterial

43,73

52, Diagenetic effects. Long-t er nphysi cal and chem cal

alterations of mterials as a result of changes in overburden conditions
or groundwater environment are generally terned diagenetic factors. The
diagenetic factors are generally reflected in such phenonena as inter-
particle bonding due to recrystallization of the' contacts between clay
mnerals under high overburden stress conditions or by cenmentation of
particles as a result of precipitation of cenenting agents from the
groundwat er . In general, the differences in behavior of expansive soils
between the wundisturbed and renolded states are related to the presence
of diagenetic bonds

Envi ronnental conditions

53. The environnmental conditions which influence volunme change

are presented in the following paragraphs.

sh., Soil profile. 30,39,43,45,55,57,59,60,66 The properties of

the soil profile which nay enhance or influence volume change include
the total layer thickness, variations in the thickness, depth below
ground surface, and the presence of lenses and layers of nore perneable
materi al s. Qoviously, the thicker the layer of expansive soil, the

greater the total potential volume change providing a source of noisture
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is available throughout the layer. Variations in thickness of the Iayer
will result in variations of the nagnitudes of volune change, or nore
precisely, differential volune <change. Differential expansion, just
like differential settlement, is the major problem with regard to dam
age to structures. The depth of the layer below ground surface may
actually be a positive influence since the deeper the material, the
greater the confinement on the expansive soil. In addition, the deeper
the material, the less likely the expansive soil wll be affected by
seasonal nmoisture variations. The presence of lenses or layers of
higher permeability wll provide avenues for the ingression of water
In fact, a mass of soil which requires that moisture must nove from its
extremties wll take much longer to develop its total volume because as
the noisture is introduced and expansion occurs, the avenues of nmoisture
transfer are somewhat decreased. Lenses or layers of nore porous nate-
rial within the mass tend to overshadow this advantage since they are a
relatively continuous source of noisture.

55, Depth of desiccation. 30,31,39,48,55-57, 65,66 The depth of
desiccation is inportant to the magnitude and rate of volune change

The thickness of the desiccated |ayer represents the mterial in which

a noisture deficiency exists. In addition, the layer normally has a
large nunber of avenues (desiccation cracks) available for noverment of
nmoi sture into the material. The depth of desiccation is generally de-
fined as the depth to which a difference exists between the equilibrium
moi sture content profile resulting from mnimal loss of moisture to the
atmosphere (evaporation) and the anmbient soil nmoisture content profile
in which the soil stratum is in equilibrium with its environnent

(climate and overburden). In sinpler terns, the depth of desiccation

is that depth to which evaporation influences are reflected in the soi
noi sture content profile. Generally, the hotter and drier the climte
the greater the depth of desiccation. Changes in the overburden condi-
tions and the proximty of the groundwater table have an inportant in-
fluence on the depth of desiccation. To date, no absolute nethod exists
for defining the value.

56. Depth of seasonal noisture variation. 30,39,43,55,57,62,75-78
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This conprises sone thickness of the surface mterial which is influenced
by seasonal variations in climatic conditions. As would be expected, the
greater depths of seasonal noisture change occur in areas in which the
seasonal climatic changes are greatest, i.e., long droughts followed by
excessive rainfalls. Anbient tenperature conditions also influence the
depth of seasonal variations. During colder seasons, noisture from the
lower, warner zones Wwill accumulate closer to the surface and dissipate
back to depths during the warner seasons. Seasonal noisture variations
have been reported to depths of 10-12 ft. In tenperate and semarid
climatic conditions, the depth is normally between 5 to 7ft.  Seasonal
moisture variations are relatively constant for given climatic condi-
tions; however, the general trend is toward accumulation of total nois-
ture content. In other words, the seasonal variations wll occur wthin
a relatively constant limt while cumulatively increasing the total
moisture content to sone equilibrium value which is dependent on the
type and physical condition of the expansive naterial. It seens

obvious then that the volume change is a.seasonal variation function
with the total anount being an accunulation wth tine.

29,30,39,60,61

57. \Vegetative cover. Vegetation such as trees,

shrubs, and some grasses are conducive to noisture novenent or deple-
tion by transpiration. In areas where vegetation is renoved and struc-
tures such as pavenents are replaced, the noisture that was being used
by the vegetative cover wll tend to accumulate beneath the structure
and enhance the volune change. \Vegetation with large root systens
located in close proxinity to pavenments (i.e., city streets) wll re-
sult in differential moisture conditons and thus differential volune
change.

33,61,78,79 Poor

58. Surface drainage characteristics. surface

drainage leads to noisture accunulation or ponding which can provide a
source of moisture for expansive subgrades by infiltration through the
verge slopes. Poor surface drainage is a frequent problem associated
with highways on expansive soils and occurs in cut, grade, and uphill
sides of transition sections. The extent of the infiltration is a func-
tion of the transverse and longitudind gradients in the ditches and the
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type Of material in the section. The problem could be elimnated by
mving the ditches as far away as possible from the highway and assuring
proper gradients so that the surface water can be removed.

59. Mdes of misture transfer. 29,43 1 ity soils are gen-
erally considered to be a three-phase system that is, soil particles,
water, and air. In such a system it is possible for water to move
either in the liquid phase or vapor phase, or a combination of both.

For water to nove in either phase, there nust be a driving force within
the system to provide a node of transfer. These nmodes are generally
described as gravity, capillarity, and thermal gradients. Gavita-
tional novement of water is primarily limted to the liquid phase in
which differential heads wll cause the noisture to seek an equilib-
rium condition. Exanples of gravitational movement are sinple infiltra-
tion of surface water, lateral seepage from available sources, and the
upward novenent of the groundwater table. Transfer of water by capil-
larity is again primarily limted to the liquid phase. The nature of
clay soils, which possess extremely fine pore openings, and the surface
tension effects of water conbine to inbibe misture from the ground-

water level. The zone of capillary rise is the layer of mterial di-
rectly above the submerged material wthin the influence of the grouna-
water table and can extend upward from the groundwater table for consid-
erable distances depending on the effective pore sizes of the soil. If
pavenents are constructed within this zone of capillary rise, then a
continuous source of water is available to the expansive subgrade.
Moisture transfer as a result of thermal gradients is applicable to
both the liquid and vapor phases, with the vapor phase predom nant.

The placement of a structure over an expansive soil wll alter its
anbient tenperature conditions, generally decreasing the subgrade tem
perature.  \ter vapor at a higher tenperature in the surrounding area
will mgrate to the cooler area in an effort to equalize the thernal
energies of the system As the vapor noves into the cooler area, it
will condense and form a source of free water. This is the basis of
hydrogenesis as described by Brakey.80’8l The novenent of liquid water
by thermal gradients occurs as a thernoosnotic film and is simlar in
nature to electroosmtic flow
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29,30,39,43,54,55,57,60

60. Sources of water. Descriptions  of

the nodes of noisture transfer in paragraph 59 discussed some of the
possible sources of water which cause volume change. Infiltration of
rainfall through the pavenent proper (i.e., porous material or cracks)
or through the verge slopes is the primary source of free water. This
is evident from the fact that seasonal noisture variations are directly
dependent on the frequency and anount of rainfall. Lateral or vertica
mgration of noisture from sources such as the groundwater table is
another possible source of free water. These are the naturally oc-
curring sources of water; however, variations can be caused by nan
through such activities as irrigation, which could influence surface in-
filtration and groundwater conditions. Faulty or leaking subsurface
utilities (i.e., water or sewage) could adversely affect anbient nois-
ture conditions. Inpoundnent of reservoirs could have profound effects
on groundwater conditions.

Physicochemical Properties

61. Inportant physicochemical properties which influence the
behavioral characteristics of expansive soils include the ionic environ-
ment (ions adsorbed on the clay mnerals and present in the pore water)
and the exchange capacities of the clay mnerals. Influence of ionic
concentrations in the pore water were discussed in paragraph 42

Adsorbed ions. 21»27»34,140,43,52

62. The adsorbed cations on clay mnerals influence the degree
of volume change through their hydration properties. The cations
attach themselves to the clay particles as a result of the charge de-
ficiency of the particles. In the presence of water, the ions hydrate
and increase in size. Common ions, in order of increasing ionic radii
and K'. The
smaller the ionic radius, the greater the amount of hydration the

which can be adsorbed on clay mnerals are Na+, Ca++, Mg+

s

ion undergoes and thus the greater the volune change that is likely to
occur. Hence, the fact that sodiumnontnorillonites wll undergo a

greater volune change than calciumnontnorillonites.
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, . 21,27,34,50
Cati onexchange capacity 1,271,345

63. The cation exchange capacity (CEC) is a neasure of the
adsorption characteristics of clay mnerals and is an indicator of the
type and anmount of free cations that are adsorbed on the swelling be-
havior of expansive clays. The CEC is wusually defined as the total
amount  of exchangeable cations a soil is capable of adsorbing, expressed
in nlliequivalents per 100 grans of soil. Researchers have found that
all clay soils possess a CEC value. Several factors result in varia-
tions of the CEC of a given soil: particle size, tenperature, availa-
bility and concentrations of ions in solution, clay nineral structure,
and isonmorphic substitution.

6h. In general, there are three mmjor causes for cation ex-
change of <clay ninerals: (a) broken bonds around the edges of the clay
mneral, (b) substitution within the lattice structure of the clay
mneral, and (c) replacement of the hydrogen of exposed hydroxyls by
cations which may be exchangeable. Some representative CEC values for
various clay ninerals are presented in Table 3. In general, the ex-

pansive properties of clay mnmnerals increase wth increasing CEC

M croscal e Mechani sns

65. The developnent of an understanding of the mcroscale
mechani sms is somewhat hanpered by the lack of an adequate description
of the mechanisns and the role they play in making an expansive clay
Hexpansive. " The nechanisns listed in Table 4 are those which have
been described in the literature. These should not be confused with the
physical factors previously described which influence the magnitude and
rate of volunme change.

66. Throughout the literature these nechanisms have been given
varying degrees of responsibility for the causes of expansivity.
Actually, wth a reasonable know edge of the clay-water system it is
hard to imagine anything other than a conbination of the nechanisns
being responsible for volume change. The problem is deternining the

contribution of each nechanism toward the total phenonenon. The
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Table 3
Cati on Exchange Capacities of Jay Mnerals
(From Reference 21)

CEC
Qay Mneral M1 1iequivalents per 100 g
Kaolinite 3-15
Hal | oysite, 2 H,0 5-10
Montmori | lonite 80- 150
Ilite 10- 40
Vermculite 100- 150
Chlorite 10-40
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Table &

Natural Mcroscale Mechanisms Causing Volume Change in Expansive Soils
Mechani sm Expl anation InfTuence on Volune Change
Osmotic  repul sion Pressure gradients developed in the double-Iayer The double-layer boundary acts as an osnotic mem

Clay particle
.attraction

¥

ﬁ‘,

Cation hydration

London-van der \aal
forces

Capillary
i mhibition

Elastic relaxation

water due to variations in the ionic concentra-
tion in the double layer. The greatest concen-
tration occurs near the clay particle and decreases
outvard to the boundary of the double layer

negative charge on their

Qay particles possess a net
result in attractive

surfaces and edges which

forces for various cations and in particular for
dipolar molecules such as water. This nakes up the
major "holding" force for the double-layer water

The physical hydration of cations substituted into or
attached to the clay particle

Secondary valence forces arising from the interlock-
ing of electrical fields of molecule associated
with novements of electrons in their orbits. The
phenomenon frequents molecules in which the elec-

tron shells are not conpletely filled

Mvenent of water into a nmass of clay particles re-
sulting from surface tension effects of water and
air mxtures in the pores of the clay nass. Com
pressive forces are applied to the clay particles
by the nmenisci of the water in the pores

A readjustnent of clay particles due to sone
in the diagenetic factors

change

external source of free

brane when exposed to an
to draw the water into

water; that is, it tries

the double layer to reduce the ionic concentra-
tion.. The result is an increase in the double-
layer water volune and the development of  repul-
sive forces between interacting double Iayers.

The net result is an increase in the volume of
the soil  nass
In an effort to wsatisfy the charge inbalance, the
volune of water in the double layer wll con-
tinue to increase wuntil a volune change of the
soil mass occurs
As the cations hydrate, their ionic radii increase,
resuting in a net volume change of the soil nmass

The interlocking of electrical fields causes a
charge inbalance which creates an attractive
force for nolecules such as water

the clay nass,
enlarge and the

As free wvater becomes available to
the pore water nenisci begin to

conpressive forces are relaxed. The capillary
film wll enlarge and result in a volume change
or  supply water for one of the other nechanisns

reorientation
changes

Vol une
and/ or
in the diagenetic

change results from particle
changes in soil  structure due to
factors



general inference of the literature iz that the nmmjor portion of the
volune change is attributable co four of the six mechanisns: osnotic
repulsion, clay particle attraction, cation hydration, and capillary

i mbi bition. The remaining two nechanisns are recognized to be present
but are of a lesser consequence and sonmewhat nore difficult to explain
physi cal | y. The influences of the four najor nechanisns are generally
conbined and described as the total soil suction, a term taken from the
soil physicist. Total soil suction is the sum of the osnotic suction
and matrix suction. Quantitatively, the osmotic suction includes the
osmotic repulsion nechanism and matrix suction, the remaining three
maj or  nmechanisnms.  The nagnitude and rate of volunme change of expansive
clays may be estimated from the magnitude and rate of change of soil
suction as indicated by noisture diffusion theories wusing specified
field conditions and soil suction-void ratio-water content relation-
shi ps. In light of this ability to estinate the nagnitude and rate of
volume change, a considerable effort has been expended to develop
instrunentation to measure total soil suction and its independent com
ponent s. This approach, neasurement of soil suction and correlation
with the wvarious influencing factors, appears to hold promse for veri-
fying the mcroscale nechanisms. The testing procedures for inde-
pendently neasuring total, osnotic, and matric suction are relatively
sinple and straightforward. Ohce the soil suction conponents and the
physical and physicochemical properties have been evaluated, the pos-
sibility exists for developing a better wunderstanding of the inter-
rel ationships between the nmnechanisns causing volune change and the

physical paraneters influencing volune change.
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SAMPLING  JDENTIFICATIQN, AND TESTING COF EXPANSIVE SOLS

67. Expansive soils are distinguishable from other soils by their
ability to swell from inbibition of noisture with resulting volunme
change. An acceptable approach to evaluate the behavior of expansive
soil subgrades involves a subsurface soil investigation of the route,
identification of the potentially expansive soils, and estinmation of
the in situ volunme change behavior of the expansive soils. Based on
this information a suitable and economical soil treatnent and pavenent
design can be selected. The subsurface soil investigation wll define
the physical limts of the materials and the relative vulnerability of
the soils for volume change with respect to anbient conditions, and wll
provide soil sanples for laboratory testing. Identification of the ex-
pansive soils will indicate the soil strata that possess the highest
potential for volume change. Soil sanples from these strata may be
selected for laboratory tests from which data can'be collected to de-
scribe the in situ volume change behavior of the expansive soils and
form the basis for the best possible designs based on current technology.

68. The nature of volume change beneath pavements in the verti-
cal direction often takes the form of a general upward novenent be-
ginning shortly after the start of construction and continuing until
an equilibrium subgrade moisture condition is achieved. Cyclic
expansi on-contractions of the subgrade soils wusually occur at the
perinmeter of pavenents which are related to the rainfall and evapo-
transpiration. Local expansion may also occur from ponding and poor
drai nage. Quts in highway sections nmay lead to local heaving due to
removal of surcharge pressure and subsequent increase in the nmoisture
deficiency of the subgrade soils.

69. The amount and rate of volune change that actually accunu-
lates in an expansive foundation soil is a conplex function of many fac-
tors that have previously been discussed. Therefore, to make an accurate
estimate of the in situ behavior, sone consideration should be given to
as many of the influencing factors as possible, both technological and

econom cal . The economc factors are variable from location to |ocation
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and are outside the scope of this effort. The technological aspects
will be discussed in succeeding sections based on the current state of
the art.

T70. Nunerous procedures have been developed for identifying and
predicting volunme change or vertical heave for conditions that account
for some of the field-related factors. Identification procedures are
usual ly concerned with naximum potential swell based on conposition for
some known soil structure and loading conditions. Procedures for quanti-
fying heave wusually attenpt to sinulate inportant in situ conditions and
often require swell data from some type of one-dinmensional consolidation
swel | test.

Sanpling  Techni ques

71. The sanpling of soils in general is for the purpose of de-
lineating the horizontal and vertical boundaries of the specific elenents
of a given profile and to provide laboratory specinmens from which such
data as classification, strength, -consolidation, or other pertinent prop-
erties, can be determned. For a given project, good exploratory in-
formation can be conbined wth experience and engineering judgnent to
give an overview of the behavior of the structure on its foundation
For the design of highways in expansive soil areas, the judicious use of
good exploration and sanpling techniques is extrenely inportant

f2. Exploration in and sanpling of expansive materials is par-
ticularly inportant because of the nature of the naterials involved.
Expansive soils vary from nedium to firm materials, such as the Prairie
Terrace formations of Louisiana, to very hard rock materials, such as
the Pierre or Mncos shales of the Northern and Central Pl ains areas.
Conpl enentary to the varying degrees of firnmess are large variations of
in situ noisture content, i.e., fromless than 5percent for sone of
the shale naterials to near or above the plastic limt for sone of the
softer materials. Finally, such structural discontinuities as fissures
slickensides, and bedding planes can make sanple recovery a near inpos-

sible task. Wth such a variety of field-related problens and the
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ever-present requirement for mniml disturbance, it is obvious that
a variety of sanpling techniques nust be available to the engineer to
obtain good undisturbed sanples

73. The application of currently available sanpling techniques
is dependent on the variables discussed in the previous paragraph as
wel| as the type of tests that are planned.  For sinply delineating the
subsurface conditions, classification testing (i.e., specific gravity,
grain-size distribution, Atterberg limts) and for physicochemical test-
ing, auger borings can provide the necessary type and amount of sanple.
For conpaction tests and test methods for defining effects of soil sta-
bilizers which require larger sanple quantities, large borings or pit
sanples can provide the required amount. Thus far, the discussion has
been limted to tests which require disturbed sanples. For tests such
as consolidation (including swell and swell pressure) and strength un-
disturbed sanples are required.
Undisturbed sanpling techniques

Th. Undisturbed sampling techniques generally wused in expansive
clays and shales include push-tube and rotary core barrel sanmplers.
push-tube samplers‘consist Of thin-walled, seanmess, stainless stee
tubes (2.0-5.0 in. ID) that are advanced into the soil by hydraulic or
falling weight systems. Variations of the push-tube sanplers involve
the use of pistons within the sanpling tube to take advantage of the
vacuum created during sanpling. The sinplest form of push-tube does not
have a piston; instead, the driving head is affixed to the sanpling tube
and has a pressure release valve (ball type) to bleed off the conpressed
air and to close and form a vacuum on the sanple during wthdrawal of

82,83

the sanpler. A second variation is the free piston or semfixed piston
push-tube sanmpler in which the piston is held at the Iqmer end of the
sanpling tube during insertion of the sanpler and allowed to rest on the
sanple during the push. In this way, the vacuum is again used only
during the wthdrawal of the sanpler. The third variation is the fixed-
Piston push-tube sanpler in which the piston is connected or fixed to
the drill rig during the push and the vacuum assists during the pushing
of the sanpler as well as during the withdrawal. push-tube  sanplers
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are best suited for nediumstiff or stiff clays which are, free of grav-
els or small rocks which could damage the leading edge of the tube.

75. Rotary core barrel sanplers may be categorized as double-
barrel or single-barrel. The double-barrel type, such as Denison,
Pitcher, or WES sanplers, consists of an outer barrel with a cutter shoe
to advance the sanpler and an inner barrel with a cutter edge to fine-
trim and contain the sanple. A single-barrel rotary core sanpler is
sinply a core barrel with a cutter shoe; usually with a diamnd head,
to advance and contain the sanple. The double-barrel sanplers are best
suited for hard soils 'and soils containing gravel. Single-barrel sam-
plers are best suited to sanpling rock.

Sanple  disturbance

76. The subject of sanple disturbance is particularly inportant
when sanpling and testing expansive materials. The disturbance which
occurs during sanpling is primrily limted to the extremties of the
sanple and is the result of frictional resistance between the sanple
tube and the soil. In nost cases this is of nmnor consequence and can
be mninmzed by controlling the angle of the cutting edge and reducing
the frictional resistance between the sanple and the sanpler. The re-
duction of the resistance within the sanpler can be achieved by the
application of [lubricant such as silicon or Teflon sprays, by polishing
the inner surface, or by plating the inner surface, i.e., chrome plating.

(7. A second and probably nore problematic type of disturbance,
at least with respect to the magnitude of nmeasured volune change, is the
stress relief a sanple undergoes when it is extruded from the sanpler,
sealed, and then stored prior to testing. This type of disturbance wll
allow some particle reorientation due to stress relief and may even
result in volume change if the environment is conducive to noisture
accurmul ati on. The effect of this type of disturbance can be reduced by
testing the material in rings cut directly from the sanpler or wusing a
sanpler consisting of a series of rings. If this is not feasible, then
the sanple should be stored in the sanpler until the testing program is
ready to begin. If this is not possible and the sanple nust be extruded

and sealed, then the exposure tinme should be an absolute mnimum and the
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sealer material of the highest quality available. Wen required, it is
general ly recommended that sanples of expansive soils be stored under
conditions simlar to the in situ environnent. However, information on
the effects of storing sanples of expansive s0il prior to testing is

extrenely limted and requires further clarification.

Laboratory ldentification and Testing Techniques

78. The purpose of identification and testing of expansive soils
is to qualitatively and quantitatively describe the volune change be-
havior of the soils. The obvious need for qualitative identification is
to forewarn the engineer during the planning stages of the potential for
volume change and to generally classify the potential with regard to the
probable severity. Quantitative testing is necessary to obtain neasur-
able properties for predicting or estimating the magnitude of volune
change the material wll experience in order to ascertain approxinate
treatnent and/or design alternatives. Wth this in mnd, a threefold
categorization of identification and testing techniques is possible.

a.  Indirect techniques in which one or nore of the related
intrinsic properties are neasured and conplenented with
experience to provide indicators of potential volume
change. These may be grouped according to soil conposi-
tion, physicochemical, physical, and index properties;
and currently wused soil classification systens.

b. Drect techniques which involve actual measurenent
of volune change in an odoneter-type testing apparatus.
These are generally grouped into swell or swell pressure
tests dependi ng on the need for deformati on or stress-—
related data.

& Conbination techniques in which data from the indirect

and direct techniques are correlated either directly or
by statistical reduction to develop general classifica-
tions with regard to probable severity.

79. The following discussions are an attenpt to define the tech-
niques published in the literature with regard to the categories pre-
viously described. As would be expected, the available techniques are
quite varied and nunerous, and in sone cases categorical delineation
may be subjective.
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Indirect techniques

80. Discussion in earlier sections of the report indicated a
large nunber of intrinsic properties and anbient conditions which in-
fluence volune change. Hence, the variety of indirect techniques for
qualifying potential volume change is just as numerous and varied.

Tabl e 5defines and describes a majority of the published techniques.

81. An indication of the potentially expansive nature of earth
materials may be deduced in the field by examnation of exposures of the
material and by sinple field tests. The outcrop appearance of highly
expansive materials is wusually quite distinctive after desiccation. The
surfaces exhibit polygonal shrinkage areas and cracking which reflect
the percentage of clay and possibly the presence of expandable clay
m neral s. The size of the polygons is also indicative in that the
smaller the polygons, the higher the amount of clay. The extreme case
of a material conposed of sodiumnontnorillonite results in a desicca-
tion surface which possesses the size and texture of popcorn. This
"popcorn" texture is common on outcrops of bentonite and other rocks
rich in nontnorillonite.

82. The reaction of a presuned expansive material with water may
also be informative. The extent to which the mterial slakes, disinte-
grates, and is dispersed in water gives sone indication of its thirst
for water and also its cementation. Mterials which slake inmediately
upon the introduction of water and which, when stirred, becone alnost
conpletely dispersed, my be highly expandable. Again, sodium~
montnorillonite slakes readily and is easily dispersed

83. The accurate identification and study of clay ninerals and
their expandable properties nmust be acconplished in the |aboratory. The
common techniques used are relatively routine and are described in
Table 5, Mny private and governmental organizations have the personne
and equipment to perform these identification analyses. Probably the

most inportant technique is X-ray diffraction (XRD). This method is
relatively fast, uses small anounts of mterial, permts accurate

identification, and may provide a seniquantitative estimation of the
amount  of expandable clay mnerals present,
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Table 5
Indirect  Techniques  for Identification/Classification of  Expansive  Soils

Indicator Group Property and/or iethod Reference Description
Soil composition Clay mineral_ogy t_ty 79, 81&-89 Measure of diffraction characteristics of clay minerals when
X-ray diffraction exposed to x-radiation. Procedure permits qualitative,.and

semiquantitative identification of clay mineral components
based on structural differences between the clay minerals.
Solvetion techniques identify expansive clay minerals

Clay mineralogy by 19, 89, 90 Identification is based wupon exothermic andfor endothermic

differential thermal reactions which occur at particular temperatures. The type

analysis {DTA) of reaction and temperature are functions of mineralogy.
Heating rates, grain size, and sample size influence re-
sults. Multicomponent samples are difficult to analyze

Clay mineralogy by 89 Measure of selective absorption of infrared radiation by

infrared radiation hydroxyls in clay minerals. Fair indicator, but not
conclusive

Clay mineralogy by 89, 91 Qualitative indicator based on selective adsorption of dif-

dye adsorption ferent types of dyes by different clay minerals. Accuracy

decreases if more than one mineral is present

Clay mineralogy by 92, 93, 9k Measure of the radiofrequency electric properties of clay-
dielectric dis- water systems. Dispersion is the measure of the dielec-
persion tric constant at two frequencies. Good indicator of type

and amount of clay minerals. Some problems evolve when
mixtures of different expandable minerals are present in

the soil
Physicochemical Cation exchange 34, Lo, b1, Measure of the ion adsorption properties of clay minerals.
capacity 52, 53 CEC increases from a minimum for keolinite to a maximum

for montmorillonite. Good indicator of hydration prop-
erties of ¢lay minerals

Exchangeable cations 34, 40, k1, Measure of the type of cations adsorbed on the clay min-
52, 53 ernls., Does not directly relate to swell potential but
rather to the expected degree of swell from ion hydration
Physical Colloidal  content T,95 Measure of percent by dry weight basis of particles less
from hydrometer than 1 micron in size. Indicator of amount of clay but no
analysis reference to type of mineral. Not conclusive
Specific surface area 29, 34, 35, Measure of available clay mineral surface area for hydration.
of clay particles 36, 42 Fair indicator of amount of clay mineral and to some ex-

tent the type, since montmerillonite minerals are vet-y
fine and result in large specific surface areas for given

samples
Soil fabric by elec- 5L, 89, 96, No direct measure of swell potential. Primarily used for
tron microscopy 97 studies of the influence of soil fabric on volume change
Structure by X- 68, 98 Good for determining the extent of cracks and fractures of
radiography undisturbed materials which will influence moisture

movement. No direct measure of swell potential

Index properties Atterberg limits 29, 33, 43, Measures of the plasticity and shrinkage characteristics of
56, 99-115 cohesive soils. Liquid limit (LL) and plastic index

(P1) correlate reasonably well with swell potential pri-
marily because there are good correlations between them
and the type and amount of clay minerals present. For
shrinkage limit and shrinkage index ({LL-SL) the property
of wvolume reduction is correlated with swell potential
because of similarities between the phenomena. Some of
the published classifications based on Atterberg limits

are:
Reference 103 Reference 113
Degree of Shrinkage Shrinkage Reference 102
Expansion PI I ndex Index LL
Low <12 <15 <20 20- 35
Medium 12-23 15-30 20-30 35-50
High 23-32 30-60 30-60 50-70
Very high  >32 >60 >60 70-90
Extra high -- -- -- >90
Lineur shrinkage 114-116 Measure of shrinkage from a given moisture content. Reason-

ably gooq indication of swell potential

Soil classitfication  AACHD 117 A-6 and A-7 and borderline soils to A-4, A-6, and A-7 gen-
system erally have high swell potentials
a0n 118-122 Pedological classification system in which the vertigol

order is by expansive soils
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84. For initial, routine reconnaissance testing, three XRD
anal yses are recommended. These analyses include:

Bulk sanple. The XRD analysis of the bulk sanple iden-
tifies the overall conposition and is a basis for esti-
mating the relative anmount of clay ninerals present in
the sanple. This usually does not allow for very pre-
cise identification of individual clay nineral types.

|o

b.  Sedinented-oriented clay-size fraction (-4 mcroneters).
This provides for nmore detailed identification of the
clay mneral conmponents but may not detect montmorillo-
nite in the presence of vermculite or chlorite.

c. Solvated, sedi nented-oriented clay-size fraction. The

addition of a polar, organic alcohol such as ethylene
glycol or glycerol to the sedinented clay will expand
the structural lattices of montmorillonite and expan-
sive chlorites and vermculites and thus pernmt the
identification of these ninerals. Qher techniques
such as heating nmust be used to distinguish between
montnorillonite, expandable vernmiculites, or expandable
chlorites if these latter two types are not in a mixed-
| ayer  conbination.

85. Cenerally, after these initial analyses have been nade,
subsequent sanples from the same formation or area may be studied by
XRD of the solvated sanple alone.

86. The nost widely used indicator group for identification/
classification of expansive soils is the index property group. It in-
volves properties that are routinely determned by nost agencies, and
experience has shown that the volume change behavior correlates reason-
ably well with liquid limt, plasticity index, and shrinkage limt. In
nmost state highway agencies, a conbination of observed Atterberg limts
and prior experience with naterials within a given area are the prinary
identification methods used for expansive soils. For exanple, in
Louvisiana if the liquid limt is below 50, the resulting distress from
expansive soils will be mnimal and no special treatment is required.
[f the liquid limt is between 50 and 70, then sonme type of treatnent,

usually line, is deemed necessary. If the liquid limt is above 70,
then the mterial is discarded for use in fills. G her state highway
agencies rely on plasticity index; for exanple, in Kansas if the plas-

ticity index is below 15 then m ninal pFoblems are anticipated. If
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the plasticity index is between 15 and 35, noderate problems are ex-
pected and some minimal treatnent is considered. If the plasticity
index is greater than 35, the naterial nust be treated to mninmze the
problem or discarded. The South Dakota Department of Transportation has
correlated Atterberg limts (liquid linmts) wth the Soil Conservation--
Service Pedological Soil Surveys and developed a map showing the dis-
tribution of soils wthin specified limts of the liquid limt and use
this as an indicator of potential volume change.

87. In sumary, it is evident from the literature that only a
few of the indirect techniques are capable of general application for
the recognition of the potential volume change of expansive soils. Sev-
eral procedures are available for defining the clay nineral constituents
and thus a reasonable indication of swell potential. The index proper-
ties have shown reasonable correlations wth swell potential; however
general application is sonewhat hindered by the relative degrees of
volume change from one area to another. In other words, the swell
potential in one area defined by a given range of index properties nay
cause mninmal problens, while the same limt may indicate serious prob-
lems in another area. This points to the possible need for identifica-
tion techniques for physiographic areas in which the nechanisns of
volume change are basically simlar and the variations in anbient en-
vironmental conditions are mninal.

Direct techniques

08. The direct techniques include all those methods which quan-
titatively assess the volume change characteristics of expansive soils.
In their basic forns, the measured volume change characteristics are
swell and swelling pressure. The applied loads and structural rigidity
generally determne which of the characteristics (deformation or stress)
control the design of a specific structure. The neasurement of these
characteristics is acconplished by the use of odoneter-type testing
procedur es. If the deformation (swell) characteristics are required
the specimen on which the information is desired is loaded to some seat-
ing load or some surcharge pressure deternmined by experience or related
to overburdened conditions, then inundated and allowed to swell to
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equi librium The ratio of deformation to original height is defined as
the percent swell. If the'stress characteristics (swelling ‘pressure)
are required, the specinen is loaded to sone seating load or predeter-
mned surcharge pressure, then inundated and a load applied to nmaintain
a constant volume. This |oad defines the swelling pressure. An alter-
nate procedure that has been used for defining swelling pressure is to
allow the specinen to swell, then apply enough load to return the speci-
men to its original height. The conbination of these basic variables
(testing method) with the factors which influence the Ilaboratory neasure-
ment of volume change have nade the standardization of testing procedures
somewhat conplicated. Table 6defines and describes sone of the various
publ i shed procedures in which the swell and swelling pressure of both
undisturbed and renolded soils have been neasured.

89. Krazynski b has defined and described the laboratory related

variables which influence the nmeasurenent of volune change as:

a Initial noisture content.

b. Initial dry density.

c. Soil fabric.

d. Surcharge |oad.

e, Solution  characteristics.

[, Tine allowed for swell.

g. Quring time for renolded sanples.
h. Stress history (loading sequence).
L Sanple size and shape.

J. Tenperature.

It is his opinion that a reliable and reproducible test., for the direct
measurenment of volune change should standardize at least eight of the
ten variables. Loading sequence and tenperature are not necessary be-
cause, as described in the previous paragraph, the Iloading sequence can
determne which basic characteristic is being neasured, and the varia-
tions in laboratory tenperatures are wusually mniml. ldeally, a stan-
dard nmethod should consider each of the above factors as well as sinu-
late the expected loading conditions that the structure wll undergo.

To date, no reliable procedure has been developed to adequately sinulate
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Table 6

Drect Techniques for Quantitatively Measuring Volume Change of Expansive Soils

Met hod

Reference

Descri ption,

Navy et hod

Potenti al vertical
rise (PVR)

Noble  nethod

Doubl e odonet er

Sinple  odoneter

Sampson, Schuster,
and Budge

Lambe and Wi tnan

Sullivan and Mdelland
(constant  volume
swell)

Komornik, Wiseman, and
Ben- Yaacob

Wong and Yong

Expansi on I ndex
(Oange  County)

Third cycle expansion
pressure  test

123

125, 126

124

39, 59, 127,
128, 129

130

131

132

57, 133, 13k,
135

136

66

44

137

Qdometer test on remolded pr undisturbed sanples in which deformations
under various surcharges are neasured to develop a surcharge versus
percent swell curve. The surcharge versus percent swell curve is
related to the depth of clay versus percent swell curve from which
the magnitude of volume change is calculated as the area under the
curve

The correlation of neasured volumetric swell of a +triaxial Specinen
(a1l around pressure of 1 psi) with classification test data (LI,
Pl, SR, and percent soil binder) to determine the Famly Nunber
(predetermined correlations) for the soil. The wvertical pressures
at the mdpoints of strata are calculated and used in conjunction
wth Pamily Qurves to obtain percent volumetric swell under actual
loading conditions in each strata. The linear swell is take" as
one-third of the volunetric swell which is cumilatively sumed to
calculate the potential vertical rise

Qdoneter test on statically conpacted sanples (total four, two ini-
tial nmoisture contents under two surcharge pressures) neasuring
def or mat i on. Previously correlated data are consulted to deter-
mne the magnitude of volume change with changing loading and
initial moi sture  condi tions

Cdoneter test in which two adjacent undisturbed samples are sub-
jected to differing ldading conditions. (ne sanple is inundated
and allowed to swell to equilibrium then consolidation-tested using
routine procedures. The second sanple is consolidated-tested using
routine procedures at its natural moisture content {NMC). The vir-
gin portion of the NVC curve is adjusted to coincide wth the suell-
consol i dation curve, and relationships from consolidation theory
are used to estimate volume change

Cdoneter test using one undisturbed sanple which is loaded to its
in situ overburden pressure the" unloaded to g seating load, in-
undated, and allowed to swell to equilibrium the" consolidation-
tested using routine procedures. Analytical procedures gre
same as doubl e odonet er net hod

Qdoneter test in which two undisturbed or renolded sanples are sub-
jected to different loading conditions. ne sanple is loaded to
the testing machine capacity (32 tsf reported) and consolidated
to equilibrium inundated, unloaded to 0.1 tsf, and allowed to
swell to equilibrium  The second sanple is loaded to its in situ
over bur den pressure, inundated, unloaded to the planned structure
load, and allowed to swell to-equilibrium The swelling index
and changes in void ratio and consolidation theory are used to
deternmine amount of volunme change

Cdometer test in which wundisturbed or renolded sanples are
consolidation-tested using routine  procedures including  rebound.
Effective stresses are calculated before and after testing, and
the associated void ratio changes are determined. From this
Aef/l + e, or AHH versus depth curves are plotted. Magnitude
of volume change is equal to area under the curve

Qdoneter test in which a" wundisturbed sanple is loaded to its

in situ overburden pressure, inundated, and swell pressure peg-
sured by mintaining constant volume, then wunloaded to 4 light
seating load and the swell neasured. Changes in void ratio are
taken from the curve corresponding to the initial and final ef-
fective stress conditions of the in situ soil. Consolidation
theory is wused to estimte volume change

Qdoneter test on undisturbed sanples in which swell is neasured
under  corresponding overburden pressures to develop depth versus
percent swell curve. Mgnitude of volume change is equal to
area under curve

Same as previous procedure except that a" additional surcharge equal
to the pore water suction at hydrostatic conditions is added.
Same  anal ytical procedur es

Qdoneter test on conpacted sanples nmeasuring volume change under
| - psi surchar ge

Wed in conjunction with standard Rvalue test. Swelling pressure
is measured at the end of the third cycle of volume change de-
vel opnent (i.e., swell pressure is developed and relieved twice,
then neasured after developing the third tine)

# je = change in void ratio; eo = initia void ratio; AH = change in height; A = height.
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the anbient environmental conditions which influence volume change

90. The nmeasured swell and swelling pressures using conventiona
techniques are generally conservative because of the method by which
water is made available to the specinmen. It is highly unlikely that the
in situ soil"mss would have a sufficient source of water to conpletely
saturate the soil and satisfy the soil's "thirst" for water imediately.

91. Since highway subgrade loading conditions are mninal, the
swel| rather than the swelling pressure is the controlling characteris-
tic. Some state highway agencies use some form of odometer swell test
with a mniml surcharge to define the volume change of expansive soils.
Generally, the data are used to quantitatively assess the volume change
for the determnation of appropriate treatment techniques and is seldom
used directly in the design of pavenent.

92. The time ratelf‘)9’138'lhl of developnent of volume change is
a factor which current testing procedures are not capable of defining
or sinulating. Estimtes are generally mde by using consolidation
theory and are somewhat questionable. Recent advances have been mde
through the use of finite difference '138,and_ finite element”  tedhni ques
and applying diffusion theory to the problem  These techniques appear
promsing; however, further experience wll be required to substantiate
their accuracy.
Combi nation  techniques

93. Conbination techniques involve the correlation of indirect
and direct techniques to provide better classification groups wth
regard to severity of volume change and develop quantitative estimation
techniques for ultimte volume change. Commonly wused correlation param
eters include Atterberg limts (liquid limt, plastic index, shrinkage
lint), colloidal content, activity, and swell or swelling pressures
from odometer-type tests under various loading conditions. Generally
the techniques result in a categorization of the relative severity of
volume change; however, in some cases prediction equations are obtained
from saiwa conmparison of neasured properties. The follow ng
paragraphs present some of the nore wdely published techniques wth
brief descriptions of their application
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d 28

9L, Bureau of Reclamation netho This nethod involves the

direct correlation of observed volume change with colloidal content,
plastic index, and shrinkage limt. The neasured volune change is taken
from odoneter swell tests wusing 1 psi surcharge pressures from air-dry
to saturation. The degree of expansion and linits of correlated proper-
ties are shown in the following tabulation:

Date from Index Tests Pr obabl e
Colloid Content PI SL Expansi on Degree of
%=1 um % % % Expansi on
<15 <18 >15 <10 Low
13-23 15-28 10-16 10- 20 Medi um
20- 31 25-41 7-12 20- 30 Hi gh
>28 >35 <1l >30 Very high

Experience has shown that this nethod correlates reasonably well wth
expected behavior and provides a good indicator of potential volune
change. The major criticisms of the method are that the coll oidal
content indicates amount but not the type of clay constituents and that
the hydroneter test is not a routine test in many agency |aboratories.
95. Atneyer nethod. 112 In a discussion to Holtz's paper pre-
senting the USBR method, Atneyer brought out the nmajor criticisns to

the method and suggested a method based on correlations between percent
swell and the shrinkage linit and linear shrinkage. The percent swell
is determined in an odoneter test on conpacted sanples (90% standard
AASHTO T-99 density) under 650-psf surcharge. The results of his recom
mendations are tabulated as follows:

Li near Shri nkage Pr obabl e
Shri nkage Limt Swel | Degree of
% % % Expansi on
<5 >12 <0.5 Noncriti cal
5-8 10-12 0.5-1.5 Mar gi nal
>8 <10 >1.5 Critical

me ninor criticism to this nmethod is its lack of application to in situ
behavior since the data were collected on renolded sanples.

96. Seed, Wodward, and Lundgren nethod. 106, 142 The swell poten-

tial of an expansive soil is defined from correlations of percent swell

from odoneter tests wusing laboratory prepared and conpacted sanples
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(maximum dry density and optimum misture content, AASHTO T-99) under
|-psi surcharge with percent clay size (-2um) and soil activity. A sta=--
tistical relationship is defined for swell potential in terms of clay

content and activity and compared with measured volume change.  Using
appropriate charts, the swell potential my be categorized as follows:

Swel | Potential Degree of
% Expansi on
0-1.5 Low
1.5-5 Medi um
5-25 Hi gh
>25 Very high

Experience has shown fair results wth regard to actual conditions. One
criticism of the method is that the volume change was measured on sanples
prepared from commercial grade clay mnerals and my not sufficiently
represent in situ mterial behavior because of the varied conposition of
most  soils.

97. PVC (Federal Housing Administration). potenti al
volume change (PVC) of a mterial is based on a field testing device
(PVC meter) developed for the FHA in which the swelling index (swelling
pressure under 200-psf surcharge at the end of 2 hr) is defined and cor-
related with the PVC rating. The degree of expansion related to PVC
rating is:

143 The

Degree of
PVC Rating Expansion
0-2 Noncritical
2=l Mar gi nal
L-6 Critical
>6 Very Critical

The method has not been widely accepted because of some of the inherent
inconsistencies in the testing procedure and the somewhat enpirical
testing system

98. Ladd and Lambe netho In an effort to increase the
applicability of the PVC method, additional correlations were mde be-

d. 102

tween the percent swell under 200-psf surcharge (rather than swelling
pressure) and the plasticity index, misture content at 100 percent
humdity, and the volume change occurring between the field moisture
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equivalent and the shrinkage limt. Using these paraneters, a conbined
PVC rating was determned and the resulting degree of expansion cate-
gories are as follows:

PVC Degree of
( Conbi ned) Expansi on
<2 Noncritica
2-4 Mar gi na
3-6 Critical
>6 Very critica

One apparent shortcoming is that the sanple nust be run in the PVC
meter; therefore, the additional paraneters are not advantageous. In
fact, the method is somewhat more conplicated because of the extra data
required.

99. Chen nmethod. 105 1y an effort to sinplify the USBR method
(i.e., elimnate the need for hydroneter analysis) and to provide some
relative neasure of soil density, a correlation was made between odoneter
swel | data (undisturbed sanple under 0.5-tsf surcharge) and percent pass-
ing the No. 200 sieve, liquid limt, and standard penetration resistance.
The resulting classification of the degree of expansion is as follows:

Laboratory and Field Data Probabl e
Y% LL Std Penetration Expansion Degree of
< No. 200 % Bl ows per foot % Expansion
<30 <30 <10 <1 Low
30-60 30-40 10-20 1-5 Medi um
60-95 40-60 20- 30 3-10 Hi gh
>95 >60 >30 >10 Very high

Al'though attenpts have been made to correlate density wth standard
penetration and have been quite successful in cohesionless mterials
the extrapolation to cohesive materials (especially overconsolidated
clays) has not been very meaningful

100.  Sorochank  net hod. 56 The correlation involves relating the
swelling index (void ratio, e , after free expansion divided by the
initial sanple void ratio, e ) toO the plasticity index. The resulting
degrees of expansion with regard to correlated parameters are as follows:
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Swel ling Index, e/eO
15 < Pl 20 < PI 25 < p' 30 < A 35 < PI. Degree of
< 20 < 25 < 30 < 35 < 40 Expansi on
a. 12 <1.11 a. 09 <1.08 a. 07 Nonswel | i ng
1.12-1.23 1.11-1. 21 1.09-1.19 1.08-1.17 1.07-1.15 Sli ght
1.23-1.39 1.21-1.30 1.19-1.28 1.17-1.25 1.15-1.22 Medi um
"1.39 >1.30 a. 28 a. 25 >1.22 Hi gh
The method considers two of the properties inportant to volume change

however, an expansion test nust be conducted to use the method.

101,  Mjayvergiya and Ghazzaly nethod.108 The method defines a
swel | index for an expansive soil as the ratio of the natural water
content to liquid limt and correlates it with odometer swell (O1-tsf
surcharge) and swell pressure data. Rather than a specific degree of
expansion, limts of probable swell and swelling pressure are defined
as shown in the following tabulation

Probabl e
Natural \ater Content Swel | Pressure Probabl e
Liguid Limt tsf Swell, %
>0.5 <0.3 <1
0.37-0.5 0.3-1.25 1-4
0.25-0.37 1.25-3.0 4-10
<0.25 >3.0 >10
The method is based on data collected from a wde variety of sanples and
is very sinple to use, i.e., all that is required is the natural water

content and liquid limt,.
tion of the method
102.

|ation of

is relatively limted
Vijayvergiya and Sullivan metho
odometer swell data (I-psi surcharge) with.liquid
dry density. Here again, degree of expansion is not defined
a famly of curves relating the parameters with quantitative
(Figure 11). The basic mterial data for the correla

however, experience wth application of the system is

d. 1% The nethod

change
good,;
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content, and initial noisture content. The developed relationships are:

5, = (2.29 x 1072y (p1) 1% C 4+ 6.3

Wi
wher e
SP: predicted swell percentage
Pl = plasticity index, percent
C = clay content, percent
wy = initial nmoisture content
and
P = (3.5817 x 1072)(p1) 12 9% + 3.7912
n
wher e
Pp = predicted swelling pressure, psi

The correlation with measured odormeter data was very good. Here again,

experience with the method outside the area of its development is sone-
what limted.

104. Konmornik and David method. 145 This is another statistical

conparison of measured data which provides a relationship for predicting

swelling pressure using liquid limt (LL), natural dry density (yd), and
natural noi sture content (wi). The relationship for predicted swelling
pressure is:

log P = -2.132 + 0.0208(LL) + o.ooo665(yd) - 0.0269(wi)

The dry density and swelling pressure are in kg/cmz.

105, As with the direct and indirect techniques, no universally
applicable technique has been described for an accurate assessment of
the potential volune change. However, experiences wthin |ocalized
areas have indicated reasonably good results using many of the tech-

niques previously described.
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PRECONSTRUCTION  TECHNQUEES FCR M NMZING DETR MENTAL
VOLUME CHANGE OF EXPANSIVE SO L SUBGRADES

I ntroduction

106. During the past decade, the methods reported for controlling
or limting detrinental volume-changes in subgrades has changed little.

146 by the Colorado State
H ghway Departnent identified the following courses of action for deal-

In 1964, a literature. review on swelling soils

ing with the problem

a. Renmoval of expansive soil and replacement wth nonexpan-

sive soil.
b. Application of surcharge pressure.
c. Preventing access of water to the soil.
4. Prewetting the soil.
& Stabilization by chemcal admxtures.
£. Mechani cal stabilization.

107. Since that tine few, if any, additional methods have been
added to the list, and every major literature review or conference on

swelling soil 529,h3,1h7-150

has reiterated these renedies. However, an
examnation of the literature of the past decade reveals that enornous
strides and nmany innovative techniques have been developed for applying
these methods, wth Iliterally hundreds of documents published. \While
it is inpossible to tabulate and review all these publications, the
following paragraphs summarize various projects and general conclusions

concerning these nethods.

Methods of Controlling Volune Change of Expansive Soils

Renmoval of expansive soil and
repl acement  with nonexpansive soil

108. Renoval of natural expansive subgrade material and repl ace-
ment with a nonexpansive material is a nost obvious method of elimnat-

ing swell problens. In some cases this agpproach may be economica if
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the expansive stratum is thin and replacenent naterials are available.
Unfortunately, this is generally not the case, and the excavation and
repl acenment solution is extended only to a depth which will reduce swell-
ing to a tolerable ninimum Hence the required depth of excavation

depends wupon the expansiveness of the soil and the anticipated weight of

backfill and structure which counteract the wuplift forces of the swelling
soil. The selection of the particular nonexpansive backfill material is
critical. Holtz151 suggests that replacenent soils be inpervious as

pervious soils my create conditions conducive to the collection of
water or the condensation of noisture from the air through hydrogenesis.

109. Holtz28 describes repairs made to the Mhawk and Wellton
Canals by removing the subgrade soil and replacing it with a sand-gravel
material before reconstructing the lining. The gravel was not highly
conpacted so that some conpression of the gravel would occur, thereby
relieving part of the expansive force.

110. McDowell125 reports construction of a large building on a
50-ft deposit of Del R o clay in which the clay was excavated to a depth
of 6 ft and backfilled with a nonexpansive material. In another case
reported by MDowell 152 a 2- to 3-ft layer of expansive soil overlying
rock was stripped off and replaced by conpacted crushed rock fill.

111. Contrary to these aforenentioned successes using excavation
and replacenent nmethods, the Colorado Departnent of Hghways has re-

81,153-153 | {hese cases,

ported dismal failures wusing this technique.
swel ling subgrades were subexcavated a depth of 2 ft and backfilled
with various gradations and types of granular material. Unfortunately,
the pervious granular nmaterial permtted the entrance of noisture
through surface runoff and hydrogenesis, and swelling occurred. |t was
found that open-graded gravels were the worst offenders of the grada-
tions tested.

112.  South Dakota's experience 156 indicated that Ilimted under-
cutting and reconpaction of the subgrade (6-18 in.) did not solve their
pavenent warping problens. However, on 1-90, 2 percent line was added
to a cushion gravel and base course gravel to reduce the Pl from 10-20

to less than 10 and placed directly on the untreated subgrade. The
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results showed that although several warped pavenents have devel oped,
the overall serviceability index of the project is good. 151 Li kewi se,
on I-95 east of Cactus Flat, it was determined that ‘a 4-in. | ayer of
lime-treated gravel cushion gave as good as or better protection to the
subgrade for retention of the construction noisture and density at a
lower cost than did lime stabilization of the upper 6 in. of subgrade
with 3 percent RG1 being mixed in the upper 3 in. to form a noisture
barrier. 156 These experiences suggest that line treatnent of the grav-
els may elinmnate problens encountered by the Colorado Department of

H ghways. However, it would appear that sufficient fines for line reac-
tion nust be present in the base course gravels and a fairly inpervious
material should result for this method to be effective.

113. Experiences of the Woning State Hghway Department concern-
ing the use of wuntreated gravel bases placed directly on the subgrade
have been simlar to those of the Colorado Departnent of H ghways. 158, 159
The experinental project on I-25 south of Kaycee resulted in noisture
accunulations in the granular base course followed by heaving. Oigi-
nally, roads built in Woning were constructed using gravel (with fines)
bases with some surfacing, and heaving was not a major problem  However,
with the advent of heavier loads and faster speeds of nodern traffic,
clean gravel bases and gentle side slopes with several feet of exposed
gravel base becanme common practice. The result was swelling soil prob-
| ens. Initial reactions were to thicken the gravel section;, however
the thicker the section and better the gravel, the higher the heaves.

In sone cases a gravel with fines was used with sone retardation of the
swel |ing

Application of surcharge pressure

114, Loading the expansive soil wth pressure greater than the
swelling pressure is a method by which swelling can be prevented. How
ever, paverment loads are generally insufficient to prevent expansion
and this nethod is wusually applied in the case of large buildings or
structures imposing high |oads. SallbergBlnentions that paverment de-
signs developed by the California Division of Hghways are based partly

on the requirement that the pavement weigh enough to prevent expansion
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of the subgrade. The use of this method obviously is‘limted to swell-
ing soils with low expansive pressures, and a Careful balancing of swell
pressures and pavenment weights is required.

Preventing access of water to the soil

115. Since the change in noisture content is the min factor
influencing the volune change of swelling soils, it is obvious that if
the soil could be isolated from any moisture changes, volune change
could be reduced or mnimzed. In this context, waterproof menbr anes
are becomng an increasingly promsing nethod for limting access of
water and mnimzing noisture changes.

116. H‘oltz28 describes the wuse of a one-quarter-in. senibl own,
hot - sprayed asphalt mnenbrane used between the ooncrete |ining and sub-
grade soil on the Friant-Kern Canal in California.

117. The Colorado Department of Hgh\/\ays80’81’153_155’159"16l has
observed considerable success with asphaltic nenmbranes in controlling
noi sture changes and heaving. The Jifton-Wst experimental test pro-
gramon I-70 concluded that the two sections using three-eighths-in.-
thick, catalytically blown asphalt nenbranes outperforned other preven-
tative neasures tested. Test sections on State Hghway 96 near O dway
to evaluate full-depth stabilized base mxtures showed that dfter T yrs,
none of the sections were close to failure even though sone sections
were designed for only 3 yrs of service. Test sections on US Hw L40
west of HEk Springs showed that sections constructed with a 3-1/2-in.
or thicker asphalt-stabilized base and menbrane-lined ditches were
performing well. However, sections constructed with a 4-in. wearing
surface with no base and sections constructed with a 12-in.-thick clay
base enveloped wth catalytically blow asphalt nenbranes had experi-
enced both structural and heaving failures. Brakey8l suggested that
envel oped clay sections may be effective if properly constructed, but
sufficient support may not be economcally gained when conpared with
full depth asphalt.

118. The Colorado Department of Hghways has two basic approaches
for using noisture barriers wth swelling soils80 as illustrated in

Figure 12. These are either a full-depth asphalt laid directly on the
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swelling subgrade wth asphalt-lined ditches and backslopes or asphalt
nenbranes between the swelling subgrade and the road subbase. The full-
depth asphalt section provides an inpermeable support mnaterial which

el imnates noisture accunulation by hydrogenesis or surface runnoff.

The asphalt nmenbrane pernmits noisture to accumulate in the base and
subbase, but prevents it from seeping downward into the subgrade; in-
stead, the water merely drains off to the side ditches.

119. The use of noisture barriers in an experimental section was
evaluated by the South Dakota Departnment of Transportation on US Hwy 12
over the Pierre shale.162 The upper 6 in. of the subgrade was treated
with a mxture of lime and RG1 asphalt to form the waterproof cover.

In addition, a polyethylene plastic blanket was placed vertically to a
depth of L4 ft at a distance of 20 ft either side of the center |ine, just
inside the shoulder line. The results indicated that there were no
significant differences in moisture contents of sections wth noisture
barriers and those without. Apparently, the polyethylene plastic cutoff
was not placed deep enough and the fractured nature of the shale per-
mtted noisture to nove underneath/the wall. There were nore noisture
fluctuations in the areas wth the moisture barrier, and the riding
surface was better in areas wthout the noisture barrier. The noisture
seemed to be higher and fluctuated nore in the area close to the barrier
itself, indicating that a thermal change may be causing condensation near
the plastic cutoff.

120. The Mssissippi State Hghway Departrment used a noisture
barrier of an asphalt nenbrane placed at the rate of 1 gal/yd2 in a test
163-165 While

the conpanion control sections experienced severe distortion during the

section on State Hghway 475 constructed over Yazoo clay.

3h-month observation period, the bituminous menbrane provided a very
effective neans of waterproofing the roadway and preventing any detri-
mental swell. It had been feared that capillary rise would make the
menbrane ineffective, but apparently noisture nigration in the Yazoo
clay is not due to capillary rise; rather, it is controlled by surface
runoff and cracks and fissures in the clay.

121. The Arizona Departnent of Transportation |ike the Colorado
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Departnent of Hghways hags used menbranes and/or full-depth asphalt
r oadways. These nmoisture barriers have proven to be a fairly good solu-
tion, wparticularly in arid regions. 166
122.  The Woning State Hghway Departnent tried plant-mxed as-
phaltic bases over granular subbases and experienced problens simlar
to those of the Colorado Departnent of Hghways. Specifically, moi sture
accunulated in the granular layer which subsequently infiltrated the
expansive subgrade causing heaves. However, the wuse of full-depth plant-
mxed bases and asphaltic nmenbranes has produced an economical, effective
means of preventing noisture nmigration to the subgrade by surface
moi st ure. 158
123. On the Kaycee-South experinental section of [-25 the Wo-
mng State Hghway Department placed a section consisting of 2-in. plant-
mxed asphalt concrete surface course, an 8-in. hot-mxed asphalt-
stabilized base, and a variable section (nminimum 3 ft) of select soft
sandstone base over the expansive Cody shale. A plastic nenbrane (un-
sealed at either edge) was placed in either ditch section part way up in
the select sandstone base, Figure 13. In the conpanion nonnenbrane
section, a considerable increase in noisture occurred at the select sand-
stone base and clay subgrade interface. Likewise, in the nenbrane sec-

tions under the driving lane (where no menbrane was placed) significant

10" ASPHALT PAVEMENT DRIVING  LANES

I

SELECT SANDSTONE

CLAY SUBGRADE
AASHO A-7-8(18)

B " - % ZNY
TOP SUBGRADE
6" BELOW SURFACE [2.5]*
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SEPT 65 TO MAY 68
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Figure 13. Menbrane section on Kaycee Project show ng noi sture
buil dup under center portion of roadway from hydrogenesis.
Menbrane kept shoulder area dry (from Reference 159)
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noi sture accunulations occurred leading to upheavals. However, under the
plastic menbrane the noisture increase was less than 1 percent, wth
moi sture accunulations of 2-8 percent occurring above the nenbrane in
the sandstone base course. 159
12k. On the Upton-New Castle test section on US Hwy 16overlying
shale simlar to the Pierre and on the Upton-Ten Sleep test section on
US Hwy 16overlying the Cody shale, the Woning State Hghway Departnent
used catalytically blow asphalt nenbrane to ninimze noisture changes.
Asphal t nenbrane was pl aced conpl etely across the subgrade to the bottom
of the side ditches and up the backslope to a horizontal distance of
18in. Results showed that no significant changes in noisture content
occurred, and the pavenment was virtually free of any significant expan-
sive soil upheavals. 159
125.  An evaluation of noisture barrier sealants by the University

67

of Woning for the State H ghway Departrrentl showed that Peneprine and

a catalytically blown asphalt with P205addi tive were effective seal ants.
However, a product, B D Quat 2 Coco, and silicone 772, were not effective.
Peneprime when heat'ed to 250°F penetrated renolded conpacted clay speci-
mens a depth of 1 in. at assinlated application rates of 0.35 gal/ydg.
The catal ytically bl own asphalt when heated to 400°F and applied at a
rate of 1.44 gal/yd2 formed a 1/4-in.-thick nenbrane resenbling a

tire inner tube. The B D Quat 4 Coco was intended to coat the soil
particles with a water repellant film  However, when applied as a
concentrated surface treatnent, the Coco formed a gel when it contacted
water; the water eventually penetrated the gel, causing swelling. Wen
the Coco was mixed with water, a gel formed and no penetration of the
soil occurred. Silicone 772 is used as a waterproofing agent for ex-
terior wall and roofing products. However, it does not adhere well to
soil particles, and cracking occurred during laboratory tests.

Prewetting the soil

126. The objective of prewetting is to allow desiccated swelling
soils to reach equilibrium prior to placenent of the roadway or struc-
ture. The nost comonly applied method for accelerating swelling by

29,138

this technique is ponding. The questions of how long the
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material should be ponded and to what depth the noisture should pene-
trate to be effective are still unknown.

127.  ne of the earliest, nore notable highway ponding projects
was on US Hwy 81 north of Waco, Texas, over Wlson clay |oam which is

devel oped from the Taylor marl. 152

In 1948, two areas were ponded; one
site had L4-in.-diam holes drilled to a depth of 8 ft on 5-ft centers;

at the second site, L-in.-diam holes were drilled to a depth of 7.5 ft
on 6-ft centers. The holes were backfilled with sand or gravel to nini-
mze sloughing of the walls and filled with water daily for L4 nonths.
Mst of the water entered the upper 3.5 ft of soil, and the quantity
added was so snmall conpared to the volume of soil being wetted that some
parts of the soil were still below the shrinkage level 2 nonths after
filling of the holes began. To expedite the swelling process, two areas
vere ponded for approximately 3 nonths. In the Lo days prior to ponding,
there was no evidence of surface heave resulting from the daily filling
of the holes with water. However, after 3 days of ponding the surface
rose 1 in. Several experiments to accelerate water novenent from the
holes were tried. In one experinment, pressures of 25-90 psi were applied
in sealed holes. Two conparison experinental sections, one wth bL-in.-
diam holes 8 ft deep on 5-ft centers and one without any holes, were both
ponded. Al these experinments concluded that the holes were of little
value in wetting the soil and that ponding was nore effective. The ap-
parent reason for this conclusion was that the blocky-structured natural
clay afforded easy penetration of the water. Hence it was recommended
that ponding be conpleted prior to any grading which nay alter the
natural  fissures.

128. In 1958 a section of 1-35 north of Wco, again crossing the
lower menber of the Taylor marl, was ponded for 22-41 days. Results of
the project showed that the water did not penetrate nore than L £t down-
ward during a ponding period of 24 days. Nevertheless after several
days of ponding, the noisture contents at the 20-ft depth level in-
creased. Results of this ponding show that after 7 yr of service, only
2 of the 15 ponded sections have become rough, while several unponded
sections in the same area have heaved and been overlaid or replaced. 152
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129. Based upon these Texas H ghway Departnent projects,
McDowell152 feels that ponding of approximately 30 days is recomrended.
Afiter ponding, lime stabilization may be required to provide a firm
working platform and to decrease evaporation and dry weather cracking of
the wunderlying subgrade. 12k P

130. Ponding of foundations for building sites and highway sub-
grades have been reported by l\/l:Dov\eII,:L25 Vatt and Steinburg, 168
Bl ight, 169 Dawson, 170 and Haynes. 171 In the two exanples cited by
McDowelllQS’152 the foundation soils were ponded for 30 days, followed
by lime stabiliza-tion to provide a working platform and decrease any
dry weather cracking and evaporation. Results were successful. Sone
success was reported by DewvsonlrrO who flooded the foundation trenches
for a building on expansive clay. After 4 nonths of ponding, penetra-
tion of water into the soil was found to be very limted. Nevert hel ess,
the subsequent heave of the structure proved to be less than that ob-
served for simlar structures in the area.

131. Haynes and Masoan

6-in.-wide, 3-ft-deep trenches on a 10- by 30-ft grid were filled to a

report a prewetting technique in which

depth of 1 ft with lime and backfilled with gravel. Witer with a sur-
factant Kyro EO was placed in the trenches for about 1 nonth. At this
time the soil had reached the required prewetted noisture content cor-

responding to the fully swelled condition and the floor slab was pl aced
with no subsequent heave problens.

132.  Ponding of a 27-ft-deep cut on US Hw 90 west of San Antonio,
Texas, in the Taylor formation was acconplished in 19'{0,168’172 An area
from 3 ft up the backslope across the main lanes, nedian, and shoul ders
was ponded for 45 days. It was observed that little water reached below
3 ft due to the lack of a fissured system in the clay, and the source
of swelling was primarily in the upper L ft. In one of the ponds a
surfactant was wused, but no perceptible difference in the surface and

depth elevations or noisture readings was observed. This, plus the fact

that the surfactant-water conbination was toxic to goldfish, lead to its
di scont i nuance. The areas were line-stabilized after drainage to hold

the noisture. At this time, a road condition survey of the ponded and
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adj acent areas of US Hw 90 is inconclusive as to the effectivenesss of
the ponding. However, it appears that the ponded sections have re-
quired less naintenance work.

133,  The Mssissippi State Hghway Department conducted an ex-
perimental cut and fill ponding section on State Hghway 475 overlying
Yazoo clay. 163- 165 The entire section was undercut 3 ft below finished
subgrade elevation, a grid of 6-in.-diam sand drains 20 ft deep (labora-
tory tests showed swelling to 20 ft could be anticipated) on 5-ft centers
constructed, and the section ponded for 140 days. After drainage the
section was brought to grade'and the upper 6 in. stabilized with 7 per-
cent linme. The line stabilization extended from ditch to ditch to pre-
vent future desiccation. Misture content determination at various
depths under the section proved to be inconclusive; however, it was con-
cluded that the permeability of the remolded fill clay was so low that
ponding was not effective in reducing the swell potential. Ponding was
effective in the cut area. However, performance data indicate that all
experi nent al sections, including an asphaltic nmenbrane section, have
required no maintenance, while the conpanion control sections have ex-
perienced considerable distortion. Apparently, the noisture barrier
consisting of an asphalt nenbrane is an effective method for construc-
tion ,in this material.

Stabilization by chemical admxtures

134, Chenical stabilization has been used as a nethod for altering
the clay structure or clay-water conbination to prevent or mnimze
swelling of expansive clays. Literally hundreds of chenmicals or addi-
tives have been tried. Cenentation by line, line-fly ash, and cenment has
been used. lon exchange (addition of divalent and trivalent salts), ca-
tion fixation in expanding lattice clays (with potassiun), deactivation
of sulfates (with calcium chloride), waterproofing (silicones, asphalts),
cementation (silicates, carbonates, |lignins; phosphoric acid), and al-
teration in perneability and wetting properties (surface active agents
wetting agents) have all been attenpted or wused to reduce the expansive
properties of swelling clays. However, due to mixing problens, econom

ics, effectiveness, and practicability, none of these are recomended for
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Table T

Methods_for Volume Change Control Using Additives (from Reference 173)

Method of Additive Effects on Soil

Method of Application

Corre

Lime treatment Reduce or eliminate swelling
by ion exchange, floccula-
tion, cementation, altera-

tion of clay minerals

Cement treatment Reduce or eliminate swelling
by cementation, ion ex-
change, and alteration of

clay minerals

Chemicals:
Hydroxides
Chlorides
Phosphoric acid
Carbonates
Sulfates
Lignins
Siliconates
Asphalts
Quaternary

ammonium
chloride

Proprietary:

"Compaction aids"

Other

Various effects have been

measured or hypothesized,
including:
Reduced plasticity
Improved compaction
Reduced swell
Waterproofing
Preservation of soil
structure
Increased strength
Increased or de-
creased permeability

Remove, mix, replace or
mix-in-place

Deep-plow

Lime slurry injection:
lime piles

Mixing-in-place:
and walls

piles

Remove, mix, replace
Plant mix
Deep-plow (%)

Mixing in place

Usually remove, mix, and
replace or mix-in-place

In some instances spraying

or injection is used
Electroosmosis may be
useful in special cases
Diffusion may be effec-
tive

Only suitable for zhallow de

Mixing difficalt in highly
tic clays

Delay between initial addition
of lime and final mixing and
placement. improvec ease of
handling and compaction

2-6 percent lime usually required

Treat depths to 36 in.
Can use conventional equipment
Requires careful quality control

Controversial

Limited by slow lime diffusion
rate

May be effective in fissured
material

Not yet investigated

Might be suitable in highly plas-
tic soils for treatment to
large depth

Could use dry lime, lime mortar,
or slurry

Cement may be less effective thun
lime in highly plastic clayse

Mixing difficult in highly plas-
tic clays

Deep-plow method not yet inves-
tigated (7)

Reduction in swelling noticeable
for cement contents >L-6 percent

No excavation and backfilling
required

Has been used for construction
of piles and walls

Better, more economical equipment
needed

Problems of mixing or injection
may be significant

No chemical additives for con-
trol of volume change appear to
be available that are effective,
permanent and economically
competitive with lime or cement
when large volumes of soil must
be treated

Calcium chloride may be effective
at least temporarily in soils
with expanding lattice clays.
It may be useful in soils with
a high sulfate content

A number of proprietary formula-
tions have been marketed. The
beneficial effects of these
materials have not generally
been documented

183
184

185

186
187
188

189
190
191
192
193
194
195

*

See Reference 182 for technique utilizing portland cement.
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large-scale routine treatment of swelling soils.173 Lime continues to

be the most widely used and most effective additive for stabilization of

167,173

expansive clays. Table T, excerpted from Mitchell,173 summarizes

the use of various chemical additives for controlling volume change.
135. The University of Wyoming evaluated approximately 17 differ-

ent additives for stabilizing an expansive clay on I-80 west of Lara-

.16 .
mie. T Effectiveness was evaluated by volume expansion tests using a

CBR mold and swell pressure tests using a L4-in.-diam Proctor mold.

Briefly, the following additives were evaluated:

a. Alcohols and formaldehyde. Isopropyl alcohol caused the
soil to become friable and reduced the swelling as much
as lime for a short period of time. Negative results
were obtained with a lime-isopropyl alcohol slurry in an
attempt to migrate dissolved lime into the clay. Ethyl
alcohol and formaldehyde also reduced swelling, but the
tests showed that this reduction was only temporary.

lo

B D Quat 2 CoCo. This agent is a quaternary ammonium
chloride and was added to the soil in an attempt to form
a water-repellent film covering the clay. Gelation oc-
curs when CoCo is added to water. Addition of concen-
trated CoCo-water mixture to the soil caused the soil

to become friable. Reduction in swell compared favor-
ably with lime, but, as with lime, good mixing is
required.

el

Reten. Reten 210 and Reten A-1 are synthetic, water-
soluble polymers; the former is cationic while the latter
is anionic. They are used as flocculants in sewage
treatment and, as expected, when they were added to the
soil, a spongy, friable mixture was obtained. However,
when very slight amounts were added to water, unmanage-~
able gelation occurred, thereby precluding any migration
and ease of mixing.

el

Nalcolyte. Nalcolyte 605 and 675 are a cationic poly-
electrical organic coagulant and a water-soluble polymer
flocculant, respectively. Nalcolyte 605 caused the soil
to become friable, but failed to reduce swell. Nalcolyte
675 behaved similar to Reten with a considerable loss in
density observed.

|0

Silicone. Silicone 770 and 772 are silicone resin con-
centrates used for waterproofing masonry, and g water-
soluble sodium methyl siliconate used as a dispersing
agent in clays and ceramics, respectively. For the
percentages tested, silicone 770 failed to provide any
appreciable swell reductions. Silicone 772 at 3 percent
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produced results nearly comparable to lime, but at 0.5
percent little swell reduction was obtained.

I

Sodium and magnesium chlorides. At application rates of
0.5-2 percent by dry weight, only slight improvements
were observed. :

g. Phosphoric acid. Phosphoric acid in amounts of 1, 2,
and 3 percent by dry weight was added to the soil. When
the acid was added to the moist soil instead of being
added directly to the mixing water, the soil became
friable. However, no reduction in swell was obtained.

I=

"N" sodium silicate. This agent is a concentrated sili-
cate solution which would hopefully cause ion substitu-
tion and thereby eliminate swelling. Several mixing
possibilities were attempted, but because of the many
variables involved, i.e., polymer size and concentration,
pH of water, temperature, calcium or aluminum ions added,
and the amount of water used in mixing, the mixing combi-
nations are innumerable. Only slight reductions in

swell were obtained for the mixing combinations tried.

I

Emulsified asphalt SS-K. Asphalt mixed with the mixing
water in amounts of 1, 2, 3, and 5 percent by dry welght
increased friability, but did not significantly decrease
-the swell.

J+. Kerosene. Kerosene, when placed on the surface of com-
pacted specimens, was observed to penetrate the soil
quickly. However, after the kerosene had completely
penetrated the sample, rapid volume increases approaching
10 percent were observed when water was placed on the
surface.

Results of this program showed that none of these agents reduced the

swell as effectively as lime.l67
136. The South Dakota Department of Transportation constructed an

experimental road section to evaluate the field performance of various

196

stabilizing agents. A test road composed of a 2-in. Class F mat and
a 5-in. base course, with 3-6 in. of standard subbase and select soil
~varying in thickness from 6-18 in., was placed over stabilized sections
of Pierre shale. The stabilizing agents and percentages added to the
subgrade were:

Lime, 6 percent.

o le

Lime-asphalt, 6 percent plus 4 percent RC-1.

I

Phosphoric acid plus ferric sulfate, 5 percent plus 2
percent.
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d. PDC Formula (4:2:1; lime:Portland cement :soy flour)
5 percent.

2

Results of this experimental project show that all of the stabilizing
agents altered the physical characteristics to some degree, with lime
having a more permanent effect in lowering these characteristics. CBR
ratings showed that after L yr the phosphoric acid section had a value
only slightly higher than untreated soil. Conversely, lime, lime plus
RC-1, and the PDC formula, in that order, caused significant CBR in-
creases. Serviceability ratings of the stabilized sections except for
the phosphoric acid were better than those of the standard design sec-
tion. Lime-treated sections had the best ratings, while PDC and lime
plus RC-1 followed very closely. The use of stabilizing agents in 1964
changed the average initial cost per mile from $67,500 for untreated
soil to $85,200 per mile for lime, $93,300 per mile for lime plus RC-1,
$95,700 for PDC formula, and $120,6OO Per mile for phosphoric acid plus
ferric sulfate. It was concluded from the study that phosphoric acid
was not effective as g stabilizing agent of the Pierre shale, and that
the effect of the PDC formula was due to the lime-cement combination of
the formula rather than the soy flour additive.

Methods of lime treatment

137. Lime continues to be the most effective and most widely
used additive for treating expansive soils. Initially, lime treatment
was confined to the upper few inches of subgrade, perhaps primarily to
achieve strength benefits and not so much to treat the expansive prob-
lem. Recently, efforts have been directed toward stabilizing or modi-
fying deeper layers. TIn addition to conventional mix in-place or batch
mixing, oéher methods for incorporating lime include electrical, drill-
hole, pressure, and deep-plow.

138. Electrical. The use of an electrical potential to increase

the rate of lime migration was evaluated in the laboratory by the Uni-

versity of Wyoming.197 Lime slurry (7 parts water:1 part lime) was placed

on top of a compacted specimen and an electrical current of 1-4 amps
placed across the slurry and sample for 15 min. The results showed

that little lime or few calcium ions migrated into the soil, and this
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method was abandoned. Electroosmotic methods were reported by the
Louisiana Department of Highwayslg8 with similar results. Lime slurry
(10 percent by volumé) was placed in a trench between steel electrodes,
and an electrical gradient ranging from 0.75 to 2.0 volts/cm was applied
for durations ranging from 75 to 1584 hr. Water movement was satis-
factory, but no appreciable amount of lime migrated and the method was

199

abandoned.

139. Drill-hole. This technique consists basically of drilling
holes into the subgrade and .backfilling with a lime slurry or lime
slurry-sand mixture. Once placed in the holes, the lime migrates or
diffuses into the soll system, initiating the soil-lime reactions. How-
ever, this diffusion process can be quite slow,'and time may be required
before a substantial quantity of the soil is affeétedeoo unless a system
of cracks and fissures extends to the depth of the hole. The'drill—hole
technique has been used for remedial measures and new construction by a
number of highway agencies.

140. The Oklahoma Department of Highwayngl has repofted numerous
successful instances of drilled-hole lime applications. Typically,
9-in.-diam, 30-in.-deep holes on 5-ft centers have been backfilled with
lime slurry.

141. Experiences of the Colorado Department of Highways using
drilied-hole lime techniques have proven quite successful.zo2 Generally,
12-in.-diam holes with depths ranging from 6-20 ft, depending upon the
extent of treatment desired, on a 5- by 6-ft grid or 5-ft centers, are
used. Experience showed that slurries of more than' 1l 1b of lime per
gallon of water result in less lime and water migration. Holes at least
12 in. in diameter are recommended as smaller holes do not provide suf-
ficient water and soaking areas and are more costly. The mechanism of
stabilization observed shows that lime does not migrate over 2-3 in. from
the periphery of the hole and mostly at the bottom of the shaft (lime is
slightly soluble in water and rapidly settles out of the slurry). The
swelling potential is reduced due to the moisture increases in the soil

(similar to ponding action) and stress relief. Stress relief allows dry

material away from the hole to expand laterally into the hole, thereby



reducing the vertical swell component. From these considerations, it
would appear that lime is of little benefit to the'technique;'however,
experiments suggest that water migration is more effective when water is
added as a lime slurry than as water alone. Backfilling the holes with
sand or gravel permits excess moisture accumulated in the base and sub-
base courses by hydrogenesis to be drained evenly into the subgrade
instead of collecting unevenly and causing uneven heaving.

;hQ. Efforts by the Louisiana Department of Highways to use
drill-hole lime stabilization to improve the strength and stability of a

fill were unsuccessful.203

In this case, a half bag of lime (25 1b) was
placed in 9-in.-diam holes, 18 or 24 in. deep on 3Tt centers,‘while one
bag of lime (50 1b) was placed in 36- or 48-in.-deep holes on 5-ft
centers. Results obtained by test pits showed little or no lime migra-
tion from the hole periphery after 1 yr.

143. In a remedial measure, the South Dakota Department of Trans-
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portation placed a lime slurry composed of 1 bart lime, 1 part water,
and 1 part sand into 4-ft-deep holes placed on 5-ft centers (no hole size
given) into an expansive subgrade of Pierre shale clay. Results showed
some reduction in the frequency and sharpness of the bumps. With time a
definite improvement in serviceability index was noted for these sections
over companion untreated areas. These studies and field sections show
that lime migration from the drill hole was quite limited and restricted
to the periphery of the hole. Success using this technique arises from
(a) an increase in moisture content of the surrounding subgrade due to
migration of the water (aided by lime) from the hole and (v) stress
relief of lateral expansive Pressure, thereby reducing upward swell

pressures.

14k, Lime slurry pressure injection. In an attempt to obtain

greater distribution of lime in swelling subgrades, the technique of

lime slurry pressure injection (LSPI) was developed. The technique
consists of pumping lime slurry under pressures of up to 200 psi, de-
pending upon soil conditions, through hollow injection rods into the sub-
grade. The injection rods penetrate the soil in approximately 12-in.

intervals, and the slurry, 2.5~3.0 1b of lime per gallon of water, is
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injected into refusal. Refusal is defined as (1) soil will not take
additional slurry, (2) slurry is running freely either around the pipe
or out of previous injection holes, or (3) the slurry has fractured the
surface and is flowing. A wetting agent is.often added to the slurry
to assist in migration, and spacings of 3-5 ft on centers is
common.gOh_206 The lime slurry left on the surface immediately follow-
ing injection is mixed into the top 4-6 in. of soil and recompacted.
145. The Louisiana Department of Highways has reported

resultslgg’go3

of a LSPI experiment used on a hydraulie fill on I-55.
Lime slurry, either 0.5 percent lime by weight or 1.5 percent lime by
weight, was injected on 5-ft centers to depths of either 5, 10, or 20
ft. Injection was made every 8-1/2 in. of depth. During the process,
various quantities of lime slurry would break out of the soil at dis-
tances ranging from 1-5 ft from the injection point, and an estimated
2-30 percent of the lime slurry was lost at these "breakout" points.
Disturbed and undisturbed samples and test pit observations approxi-
mately 2 and U4 yr after injection revealed that the lime distribution
was stratified in nature. The lime slurry flowed through fissures
caused by the pressure, fracturing the silty soils or preexisting voids.
Little penetration into the heavier clays occurred, and bulging of

the highly plastic material allowed the slurry to go around the injec-
tor. The area of treatment, after L yr, extended 1/2-1-1/2 in. above
and below the slurry seam, and no active lime was available for further
reactions with the surrounding soil. There was little increase in the
unconfined compressive strength of samples, and no lessening of sub-
sidence due to LSPI was observed.

146. WrightzOh’go5 also observed that when lime slurry is in-
Jected into heavy clays, the slurry migrates through available frac-
tures and fissures in the soil, creating a network of lime seams. The
added moisture may cause a noticeable swell of 2-8 in. at the time of
injection, depending upon the original moisture content of the soil.
This preswell is beneficial as the lime seams and upper 4- to 6-in.

stabilized layer create moisture barriers which assist in maintaining a

constant moisture content, and thus eliminate subsequent cracking and
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swelling. Because of the lime seam effect, the quality of the LSPI can-
not be evaluated by conventional tests, i.e., Atterberg limits, pH,
swell, or strength tests, on recovered samples.

147. 1Ingles and NeillBO evaluated lime and cement grouting at
seven sites in Australia. Two lime-water grouts, 1:1 and 1:2 by weight,
and a comparison cement grout, 1l:1, were injected under pressure into
the soil via sealed L-in. auger holes ranging from 3 to 8 ft deep.
Visual inspection of recovered cores showed that the grout penetratedl
fissures and not pores. In this context, dry-season grouting, when des-
iccation cracks are most prevalent, enhances grout penetration. Post-
grouting results indicated that surface movements occurred shortly after
grouting due to the moisture being added, but that surface level fluc-
tuations in montmorillonitic soils and total swell were reduced by 50
percent over untreated areas. By comparison, cement grouting was less
satisfactory with surface movements in the mbntmorillonitic soil being
reduced by 10 percent.

148. 1In a recent publication (1975), Thompson and Robnett206
summarized that although there are conflicting reports concerning the
effectiveness of LSPI, it seems logical to conclude that LSPI may be
an effective swell control procedure under certain circumstances. The
condition most favorable to the achievement of successful LSPI treatment
of expansive soils is the presence of an extensive fissure and crack
network into which the lime slurry can be successfully injected. The
treatment mechanisms explaining LSPI effectiveness, i.e., prewetting,
development of soil-lime moisture barriers, effective swell restraint
with the formation of limited quantities of soil-lime reaction products,

all have validity.

149. Deep-plow lime stabilization. Conventional soil-lime

construction techniques are normally limited to maximum depths of 8-12
in. With these 1ift thicknesses, typical soil stabilization equipment
is capable of pulverization, blending, and mixing required for high
quality soil-lime mixtures. However, if greater depths of stabilization
are required in one 1lift, these conventional techniques are inadequate.

179

Thompson describes successful use of deep-plow lime stgbilization to
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stabilize lifts 24 in. thick and suggests that the technique may pos-
sibly be extended to 36-in. 1lifts.

150. The technique pioneered by the Oklahoma Department of High-
waysgo7 in 1966 consists of (a) plowing the roadway to a depth of 1 ft
prior to spreading the lime, (b) spreading the lime required for stabi-
lization of the layer, (c) mixing the lime and soil with three passes of
the plow to a depth of 2 ft, (d) spraying water over the roadbed after
initial dry mixing, (e) final mixing using a deep ripper, (f) compacting
the 2-ft depth of stabilized material in one 1ift using either sheepsfoot
or vibratory sheepsfoot rollers, and (g) a final compaction and test
rolling using a 50-ton roller making six passes. A special three-toothed
ripper attachment with a trapezoidal shaped shoe-plow bolted to the
teeth was used for ripping operations. Densities taken at various
depths, 0-8 in., 8-16 in., and 16-2k4 in., revealed that adequate densi-
ties, >95 percent AASHTO T-99, were obtained at all depths. Examina-
tion of the profile during density investigations revealed that a fairly
equal distribution of lime was obtained in the upper 16 in. with a lesser
amount being observed in the lower 8 in.

151. Thompson183 cites examples of deep-plowing operations at the
Fort Worth Regional Airport and in Illinois. 1In I1linois, the lime was
disked into the upper layer and "turned over" using a moldboard plow.

He emphasizes that quality requirements, i.e., lime content, pulveriza—
tion, mixing, and compaction, should be carefully coordinated for suc-
cessful results.

Mechanical stabili-
zation (compaction control)

152. Considerable experimental evidence exists51’95’11*2’208-210

that the conditions of compaction have a considerable effect on the
swelling characteristics of compacted expansive soils. Figures 1b and
15 from Holtz and Gibbs illustrate some of the influences. These re-
sults show that an increase in molding water content for a given den-
sity decreased the swell and swell Pressure. However, an increase

in density at any given water content may increase or decrease the

swell, depending on the range of densities involved (generally, an
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increase in density causes an increase in swell). Hence low densities
and high water contents are conducive to smaller expansion. Seed and
Chan51 observed that soils compacted dry of optimum exhibit higher
swelling characteristics and swell to higher water contents than do
samples at the same density compacted wet of optimum.

153. The method of compaction also influences swelling charac-
teristics of compacted swelling soils. An expansive soil with a dis-
persed,(deflocculated) structure swells less than one with a flocculated
structure for the same water content and density. Seed et a1.1h2 have
shown in Figure 16 that kneading compaction leads to dispersed structures
and less swell than static compaction and flocculated structure.

154. From these considerations, the swell or swell pressure can
be reduced by compacting the soil to medium or low densities at water
contents above optimum. Compaction equipment producing a kneading
action and corresponding dispersed structure, such as a sheepsfoot
roller, would be most appropriate. Obviously, if high strengths were
important, low densities wet of optimum are impractical as this condi-
tion is conducive to low strengths and subsequent deformations.

155. Johnson29 el2

cites examples by the Omaha211 and Kansas City
Districts of the U, S. Army Corps of Engineers using moisture and
density control methods for minimizing soil heave. 1In these Districts,
water contents 2-5-1/2 percent above optimum and compaction to 88-93
percent of standard density were successful in controlling heave.

156. Le‘er213 describes North Dakota Highway Department experiences
using compaction control to minimize expansive subgrade prqblems. Prior
to 1967, standard compaction for earthwork was to compact the subgrade
to 90 percent of the AASHTO T-180 maximum dry density and use a minimum
water content of 75 percent of optimum. These criteria resulted in com-
pacting the soil to fairly low water contents, which was conducive to
swell. Since 1967, compaction specifications have been changed to 85
percent of AASHTO T-180 maximum dry density and a minimum water content
of optimum. These new compaction standards and the use of continuously
reinforced concrete pavements have virtually eliminated pavement rough-

ness in expansive soil areas.
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157. T?e South Dakota Department of Transportation156 used speci-
fications requiring that the upper 3 ft of the subgrade in both cuts and
fills be constructed of weathered soil selected for that purpose. The
3- to 6-ft zone of the entire subgrade is to be constructed of normal
soil using higher water contents and lower density minimum requirements
than the underlying embankment. Subsequent field tests revealed that
it was not always practical to hold the water content to 3 percentage
points above optimum, and the heavy construction equipment usually com-
pacted the soil above the target low density of 92 percent of AASHTO
T-99. The specifications were revised to set a minimum density of the
upper 6 ft of subgrade to 92 percent AASHTO T-99 with a target density
of 95 percent. The correéponding water content was set at not lower
than optimum with a target content of 3 percentage points above optimum.
Preliminary conclusions based on roughness index checks indicate that
the special moisture-density controls have retarded the adverse effects
of the expansive soil. '

158. The Wyoming State Highway Department158

has experimented
with subexcavation and replacing the material with moisture and density
control. In areas where the interbedded layers intersect the subgrade,
a more uniform subgrade is obtained, and many of the short, choppy heaves
often produced by this formation are eliminated. However, they feel
that use of moisture density control in hard shales places moisture in
areas where it ordinarily would not reach and that a better approach is
to prevent moisture intrusion. The problem is that the material used
in laboratofy determinations of compaction curves is limited to minus
No. 4 sieve material. However, the material in the field never is
broken up this fine. Specifying water contents above laboratory deter-
mined optimum water contents places a granular acting fill at water
contents far above field condition optimum. The result is shale frag-
ments or clay "clods" dry on the inside with free water in the voids.
This results in an unstable condition which can cause internal break-
downs or expansion after surfacing even if the surface moisture is kept

out.

159. Experience of the Colorado Department of Highwaysglh
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concerning construction in arid regions with or without moisture or den-
sity control has shown that éatisfactory fills can be constructed with
swelling soils if there is good moisture-density control. Often the
expense of moisture-density control for the entire depth of high fills
is not economically justified where water is at a premium. However,

a comparison of two similar roadways, one constructed with moisture den-
sity control and the other without, shows that 33 percent of the distress
observed in the latter occurred in fills, while no distress was observed
in fills of the former. By incorporating sufficient moisture in the
upper layers and avoiding construction of dry fills, successful results
can be obtained. The suggested depth of moisture-density control below
grade for cuts and tops of fills for interstate and primary highways are

as follows:

Plasticity Depth of
Index Treatment, ft
10-20 2
20-30 3
30-40 4
40-50 5

>50 6

A slightly different set of guidelines are used for secondary and state

highways:
Plasticity Depth of
Index Treatment, ft
10-30 2
30-50 3
>50 L

Heat treatment

160. Heat treatment as a technique of modifying expansive soils
for minimizing volume change has not been studied or applied extensively
in the United States.l73 Nevertheless, it is well known that heating
can cause considerable alteration of the mineralogical and hence physical
and engineering properties of clays. Aylmore et al.215 observed that

swelling characteristics may be reduced significantly by heating to
+200°C.
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161. Uppal216 reports field heat treatment experiments on Indian
Black Cotton Soils using the Irvine machine, a mobile furnace manufac-
tured in collaboration with the Australian government. The machine con-
sists of two units on pneumatic-tired wheels, a tractor, and a trailer
having a total weight of about 20 tons. Heating of the soil is from
two bottomless chambers lined with fire brick at the top. The two cham-
bers are separated by a gap of about 4 ft, which houses a mechanism for
turning over the soil burnt in the first chamber. Firing is accomplished
by burning fuel oil through jets under a pressure of 10 psi.

162. Initial efforts with the machine resulted in a baked crust,
3/4 in. thick, as the flames did not penetrate the soil and were merely
reflected. To increase the depth of penetration, the soil was broken
up to a depth of 4 in., which produced burnt clods of 2-in. size. The
technique was found to be quite uneconomical, costing about the same
as hauling aggregate 30 miles or 2.5 times the cost of conventional
> percent lime stabilization. Nevertheless, the technique may have

some - promise in emergency or hasty construction.

Summary

163. Based upon these case histories, it is obvious that excava-
tion and replacement techniques are not a panacea unless the entire or
sufficient depths of expansive stratum can be removed so that swelling
is negligible or tolerable. Unfortunaﬁely, this is seldom the case.
Replacement should be with relatively impervious materials to avoid pro-
viding moisture access routes to the swelling subgrade.

164. The technique of applying heavy loads to counteract swelling
pressures has generally not been applied to pavements as pavement
weights are usually insufficient.

165. Moisture barriers have widespread usage as an effective
means for controlling volume changes. In cases such as arid regions
where surface moisture, either runoff or from hydrogenesis, is the
source of infiltration, asphaltic membranes or full-depth asphalt pave-

ments are effective. However, in cases where capillary moisture or high
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water tables preclude effective sealing of the expansive subgrade from
moisture accumulations, membranes obviously will be ineffective. Asphal-
tic products appear to be the most widely used material for membranes.

To be effective, complete sealing across ditches and up the backslopes

is required.

166. Ponding has been successfully used in Texas and Mississippi
to increase subgrade moisture contents and thereby minimize subsequent
swelling. Successful ponding requires presence of an extensive network
of fissures and cracks. Relatively impermeable natural clays or fills
probably will not respond well to this technique. The use of holes,
sand drains, or trenches without ponding generally is ineffective;
however, where used in conjunction with‘ponding, they may be of some
benefit. Lime stabilization after ponding is often used to provide a
working platform and impermeable moisture barrier to prevent desiccation
of the ponded areas. Some provisions should be made to prevent moisture
loss subsequent to ponding, i.e., a return of soil to a preponded
condition. »

‘167. Lime continues to be the most effective and widely used addi-
tive for reducing swelling characteristics of expansive clays. In addi-
tion to conventional shallow mix in-place or batch mix surface treatment,
drill-hole lime, LSPI, and deep-plow techniques have been used success-—
fully. Field studies show that lime migration from the drill holes is
limited to the periphery of the hole. The primary benefit arises from
an increase in moisture content of the surrounding subgrade (lime aids
the migration of water) and stress relief of lateral expansive pressures.

168. Although controversial, LSPI is an effective swell control
procedure under certain circumstances. Conditions most favoring success-
ful treatment are the presence of extensive fissures and cracks into
which the slurry can be injected. Its effectiveness is attributed to
prewetting, development of soil-lime moisture barriers, and the forma-

tion of limited quantities of soil-lime reaction products.

169. Deep-plow techniques have demonstrated that 1lifts up to
2L and 36 in. can be successfully mixed with lime and compacted.

170. Compaction of the soil to low or medium densities at water

96



contents. above optimum can reduce the swell pressures or volume change
of compacted clays. Compaction equipment producing a kneading action
and corresponding dispersed structure, such as a sheepsfoot roller, are
appropriate. As an alternative to requiring good moisture-density com-
paction control for an entire high fill, experience indicates that good
moisture-density control, particularly minimum moisture contents of
optimum, in the upper several feet is successful in alleviating swelling

problems.
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POSTCONSTRUCTION TECHNIQUES FOR MINIMIZING DETRIMENTAL
VOLUME CHANGES OF EXPANSIVE SOIL SUBGRADES

Introduction

171. Postconstruction techniques used for rectifying unservice-
able pavements due to subgrade expansion are generally in the categories
of pavement maintenance or maintenance stabilization. - Pavement main-

tenance includes:

a. Mudjacking.

b. Overlay.

c. Excavate and replace.
d. Drainage improvements.
e. Membrane placement.

while maintenance stabilization includes:

s

Drill-hole lime.
LSPI.

Flectrokinetic or osmotic stabilization.

=

I

Ion migration.

Remedial Methods for Treating Expansive
Soil Subgrades

Pavement maintenance

172. Mudjacking, overlaying, and excavation and replacement are
techniques used to improve the rideability of the pavement. However,
these methods merely apply a "bandage" and do not treat the cause.
Generally, drainége improvemeﬁts and/or membrane placement are used in
conjuction with mudjacking, overlaying, and excavation and replacement
to prevent further swell once corrective action has been taken.

Maintenance stabilization

173. Drill-hole lime, LSPI, electrokinetic stabilization, and

ion migration are remedial techniques for combating swelling subgrades.
In the cases of drill-hole lime and LSPI, holes are drilled through

the pavement surface and the treatment applied. These two techniques
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have been discussed in detail in paragraphs 139 and 14L as preconstruc-
tion techniques. Electrokinetic stabilization and ion migration are
two maintenance techniques which have received only localized use.

Electrokinetic stabilization

174, In 1935, L. Casagrande217 observed and reported an irre-
versible hardening of clay soils as the result of passing an electrical
direct current using aluminum electrodes through the clay. The harden-
ing was attributed to replacement of Na+ ions in the diffuse double
layer by Al+++ ions, to a reduction in water content by electrocosmosis,
and to aluminates formed in the soil pores. The concept of this tech-
nique is to use electrical current to move stabilizing chemicals through
the soil mass, irreversibly alter the clay and/or clay water system, and
thereby reduce the expansiveness of the clay. The method has consider-
able attractiveness as a remedial technique since the pavement structure
and in-place material do not require removal and reworking. As a re-
medial technique, the electrodes and chemicals are added outside the
shoulders and migrate Eeneath the pavement. '

175. Holt228 describes an attempt to stabilize a section of the
Friant-Kern Canal by electrochemical methods. Figure 17 shows the lay-
out and details of the trial section. Perforated aluminum pipe anodes
were placed 6 ft deep at 30-ft intervals along the toe of the slope.
Iron wellpoint cathodes, 25 ft long, were also placed at 30-ft intervals
at the top of the slope. A chemical distribution system provided a 1:1
mixture of 7 percent potassium chloride solution and 3 percent aluminum
chloride solution at the anodes. These chemicals were selected from
detailed electrochemical-tests on the calcium~beidellite soil at the
site. The purpose of adding the chemical compounds was to provide
potassium, which has a greater fixing power in the expanding lattice,
and aluminum for stabilizing purposes. The applied voltage was main-
tained at about 40 volts and the amperage varied from about 40 amps at
the start of the test to about zero at the end of the test 5-1/2 months
later. Although postexperiment test results were somewhat irregular,
they indicated that favorable stabilization took place only within.about

L ft from the anodes. This was manifested principally in a decrease
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in exchangeable sodium cations and increased potassium cations and prob-
able stabilizing effects of aluminum. While some strength was undoubt-
edly added to the slope by this treatment, it was considered inadequate
to prevent heaving of the concrete lined sections.

176. In a review of electrokinetic phenomena, Zaslavsky and
Ravina218 report that aluminum anodes have been shown to have an ir-
reversible stabilizing effect on clay soils, while anodes of other metals
are less effective. The introduction of aluminum salt solutions into
the soil was shown to be less effective. Generally their review of vari-
ous laboratory research by others showed that maximum strengthening
was usually obtained after 30 kwhr per cubic meter of soil.

177. Esrig'sglg laboratory experiments on electrokinetic stabi-
lization of an illitic clay using calcium ions with carbon rod anodes
and steel or brass mesh for cathodes showed a generally increasing
strength with increasing times of treatment. It was concluded that
these strength gains were the result of variations in soil-moisture con-
tent and ion exchange with essentially no apparent chemical cementation
occurring.

178. "The most complete application of electrokinetic stabiliza-
tion for reducing swelling under highways was conducted by O'Bannon for

the Arizona Department of Transportation220’221

on the montmorillonitic
Chinle clay. In laboratory studies evaluating aluminum versus steel
electrodes, and calcium chloride, calcium chloride plus magnesium chlo-
ride, aluminum chloride, calcium chloride plus magnesium chloride plus
aluminum chloride, potassium chloride, and sodium chloride solutions,
it was found that potassium chloride and steel electrodes were consis-
tently the most effective electrode-chemical combination for treatment
of the Chinle. Further testing established that L-5 percent by weight
of commercial grade potassium chloride was the optimum percentage. In
an attempt to increase the rate of penetration of the potassium chlo-
ride solution into the clay, several wetting agents were evaluated.
These included Aerosol OT (sodium dioctyl sulfosuccinate); Aerosol AY

(sodium diamyl sulfosuccinate), C-61 (ethanolated alkylqucinidineamine

compléx), propancl alcohol, and Ultra Wet. The results of laboratory
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and field tests showed that C-61 and Aerosol AY were promising, with C-61
being the most effective and recommended for usage. From these consid-
erations, a field test section using various electrode arrangements and
methods of adding potassium chloride to the clay were evaluated. Site
one used horizontal electrodes and solution wells (6 in. in diameter,
18 in. deep in subgrade, on 5-ft centers); site two used horizontal
electrodes, and the base course was flooded with the chemical solution;
and site three used horizontal electrodes and a central trench cut
18 in. deep in the subgrade and filled with potassium chloride solution.
Evaluation of these sites showed that the olution wells provided the
greatest uniformity, depth, and economy of treatment. It was recom-
mended that No. 8 rebar or equivalent should be used as the anode,
while the cathodes should be No. k4 bars. If vertical electrodes are
used, they should extend the entire depth of the section to be treated,
while horizontal electrodes should be placed épproximately at a depth
of one-half the total thickness of the section to be treated. A volt-—
age gradient of 0.6-1.0 volt per inch is suggested. Application of
these criteria have proven effective in reducing heaving in the Chinle.
179. O0'Bannon's 222 laboratory experiments using 10-40 percent
montmorillonite plus 90-60 percent kaolinite subjected to potassium
chloride electrokinetic stabilization showed that the mechanism of elec-
trokinetic stabilization was to permanently alter the mineralogical
characteristics of montmorillonite. The potassium ion possesses the
correct size and coordination properties so that it can easily enter the
basal sheet and become fixed. The result of this alteration is a re-
duction in expansive pressure by a a factor ranging from 2 to 8.

Ton migration

180. A patented technique held by Ion Tech, Inc., of Daly City,
California, has been successfully used for treating landslides and ex—

pansive soil prOblems,223’22h

The technigue consists of treating the
clay minerai with a concentrated chemical solution. The chemical solu-
tion added depends upon the clay minerals present and the groundwater.
After selection of the appropriate chemical, the solution is applied

to the clay through cracks and/or drill holes. Success is due to
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replacement of the original cations on the clay by those of the additive
solution, thereby altering the clay broperties. The conditions neces-
sary for successful ion exchange treatment of landslides are (a) a
clearly defined plane or zone of failure, (b) clay minerals along this
zone, (c) saturation of the clay, and (d) cracks and/or borings fdr the
introduction of chemicals.

181. Laboratory tests reported ?y Arora and Scott223 members of
Ion Tech, show a substantial reduction in expansion of a compacted
control and a treated sample submerged in deipnized water and in 7 per-
cent chemical solution, respectively. A reported case history showed a
55 percent reduction in expansion. In this case, expansive clays
underlying a housing project were treated by applying chemicals in
1-1/2-in.-diam holes on 5-ft centers around the houses (no depth given)

and seasonal damages were effectively ended.

Summarx

182. Consideration of these case histories and laboratory re-
search indicate that electrokinetic stabilization is a viable remedial
technique for reducing the expansiveness of montmorillonitic—righ clays.
The addition of potassium chloride plus a wetting agent under an elec-
trical'gradient provides potassium ions for collapsing the clay lattice
and altering the expansive potential of these clays. However, it is
doubtful that other clays can be treated by this technique. Apparently
aluminum anodes can provide some hardening of various’clays. Neverthe-
less this hardening is generally confined to localized areas near the
anode. Electrode spacing, current and voltage gradients, and concen-
tration of potassium ion solution will vary with site and would need to
be established prior to treatment.

183. Ion migration techniques are. patented and have had few
trials in reducing swelling of expansive clays. Further documentation
and experience are needed before this method can be recommended. Tt
should be remembered that numerous chemicals have been tried for sta-

bilizing clays with lime being the most effective.
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PAVEMENT DESIGN AND CONSTRUCTION.METHODS FOR
HIGHWAYS ON EXPANSIVE SOIL SUBGRADES

Introduction

184k. There are a wide variety of current design and construction
practices being used by the states for highway construction over expan-
sive clay subgrades. The variety of designs reflects the differences
in subgrade soil, environmental conditions, availability of road-
building materials, and traffic. The criteria for using special treat-
ments in design are generally tempered by past experience with a combi-
nation of measures aimed at minimizing moisture changes or minimizing

the effects of such changes.

State Highway Agency Practices

185. Current design techniques used by the state highway
agencies within the area of concern of this project are defined and
described in the following paragraphs. These are practices actually
used in the design and construction of pavements, whereas the previous
section involved the treatment techniques primafily from the standpoint
of research and to a lesser extent, common practice.

Kansasl 5052255226

186. Current engineering practices include treatment with lime
and the utilization of positive design features and construction control.
Current lime treatment practice for concrete pavements involves modifi-
cation of the top 6 in. of the subgrade with hydrated lime when swell
potentials in excess of 2 percent, as measured in an odemeter swell
test with 1-psi surcharge, are encountered. An identical procedure is
used for flexible pavements in areas of eastern Kansas where past per-
formance has been adversely affected by nonuniform subgrades with dif-
fential swell characteristics. Any added soil support which is real-
ized by this lime modification procedure is reflected in thinner design

sections. Lime application rates are generally 5 percent by weight.
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Utilization of positive design features and construction control to
minimize the degree to which swell potential is realized include the

following:

a. OSpecifications normally require that soil moisture

‘ under concrete pavements at the time of compaction
be maintained between optimum and 5 percent above
optimum (MR-0) for the soil in the top 18 in. of the
subgrade. Moisture control for flexible pavements
is not as strict; the lower bound is specified as
5 percent below optimum (MR-5).

o’

In both rigid and flexible pavements in cuts of
weathered shales, the soils are subgraded to a depth
of 12 in. and a width of 2 ft beyond the road surface.
An additional 6 in. is scarified and recompacted to
95 percent of standard AASHTO T-99 density with
moisture controls as specified in the standard
specifications, either MR-O or MR-5. The subgraded
material is replaced with the same density and
moisture requirements providing a total of 18 in. of
uniform material through the cut. The same density
and moisture controls are specified for the top

18 in. of embankment sections.

Ie)

For control of surface and subsurface water, a typical
design roadway section places the bottom of the ditch
3 ft below the shoulder point. Also, subsurface
interceptor drains are used to control subsurface
water in cut sections.

AI‘iZOlrlza.150’225’227

187. Approximately 99 percent of the highways in the expansive
clay areas have been completed so the main problem at the present
time is to control the expansion and volume changes prior to performing
maintenance. Present design requirements for new construction, if
needed, utilizes a full-depth asphalt section over a bituminous mem-
brane placed on the subgrade. The membrane extends over the width of
the roadway, shoulder, cut ditches, and up the back slope. Design
section also requires wide shoulder slopes and'good drainage in cut
ditches. A structural number of 2 is assigned expansive soils in the
AASHTO design equation.

. 2
Lou151ana2

188. Design policy in the State of Louisiana provides that

special provisions are required for subgrade materials having a liquid
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limit above the value of 50, For material with a liquid limit of 50 and
below, a normal design would be specified for embankment construction.
The soils design engineer will specify either moisture~density control
or lime treatment for soils with a liquid limit range of from 50 to 70.
Moisture control will be at optimum or 2 percent above optimum, and if
this creates a too wet subgrade condition, then lime treatment (about 3
percent) will be required for the upper 2-3 ft of the embankment. Mate-
rials with liquid limits above 70 will not normally be used in the road-
way but may be used in nonloading areas of the embankment such as the
shoulders. Lime treatment of the upper 2-3 ft of the embankment will

be required if this higher liquid 1limit material must be used.

Colorad0150’225’229

189. General design guidelines for highways on expansive clay
subgrades in Colorado involve (a) avoiding cut sections and using fill
sections at all times, if possible; (b) keeping moisture from infiltrat-
ing into the subgrade by using asphaltic membranes or full-depth pave-
ment layers; and (c) where cut sections are used, the ditch should be
placed at least 25 ft from the shoulder and undercut the subgrade and
recompact to ASSHTO T-99 specifications with strict moisture-density
control. The tabulation in paragraph 159 defines the guidelines for
depth of undercut for interstate and primary roads and for secondary
and state roads.

MississippilSO’QBO

190. The State of Mississippi is incorporating various experi-
mental items such as asphalt membranes, moisture-density control,
replacement of material, and lime treatment for new construction now in
progress; and some of these techniques may be incorporated into design
procedures in the future. Highways are presently designed using the
AASHTO equation in which coefficients of relative strength per inch
of thickness are assigned the materials used in the layers. Lime sta-
bilization, which increases the coefficient of relative strength of
this layer and reduces the expansive properties, would be considered
the only approach at the present time to the expansive soil problem.

Lime content will generally range from about 4 to 8 percent.
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South Dakota ~0>222>231

191. For primary and high type roads, design procedures incor-
porate undercutting, moisture and density control, and lime stabiliza-
tion. These procedures are used under asphalt or concrete roadways;
however, where areas have indicated extremely unstable characteristics
from past performances, an asphalt-surfaced roadway will be specified.
This is primarily for easier maintenance. The asphalt pavements are
full-depth asphalt (12-13 in. thick) placed directly on the treated
subgrade. South Dakota has stopped constructing jointed concrete pave~
ments and is building continuous reinforced pavements. The embankment
under both rigid and flexible pavements is treated the same where
expansive soils are encountered. The specification requires that the
upper 3 ft of the subgrade in both cuts and fills is to be constructed
of weathered soil. This is accomplished by undercutting the subgrade
soil in 3-ft increments to a depth of 6 ft. The top 3 ft of subgrade
material that was removed and stockpiled is placed in the bottom of
the excavation and compacted to about 92 to 95 percent of AASHTO T-99
density at moisture contents just above optimum. The remaining 3 ft of
material is compacted in place with the same density and moisture re-
quirements. Approximately 5-6 percent of lime is added to the top
6-in. layer of this material. The undercut and backfill in the lower
3 ft is from shoulder line to shoulder line whereas the upper 3 ft of
backfill material is from toe to toe of the embankment. For secondary
roads, only 3 ft of material is undercut and replaced, extending from
toe to toe of the embankment.

wyoming150,225,232,233

192. Where expansive soils are encountered in Wyoming, general
practice in design involves undercutting the subgrade to a maximum
depth of 5 ft and recompacting the material at moisture contents between
minus b4 percent and plus 2 percent of AASHTO T-99 optimum. Swell pres-
sure tests are determined on subgrade soils to determine the required
thickness necessary to prevent volume change. The use of full-depth
asphalt sections placed directly on grade are being used to help pre-

vent infiltration into the subgrade. Asphalt membranes are also being
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-.-Montana

used with the full-depth asphalt to protect the subgrade shoulders and
ditches from intrusion of water. Removal and replacement of the ex-
pansive material with a nonexpansivé soil may be specified in design if
this is feasible. Stage surfacing is also used, if possible. Cost of
each alternate design is considered, and the most economical one is
used.

Oklahoma225’23u’235

193. Pavement design in Oklahoma is based on the Oklahoma Soil
Index (0SI) which is derived from the Atterberg limits and grain-size
distribution of the subgrade material. Lime modification is routinely
used in areas where expansive soils are predominant. Lime percentages
used are generally between 4 and 6 percent, and the strength of the
lime-modified layer is accounted for in the design method. The lime
treatment increases the 0SI, which reduces the thickness required.
Typical pavement sections used in expansive soil areas are 2 in. of
select borrow or 24 in. of lime-modified subgrade under 4 in. of black
base and 9 in. of reinforced concrete pavement. Flexible pavements
are usually 4-1/2 in. of asphaltic concrete over 9 in. of black base on

a 6-in. lime-modified subgrade layer.
150,225,236 -

194, Special provisions are included in the specifications which
require that subexcavated clay shale and shale materials be placed in the
lower portions of the subexcavated areas and in the embankment not with-
in the top 3 ft. The clay shale materials are compacted between 92 to
98 percent of AASHTO T-99 density at about 2 percent above optimum
moisture. The top 3 ft of backfill material is low swell material, and
moisture and density controls are also required on this material.

California150’225’237

195. Design procedures for portland cement concrete pavements
in California incorporate the expansive pressure and linear expansion
tests to determine the moisture adjustment necessary in the subgrade
and required overburden to overcome the expansive pressure. The pave-
ment thickness is designed accordingly. Some districts in the state

use lime treatment in the upper 6-12 in. of the subgrade material, and
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this is reflected in a thinner design section. For flexible pavements,
a more uniform swelling of the soil occurs, and little concern is given

in design to these pavements.,
Utah150,225,238

196. Special provisions for processing the shale subgrades
are provided in the specifications to subexcavate M—S ft of the shale
material and replace‘with a goocd borrow material. FExisting shale sub-
grade material i1s scarified and compacted at about 2 percent above
optimum moisture and 96 percent of AASHTO T-99 density.

Texa5150’239

197. Design of highways in Texas over expansive clay areas
utilizes lime treatment in the top 6-12 in. of tHe subgrade. Moisture

and density control is also specified for the untreated subgrade soils.

North Dakotal5o’225

198. Expansive clays do not cause much concern in North Dakota,
but some problems have developed under jointed concrete pavements. Be-
cause of this, continuous reinforced concrete pavements are specified,
and the subgrade soils are placed with strict moisture (above optimum)

and density control.

Maintenance Procedures

199. Differential or localized swell in either high volume
change soils or high swell soils results in pavement surface distortion.
The surface becomes rough, bumpy, and cracked in most cases. Criteris
for maintenance 1s usually when the condition of the surface becomes
unsuitable for public use. Most state highway agencies use similar
maintenance procedures to correct the problem. Pavements that are
badly damaged are removed and replaced with a more suitable material.
Leveling and overlaying is the general procedure used by most highway
departments. Some of the more troublesome areas have been overlayed a
number of times so that the thickness of asphalt pavement is measured
in feet rather than inches. Some sealing of cracks and joints is

performed on concrete pavements. Where the concrete slabs have heaved,
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the slabs may be leveled by "slab Jacking" or in some cases leveled by
applying water in holes that have been drilled in the slabs. The
Arizona Department of Transportation has been using a rubberized asphalt
membrane sprayed over the existing roadway and shoulders prior to over-

laying to prevent infiltration of surface water.
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SUMMARY

200. This report, which is based on a review of literature
combined with .experiences of the state highway agencies contacted, pro-
vides an updated summary of the properties which influence volume
change of expansive soils, techniques used for identification and test-
ing of expansive soils, and pre- and postconstruction treatment tech-
niques for expansive soil subgrades. Some of the more important points
concerning expansive soils and the topics discussed within the report
are summarized in the following paragraphs.

201. Expansive soils are areally extensive in many regions of
the United States. The origin and distribution of expansive soils are
functions of their past. geologic condition. Expansive soils are formed
as a result of weathering (either physical or chemical), diagenetic
alteration, and/or hydrothermal alteration of existing materials. The
distribution of potentially expansive soils has been defined and maps
prepared showing relative degrees of expansivity based on geologic
conditions pertinent to the formation, accumulation, and preservation
of the materials. These factors have been combined with experiences of
state highway agencies to provide a summary of potential problem areas.

202. The clay minerals which exhibit appreciable volume change
with variations in moisture content include montmorillonite, vermicu-
lite, chlorite, and mixed-layer combinations of these minerals with one
another or with other clay minerals. These clay minerals exhibit volume
change because of electrical charge characteristics, degree of crystal-
linity, and particle size. The mineralogic composition of expansive
soils determines whether the soil has a potential for volume change,
and the physical and environmental factors control the amount of volume
change that the soil will undergo.

203. The amount of volume change exhibited by an expansive soil
is influenced by the intrinsic properties (both physical and physico-
chemical) of the material and the environmental conditions prevailing
at a specific site. The laboratory and in situ behaviors of expansive

soils are functions of numerous interrelationships among the intrinsic
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properties and environmental conditions.

20L4. The sampling of expansive soils is complicated by the wide
variations of the in situ conditions associated with the materials.
Generally, the sampling programs performed by the state highway agencies
include shallow auger borings and a limited number of undisturbed
samples. In addition, the capabilities for undisturbed sampling have
not been developed to the extent required to provide a sufficient number
of good samples for testing. This lack of adequate undisturbed sampling
combined with poor quality samples reduces the effectiveness of any
direct testing method used to estimate potential volume change. The
influence of storage of expansive soil samples for extended periods
is not fully understood; however, it is generally considered to be
detrimental to the quality of the sample. Therefore, testing should be
completed as soon as possible after sampling.

205. Identification of potentially expansive soils can be
accomplished by numerous methods as described in Table 5. Many of
these methods provide qualitative assessments of the type and amount of
clay mineral present. Most of the state highway agencies rely on index
broperty tests and experience to identify expansive solls. A large
variety of combination techniques exist which correlate index properties
and probable volume change. No generally applicable technique is cur-
rently available; however, local experiences with many of these corre-
lations have been successful,

206. The quantitative measurement of potential volume change is
essential for estimating the amount of in ‘situ swell. Odometer tests
for measuring swell and swelling pressure are the most widely used.
However, available testing procedures are quite varied with respect to
placement conditions, loading conditions, surcharge Pressures, time
allowed for swell, and interpretation of results. Many state highway
agencies .do not use a test of this nature for estimating in situ volume
change. Even in those states which use some type of direct testing
technique, the results are often not considered in the pavement design

procedures or in the selection of a treatment alternative.

207. Based on case histories describing breconstruction
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treatment alternatives, the more successful techniques include mem-
branes, ponding, lime treatment, subgrade compaction control, and posi-
tive surface drainage. No generally applicable guidelines exist which
define the material properties and environmental conditions for which

a specific treatment alternative performs best. Guidelines of this
type would enhance the selection of a suitable alternative by consider-
ing the performance of the alternative under varying conditions as well
as the cost of the alternative.

208. Postconstruction treatment techniques are generally
limited to pavement maintenance procedures (i.e., mudjacking, leveling
and overlaying, and local excavation and replacement). Application of
lime in drill holes has been successfully used as a remedial treatment
on a limited basis. Some possible techniques for remedial treatment
include electrokinetic stabilization and ion migration. Experience
with these techniques is somewhat limited and will require further in-
vestigation with regard to probable success and relative cost. It is
generally accepted that the cost of electrokinetic stabilization is
prohibitive; however, with the rapidly increasing cost of construction
materials it may be feasible if a sufficient reduction in volume change

can be obtained.
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