
TRANSPORTATION RESEARCH BOARD
National Re¡earch Council

ERRATA 198G1981

Transportatìon Reæarch lecord 762
page 17, column 2, reference 4

Change "1976" to "1966"

Transportation Research Ræord 778
page 36, column 2,line 20

Change "$6000" to "$660 000"

,/r"rrrortation Research Record 7g0 '
crge74, column 1, Equation I

change to "Y = bo& + b¡X¡ + b2X2 + urxf + u.xl
{ bsXrXe"

page 75, column l, Table 1

Change "Variable" column to
"Variable

xo
xl
X2
x?
x1
¡2"

Transportation Research Ræord 792

wge 2, column 2

lnsert the following before the last paragraph:

"The speakers present paP€rs that indicate how they
have taken steps to reduce nrdr adrænary rclationshipc
in contractual work, urd provide vrriou¡ evaluations of
the resulting work. The various PaPorl arc placed in
pfopef perspective to providc an ovc¡all introductory
picture of the subjects to follow thi¡ introducdon.
lfuee teams of th¡cc authon cach prercnt vicwpoints
on three projects, and two authon ¡dd thcir thinking to
the scminar."

"This seminar examines th¡ec othcr pfoiocts, cach of
nfiich is addresed by three speakon with th¡cc differ'
ent points of view, namcly thc ownc¡'t, thc contr¡ctor'8,
and the engineer's or the Fcderel tüghwzy Admini¡tra'
tion's representstivc. The projcctr rre

l. West Virginia Departmcnt of lüghmn Quality
Assurance Program;

2. Eisenhower Memori¡l T\¡nncl, Sccond Bore, in
Colorado under l¡wland h¡¡; and

3. Httsburgh's South Busway.

"ln additlon we have

l. A paper by two reæarchon from Virginia.
2. Some thoughts by a scnicc cngineer of a large

corporation who is constantly out in the licld
looking at all these problcms and thus is in a pci'
tion to observe what is going on."

Transportatìon Research Record 797
page ii, price should be $7.20

Transportatìon Research Record 8i,6
page 34, Table 6, line 9, column "Realistic Saving"

Footnote b-Change to "0 to 3.8"
Chanç "Annual,liters of fuel saved . . ." to "1000's of
liters of fuel saved annually. . ."

page 29, column 1, line 2'l
Chanç "millileters" to "milliliters"

Transportatìon Besearch Becord üì4
page ii

Chanç subject areas to 13, 15,25
Change mode to 01 only

Preprint Volume for the National *minar on Poft-
land &ment Concrete Pavement Recycling and
Rehabilítation '
page 94, column 2; last line

Change "a 0.241-cm (3/4-in.)" to "0.241-cm (0.09$in.)
diamond sawblades at 1.9 cm (3/4 in.)"

pase 96, column 2, paragraph 2, line 3
Chanç "(UlSin.)" to "(3/lêin.)"

page 98, Figure 33, line 3
Chanç "apepar" to "appear"

page 98, column 2, line 5 below Figure 35
Chanç "(51,000 sq. yds.)" to "(57,000 sq. yds.)"

NCHRP Repon 238
t¡tle page, author's name

Change "Shebr" to "Shelar"

NCHRP Synthesis of Highvny Practice 66
page 5, caption for Figure 3

Chanç to "... as a type ll . .."

NCHRP Synthæis of Highvny P¡actice 69
Fcreword, paç iv

Delete paragraph 3

page ,l3, 
Table 2, item 2.6

Chanç formula to T1= EP¡(t¡ +y'E)
page 41 , column 2

Chanç formula to T, = ÐP¡(ti +y'ñ)
page 45, Table 15, title

Change to "GUIDELINES FOR SERVICE CHANGES:
{Port Authority of Allegheny County)"

page 86, box under Toronto, item 2-6_
Chanç formula to T, = EP¡(t¡ +y'h )





TRANSPOR TATION RESEA RCH RECORD 7 90

Sh ales and
Swelling Soils

TRANSPORTATION RESEA RCH BOARD

COM M ISS/ON ON SOC/OTECH N ICAL SYSTEMS
NATIONAL RESEARCH COUNCIL

NATIONAL ACADEMY OF SC/ENCES
WASHINGTON, D.C. 1981



Transportation Research Record 790
Price $8.40
Edited for TRB by Mary Mclaughlin

modes
t highway transportation
3 rail transportation
4 air transportation

subject areas
24 pavement design and performance
62 soil foundations
63 soil and rock mechanics
64 soil science

Library of Congress Cataloging in Publication Data
National Research Council, Transportation Research Board.

Shales and swelling soils.

(Transportation research record; 790)
1. Roads-Embankments-Addresses, essays, lectures.

2. Shale-Addresses, essays, lectures. 3. Swelling soils-Addres-
ses, essays, lectures. L National Research Council (U'S.). Trans-
portation Research Board, II. Series.
TE7.H5 no. 790 [T82i0.8] 380.5 162s.7351 81-9593
rsBN 0-309-03204-0 ISSN 0361-1981 AACR2

Sponsorship of the Papers in This Transportation Research Record

GROUP 2-DESIGN AND CONSTRUC"TION OF TRANSPORTA-
TION FACILITIES
R.V, LeClerc, Washington Støte Department of Tfansportation,

chairman

Geologr and Properties of Earth Materials Section
David L. Royster, Tennessee Department of Transportation,

chairman

Committee on Engineering GeologY
Robert L, Schuster, U.S. Geological Survey, chøirman
Robert K, Barrett, Robert C. Deen, Martin C. Everitt, Leonørd H,
Guilbeau, Robert B. Johnson, C. htílliam Lovell, Marvín L.
McCøuley, Adrian Pelzner, Douglas R. Piteau, David L. Royster,
Dwight A. Sangrey, Robert B. Sennett,Berke L. Thompson,
J. Allan Tice, A. Keith Turner, Frank 14. Ililson

Committee on Environmental Factors Except Frost
Børry J, Dempsey, University of lllinois øt Urbana-Champaign,

chairman
Samuel H, Cørpenter, T.Y. Chu, Charles J. Churillø, Donald G'

Fohs, A, Alexander Fungaroli, K.P. George, George R. Glenn,
Ríchard L. Guthríe, Iüilbur M, Høas, Robert P. Lottmtn,
C. Williøm Lovell, Robert L. Lytton, R. Gordon McKeen, Gene R.
Morris, James M. Ritchie, Albert C. Ruckmnn, Malcolm L.
Steinberg, T, Pøul Teng, Willinm G. Weber, Jr., Larry M. Younkin

John W. Guinnee, Transportation Research Board staff

Sponsorship is indicated by a footnote at the end of each report.
The organizational units, officers, and members are as of
December 31,1980.



Contents

Part 1: Properties and Performance of Shales

A SHALE RATING SYSTEM AND TENTATIVE APPLICATONS
TO SHALE PERFORMANCE

John A. Franklin 2

TECHNICAL GUIDELINES FOR THE DESIGN AND CONSTRUCTION
OF SHALE EMBANKMENTS

Albert F. DiMillio and William E. Strohm, Jr. . . . . . 12

STABILITY OF WASTE.SHALE EMBANKMENTS
BruceC. VandreandLoren R.Anderson.... ....... 18

DYNAMIC RESPONSE OF RAW AND STABILIZED OKLAHOMA
SHALES

Subodh Kumar and Joakim G. Laguros . . . 27

LABORATORY STUDIES OF THE STABILIZATION OF
NONDURABLE SHALES

M. Surendra,C.W.Lovell,andL.E.Wood ........ 33

SWELLING SHALE AND COLLAPSING SOIL
A.C.RuckmanandR.K.Barrett.... .....41

DEVELOPMENT OF A LABORATORY COMPACTION-DEGRADATION
TEST FOR SHALES

Barney C. Hale, C.W. Lovell, and L.E. Wood . . . . . 45

Part2: Transportation Facilities on Swelling Soils

SOIL-SUCTION APPROACH FOR EVALUATION OF SWELLING POTENTIAL
C.H.MouandT.Y.Chu.. ..,,... 54

SOIL-MOISTURE PROPERTIES OF SUBGRADE SOILS
Donald J. Janssen and Barry J. Dempsey . . . . . 6l

VOLUME CHANGES IN COMPACTED CLAYS AND SHALES
ON SATURATION

R.A.AbeyesekeraandC.W.Lovell. .......67
CHARACTERIZATION OF EXPANSIVE SOILS

R. Gordon McKeen and Debora J. Hamberg . . . . . 73

PAVEMENT ROUGHNESS ON EXPANSIVE CLAYS
M.O.VelascoandR.L.Lytton ......78

DEEP-VERTICAL-FABRIC MOISTURE BARRIERS IN SWELLING SOILS
Malcolml.Steinberg.... ...87



Authors of the Papers in This Record

Abeyesekera, R.4., Tippetts-Abbett-McCarthy-Stratton, TAMS Building,655 Third Avenue, New York, NY 10017
Anderson, Loren R., Department of Civil Engineering, Utah State University, Logan, IJT 84322
Barrett, R.K., District 3, Colorado Department of Highways,P.O. Box 2107,GrandJunction, CO 81502
Chu, T.Y., College of Engineering, University of South Carolina, Columbia, SC 29208
Dempsey, Barry J., Department of Civil Engineering, University of lllinois, 111 Talbot Laboratory, Urbana, IL 61801
DiMillio, Albert F., Federal Highway Administration, U.S. Department of Transportation,400 7th Street, S.W., Washington,

DC 20s90
Franklin, John 4., Morton and Partners, Ltd., 50 Galaxy Boulevard, Unit 11, Rexdale, Ontario M9W 4Y5, Canada
Hale, Barney C., Soil Testing Services, P.O. Box L2015, Research Triangle Park, NC 27709
Hamberg, Debora J., Engineering Research Institute, University of New Mexico, P.O. Box 25, Albuquerque, NM 87131
Janssen, Donald J., Department of Civil Engineering, University of lllinois, 111 Talbot Laboratory, Urbaia, IL 61801
Kumar, Subodh, Tennessee State University, Nashville, TN 37203
Iaguros, Joakim G., Department of Civil Engineering and Environmental Science, University of Oklahoma,202 West Boyd,

Room 313, Norman, OK 73019
Lytton, R.L., Texas Transportation Institute, Texas A&M University, College Station, TX 77843
Invell, C.W., School of Civil Engineering, Purdue University, West Lafayette, IN 47907
McKeen, R. Gordon, Engineering Research Institute, University of New Mexico, P.O. Box 25, Albuquerque, NM 87131
Mou, C.H., School of Industrial Education and Engineering Technology, South Carolina State College, Oiangeburg ,SC ZgIlT
Ruckman, 4.C., Colorado Division of Highways, 4201 East Arkansas Avenue, Room 107, Denver, CO 8022t
Steinberg, Malcolm L., Texas State Department of Highways and Public Transportation, P.O. Box 2gg28,San Antonio, TX

78284
Strohm, William E., Jr., Geotechnical Laboratory, U.S. Army Engineer Watenvays Experiment Station, P.O. Box 631,

Vicksburg, MS 39180
Surendra, M., ATEC Associates, Inc., 5150 East 65th Street, Indianapolis, lN 46220
Vandre, Bruce C., Forest Service, U.S. Department of Agriculture, Federal Office Building,324 25th Street, Ogden, UT

84401
Velasco, M.O., Texas Transportation Institute, Texas A&M University, College Station, TX77843
Wood, L.E., School of Civil Engineering, Purdue University, West Iafayette,IN 47907

lv



Part 1

Properties and
Performance of Shales
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A Shale Rating System and Tentative Applications
to Shale Performance

JOHN A. FRANKLIN

A "shale rating system" based on three properties-durability, strength, and
plast¡c¡ty-is proposed. A shale sample is assigned a rating value by first mea-
suring its second-cycle slake-durab¡lity ¡ndex. Rockl¡ke shales that have dura-
bility values greater than 80 percent for th¡s index are further character¡zed by
measuring the¡r po¡nt load strength. Soillike shales that have durability values
of less than 80 percent are further character¡zed by measuring the¡r plast¡c¡ty
index. The shale rat¡ng, derived from these lest results by using a rat¡ng chart,
¡s a cont¡nuously variable number ¡n the 0,G9.0 range. Tentative correlat¡ons
(trend lines) are proposed that link this rat¡ng with aspects of engineering per-

formance such as excavating methods (e.g., whether tg d¡g or to blast), founda-
t¡on properties (e.g,, bearing capacities and foundation moduli), embankment
construction (e.g., lift th¡cknesses and compaction methods), and slope stabil-
ity (e,g., relat¡ons between slope he¡ght and angle and failure mechanisms).

Shales constitute about one-third of the rocks in
the land surface of the earth and about one-half by
volume of all sedimentary rocks (1). Not sur-
prÍsingly, they are common in engineering projects
either in their excavated form as construction mate-
rials for shale embanknents or in their natural and
undisturbed state--for exanple¡ in foundations, cut
slopês, and underground works.

In spite of its abundance, this important rock
type has until recently received littIe attention.
In some ways, it is an unattractive and difficult
material to study becâuse it is easily disturbed
during driIling, sampling, and specimen prepara-
tion. The strength, deformabilityr and other char-
acteristics of a l-aboratory test specimen can change
by orders of magnitude if the rock is allowed to dry
out, shrink, or svrelI. A further experimental prob-
lem is that, whereas the minerals and microtexture
of most rocks can be studied easily by using stan-
dard opticâI methocls, extremêIy fine-grained clay
minerals require techniques such as electron mi-
croscopy or X-ray diffraction.

Shâtes also vary greatly ín their proPerties and
behavior. At sorne locations' shale slopes stand for
nany years at near-vertical angles, whereas at
others even 10-20o slopes suffer from continual
erosion and creep. This has led to a distinction
between "clay shales", the softer and more soil"like
types, and "indurated shales", which, because of
their greater cenentation and compâction, behave
more Iike harder rocks. The practice of treating
shates ås either a soillike or rocklike nateriaL has
been carried into construction specifications, where
payment has often been based on a distinction
between soil and rock. Problems have occurred with
shales of intermedÍate quality that behave neither
as soíl nor as hard rock and require special
treatment.

There is a clear need for a shale classification
systern that is capable of distinguishing a1l grades
and qualities of shale and allows a correlation
betwêen the type of shale and its performance on
engineering projects. In a three-year research
program sponsored by the Ontario Ministry of
Transportation and Communications (MTC), a shale
rating system has been developed for this purpose
(21. A rating nu¡nber R is assigned to a shale
according to measurements of the three properties
considered fundamental to distinguish one shale from
another: durability, strength, and plasticity.
Tentative correlations have been developed between
the rating number and aspects of engineering perfor-

mance such as excavating methods (e.9., whether to
dig or to blast), foundation properties (e.9.' bear-
ing capacities and settlenents), embankment con-
struction methods (e.9., Iife thicknesses and choice
of co¡npaction equipment), and slope sLability (e.9.,
relations between slope height and angle and mech-
anisns of failure in different Èypes of shale). Thê
suggested correlations are based on linited data,
and their value and accuracy will improve with use
and experience. Neverthelessr it is believed that
in their present form they serve to illustrate
trends of behavior and will stimulate further
research into the performance of bhis inportant
group of materials.

HISTORIC BACKGROUND

S ize-Strength Classif ication

Before considering the subject of shale charac-
terization, it may be helpful to discuss briefly the
classifícation of rocks in general. Of the many
characteristics of a rock mass, two in particular
appear to be important j.n determining rock-nass be-
havior in engineering works: (a) the size of blocks
into which the rock mass is divided by intersecting
sets of joints and other discontinuities and (b) the
intrinsic strength of these blocks. This "size-
strength" classificat.ion has been applied, for ex-
ample, to the design of rock tunnels (4'5) as a
basis for predictíng excavation and support
r equi r ements .

The size-strength classification systern is shown
in Figure I. Strong, nassive rocks plot to the top
right of the diagrarn, whereas weak, broken rocks
plot to the lower left. The diagran can be con-
toured to show classes of rock quality. Evidently,
the high classes to the top right represent rock-
¡nass conditions that require ¡ninimal support yet are
difficul-t to excavatei i.e., they may require blast-
in9. The lower-quality naterials towartl the lower
left can, conversely, be excavated by rippers,
shovels, or front-end l-oaders, but slopes or tunnels
in these materials tend to be less stable.

This sínple, two-para¡neter classífication system
can be criticized because it ignores a number of
properties that have an inportant influence on
rock-mass behavior--for exanple, the frictional
characteristics of rock joints. Sone classifica-
tions, such as that published by Bieniawski (6) and
Barton (7), include a greater number of classifica-
tion parameters and as a result are somewhat more
difficult to apply. The two-pararneÈer approach has
been found to be a useful starting point and one
that is readily conprehended and usecl.

The size-strength classification is insufficient,
howêver, when applied to shales or other rocks of
li¡nited durability. A sa¡nple of shale excavated
from the rock mass initially plots at a single loca-
tion on the cliagran¡ this location depends on the
size and strength of rock fragnents. When the shale
is exposed to weathering, however, it becones weaker
or breaks down to snaller-sized fragments. The ef-
fects of short-term weathering processes can be
recorded on the diagram in the form of vectors that
represent weakening, disintegration' or a
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Figure 1. S¡ze-strength classificat¡on for rock masses'

conbination of the t$'o processes. Different shales
vary in their susceptibility to short-term
weathering agencies, and a neasure of this
susceptibitity is essential in characterizing shale
naterials for engineering projects.

Tests for Shale

Some shales can withstand many cycles of wetting,
drying, or frost; others soften or break down after
only a short perio¿l of exposure. Much research has
been devoted to rnethods of assessíng the durability
of a given shale (8-10). Early tests were qualita-
tive, relying on the irnmersion of a sample of shale
in water and on visual descriptions of the resulting
breakdown. Attempted quantitative testing nethods
were generally nore complex, reguiring many cycles
of freezing or immersion in water or salt
solutíons. Attenpts by Franklin and Chandra (1I) to
develop a simpler, yet meaníngfu1 and reproducible
test ultirnately led to the development of a l-o-min
slake test ín water, the "slake-durability" têst.
This test relies on a cornparison of dry weights
taken before and after slaking in a rotating
open-mesh drun. fn the slaking process,
disintegrated fragments are allowed to pass through
the sieve ¡nesh of the drum. In spitè of the
äpparent crudeness of the testing procedure,
reproducibility is typically !2 percent for
identicat tesU samples. As a result of extensive
research using the slake-durability testr Ganble
(I2) recomrnended that the second-cycle
slake-durability index be used as a standard for
classification purposes. This proposal has been
incorporated in a "suggested method" by the

International Society of Rock Mechanics (ISRItl).
Gamble (ff) also proposed a shale classification

based on a co¡nbination of slake-durabil-ity and
plasticity indices. This classification can be
criticized, howeverr in that plasticity is only a

relevant property for the nore soillike shales and
is difficult or impossibJ.e to measure when the shale
has a rocklike consistency. Furthermore' Ganbl-ers
classífication based on slake durability and
plasticity is subdivided into classes of material by
way of discrete but arbitrary boundaries, wherèas ã

classification or nrating" in the form of a

continuously variable number woultl seem to be more
arnenable to correlations with fiel-cl performance.
These limitations led me to develop the alternative
shale rating systetn describecl below.

SHALE RÂTING SYSTEM

The proposed shale rating system is shown in Figure
2, the "shale rating chart". A sample of shale is
given a rating number on thê basis of (a) its slake
durability an¿l strèngth if the shale is rocklíke and
has a slake-durability index greater than 80 percent
or (b) its slake durability and plasticity if the
shale is soitlike and has a slake-durability index
less than 80 percent.

The ratíng chart is subdivided by lines that
racliate at 2o intervals fro¡n the top center of the
diagran to give rating values in the 0.0-9.0 range.
By interpolating between the lines, a shale can be
rated to one (and, if necessary, two) deci¡naI
places, which permits a continuous and quantitative
c lassi fication.

Samples are initially subjected to the slake-dur-

o

H
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UNIAXIÀL COMPRESSIVE STR¡NGTH (MPa)



4

Figure 2. Shale rating chart,
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ability test to assess their second-cycle slake-
durability index, Id2 percent, in accordance i.¡ith
ISRM recomnended procedures. If this index is found
to exceed 80 percent, the sample is further tested
to measure the point-load-strength index (-IL-l_t).
If the index is less than 80 percent, the fraction
passing the slake-durability test drum is subjected
to conventional Atterberg-limits determinations to
evaluate plasticity index.

The point-load-strength test has been found to be
convenient for strength classificatíon of rocks in
general and of shales in particular. It requires no
specimen preparation or nachining and can be con-
ducted in the field before the rock has had a chance
to dry or break up. The index used for rating pur-
poses is the strength obtained r¡¡hen the loäd is ap-
plied perpendicular to the bedding planes--i.e., the
strongest direction. Supplenentary measurements can
be made with the load appliecl parallel to the bed-
ding planes to measure strength anisotropy and "fis-
sility". Samples are tested at their natural, nois-
ture content. Point-load-strength values have been
found to correlate closel-y with those obtained in
the uniaxial compressive strêngth test. For clas-
sification purposes' uniaxial strengths can be ob-
tained by applying a factor of 24 to the point-
1oåd-strength values.

Figure 3 shows the test results obtained for
samples of 'shales collected in Ontario as part of
the current research program. The results have been
subdivided according to the geologic age of thê
fornation tested. It can be seen thât older
formations, as expècted, are general-Iy stronger and
rnore durable and have higher rating values. Perhaps
the ¡nost chåracteristic feature of thís diagrarn,
however, is the consíderable scatter in durability,
strength, and rating values for the najority of
formâtions. The scatter reflects real differences
in shale properties as a result of differing degrees

of Iithificâtion and of in-situ weathering.
Evidently the character of these materials differs
significantly from place to place throughout the
province and even from bed to bed within a single
fornation. The index test results therefore give
important additional ínformationr and the
characteristics of these shal-es cannot be inferred
fro¡n rock or formation names a1one.

It may be noted that ontario shales are generall-y
more durable and stronger than âverage shales
elsewhere. This is clearly related to geologic age
as the data assembled by Patrick and Snethen Gg)
show (see Figure 4). À review of the percentage of
expansive cJ-ay present in rocks of various ages
clearly shows a marked increase in the expansive
clay nineral content of rocks younger than Devonían
age. onl-y the older shales outcroP in ontario,
typically with contents of montrnorillonite and other
swelling clays in the 0-5 percent range. To find
"worse" shal-es in canada, one has to go west to the
praírie provinces, where Cretaceous or younger
shales with swelling mineral contents in the 20-40
percent range are conmon. Even higher percentages
of such swelling ninerals are found further south or
west--for example, in the Oligocene and Miocene
claystones of Texas or the Miocene-Eocene claystones
of the Pacific coast of Cal-ifornia.

CORREI,ATIONS IIITH FIELD PERTORMANCE

GenerâI Corilnents

To be of value, a classífication system should be
readily correlateil with the behavior of rock
materiâIs observed in construction projects. Un-
fortunatelyr if a classification systen is new' such
a capability for correlation with field perfornance
will be limited by users' Iack of exPerience vrith
the systern. This is true in the present case, where

20 40 60

SHALE RATING CHART

Note: t MPa= 145lbllin2.
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Figure 3, Relation between shale age,
rat¡ng, and ¡ndex properties.

Figure 4, Est¡mates of percentage of
expans¡ve clay present in Precambrian
through Pl¡ocene-age rocks.
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the atternpted correlations take the form of rrtrend

lines" only and rely on inferred as well as actual
data. Seldon were the properties of durability'
strength, and plasticity found to have been reported
simultaneously for a particular shale. Gaps in the
data were filled by a subjective assessment based on
published descriptions of shale character and index
properties. The proPose¿l trend lines should there-
fore be taken onfy as approximate indications of
shale behavior and should not be used for design
hrithout further cross-checking. APplication of the
rating system to three areas of rock engineer-
ing--embanknents, slopesr anil foundations--ís dís-
cussed below.

Shale Enbankments

MTc specifications define nearth embankments" as
being constructed in Layers of loose lift thickness'
usually 200 mm (8 in) ' compacted to 95 percent of
ASII4 D698 maxi¡num dry densíty. rRock embanknentsn,
on the other han¿I, are placed by end dumping ín nuch
thicker lifts and with only nominal conpaction.

CANADIAN
SHAL T5

This distinction between nearth" and "rock" can
lead tó serious constructíon difficulties and to
defects in the completed e¡nbank¡nents. The success
of attempts to achieve a specified conpacte¿l density
depenils on the character of the shale, the selection
of compaction equip¡nent and techníquesr anél the
appropriate natching of equipnent ancl techniques to
characteristics. The objective is to achieve the
¡naxi¡num shale breakatown cluring construction so as to
minimize breakdown, or "degradation" ' during the
subsequent service life of the embankment.
End-result specifications have generally been found
to be inappropriate for the construction of shale
embank¡nents' and the trend is to replace these by
procedural, specifications relaÈed to shale
character. fn Ottawa, for example, the special
provisions of a recent contracÈ called for the use
of sÈatic conpactors with tamping- or peg-foot dru¡ns
to be followed by steel ¿lrum units, a conbination
that v¡as found to be most effectíve for the harder
and more clurable shale rnaterials encounterecl on that
project.

Table f gives a tentâtive correlation between the
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Method or
Equipment

6

Table 1. Excavation capab¡l¡ties of varíous methods and types of equ¡pment as

a function oÍ the characteÌ of an interbedded shale'and hard-rock sequence.

Thickness of Limestone Bed
(mm)
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Trends in e¡nbankment side slopes, as a function
of embanknent height and the quality (rating) of
shale construction materíals, are shown in Figure
6. A general increase in side-slope angle is
apparent wiÈh increasing shale rating, to a naxinu¡n
of approximately 35o (I.5:1) for shal-e rock filIs
that, have ratings in the 8.0-9.0 range. side-slope
angle is also affectecl by enbankment height. Small
embãnknents ftypicalty 5-10 m (17-33 ft) in heightl
generally have flatter slopes for ease of
maint,enance. As embanknent height íncreases to
15-20 n (50-65 ft), it becomes uneconomical" to
design an e¡nbankment with flat slopes, and t,he
slopes are generally steepened to the maxirnun that
can be tolerated safely, based on geotechnical
considerations. For high enbankments t20-30 m

(65-100 ft) L the side-slope angl-e progressively
decreases; this reflects the growing inportance of
ernbankment stability and the need to rnaintain
acceptâble safety factors.

E'nbankments of significant height are designed by
using the standard soil-mechanics method of Iimiting
equilibrium. Calculations require an estimate of
shear-strength parameters for the compacted shale
material. Figure 7, which is based substantial-Iy on
data by Strohm and others (17), indicates that as
shale rating increases the shale fitl becomes
progressively more frictional until, at high rating
values (R > 8.0), the shale behaves essentially as
a granular fill with limited cohesion and with an
angle of internal friction of. >25o.

Embankment permeability is another inportant
parâmeter to be estimãted for design. A review of
published field-test data is surnmarized below:

fype of Material
Sha1e rock fill-
Durable shale

fi 11
Moderately durabl-e

shal-e fill
weII-conpacted

clay shales

Rating Permeability (m,/s)
8-9 r0-3-10-5

7-g ro-s-10-6
5-7 10-6 -10-7
4-5 r0-7-10-8

0_4 10-8_10-¡ 2

Permeability values of the conpacted fill range frorn
I0-3 to 10-s m/s (300-3 fE/daVl for a shale
rock fill to as lov¡ as 10-8 to I0-r 2 m/s
(3x10-2 to 3xI0-6 ft,z¿lay) for well-compacted
shales. Enbankment permeability wilI control the
acceptable rate of embankment construction if the
development of excess pore-water pressures is to be
avoided. It will also govern lateral drainage
through the embankment after construction is
complete. Perneability will generally decrease
during the life of the embanknent as a result of
shale degradation and the filling of void space.

Cut Slopes in Shales

The long-term stable angle of a slope in shale can
vary from about 80 to almost vertícal depending on
the durability of the shale material. Different
sl-ope-failure mechanisms occur in shaLes that have
different rating values.

In shales of low durability (ft = 1.0-5.0) ¡

mechanisns of slaking, erosion, and surface creep
predoninate as they do in clãy enbankments.
Unprotected steep slopes exposed to continual
erosíon by surface runoff r,rater devefop a pattern of
erosion gulleys. The sur'face layer slakes, and the
debris is renoved by erosion as fast 'as it is
producêd. Although there is usually no safety
hazard associated with this mechanism, periodic
cleaning of ditches is required, and the appearance
of the exposed eroded rock can be unattractive.
Slopes that are protected from continuous erosion

Shale Limestone
Ratine (%) Average Maximum

Backhoe or scraper 0.0-5.5
Shovel 0.G5.5
Medium ripper 3.0-6.0
Heavy rìpper 3.0-7.0
Blasting 6.0-9.0

Note: I mm = O.O39 in.

character of a shale-lirnestone fornation and the
like1y excavation requirenents for borrow
materials. Ease of èxcavation is governed by a
linited number of geologic characteristics. When
the borrow is entirely of shaler the key properties
are likely to be the strength of the shale
(reflected by its rating) and its natural "bl-ock
sizer' (governed by the spacing of joints and bedding
planes). Iilhen, as is often the case, the shale is
interbedcled with a harder rock such as limestone,
the ease of excavation will be greatLy affected by
the percentages of hard rock in the total rock to be
excavated' by the strength of the hard rock, and by
the average ancl maxi¡num thicknesses of the hard-rock
bed. Table 1 dravrs on experiênce in southern
Ontario' where the shales are co¡nmonly interbedded
$rith dolomite or limestone that has a uniaxial
conpressive strength of 150-200 It{Pa (20 000 to
30 000 Lbf/in2l. The table gives â general
indication of the performance of various classes of
excavating equipment ancl draws attention to the
importance of quantifying the percentages and
thicknesses of hard-rock inclusions in a nixed-rock
for¡nation. Additional variables shoulal be
considered--for exanple¡ the depth of excavation and
the dip of bedding planes. IdeaIIy¿ the limitations
of each make and model of excavator should be
defined in relation to the controlling rock
characteristics. Inclirect nethods of predicting
ease of excavation--for example, the use of seismic
velocities--are unlikely to be as reliable as direct
observation of key properties such as those note¿l in
Tab1e 1.

Figure 5 shows trends in optinun lift thickness
and compacted fíeld density as a function of shale
rating conpiled from data by Lutten (Iq). Greater
Iift thicknesses can generally be allowed for shales
that have a higher rating. Shales that have rating
values in the range of 5.0-8.0 (slake durability
greater than 80 percent) can be effectiveJ-y
compacted in lifts of 500-800 rnm (20-30 in) if
appropriate compaction nethods are used. These
shales behave substantially as rock fill, retaining
a percentage of interfragment void space even after
compaction. Shales that have rating values of less
than 5.0 require a reduced lift thickness to
facilitate cornplete breakdown of these less durable
naterials. The degree of breakdown achieved ín
practíce can be assessed from the lower half of
Figure 5.

Low values of compacteal density¡ in the range of
1.8-2.0 t4g/m' (IL2-I25 lb/ft3 r, are rypical for
plastic cl"ay-shales that retain water between clay
nineral grains. The highest densities, in the range
of 2.0-2.2 Mglms (I25-I37 1b,/ft3 ) , are achieved
with internediate-rating shales that are relativel-y
easy to break down and cornpact. Fíeld densities
again fall to 1o9¡er values for the ¡nore rocklike
shales with a rating of 6.0-9.0 because of the
retention of sígnificant void space between shale
blocks in the fill.

<5
<10
<20
<30

<20 <50
<50 < 100
<75 <125

< 100 < 150
No limitations
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devel-op a vreathering profile. The thickness of the
vreathered shale l-ayer may reach 9-13 m (30-43 ft)
Ifor exanple, in london Clay (England)], although
thicknesses of I-2 n (3.3-6.5 ft) are more conmon in
shales of higher durability. The rnantle of

Figure 5. Tentative correlat¡ons between shale quality, lift
thicknesses, and compacted densities.

LtrFT
THICKNESS
(m)

Figure 6. Trends in embankment slope angle as a function of
embankment he¡ght and quality of shale fill.

7

weathered shale tends to be unstable and to creep
downhill or slide along the contact with the fresh
shale. Shallow slab slides typically occur at
intervals of 5-10 years when the slopes are steep,
exposing fresh shale to further weathering and
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Figure 7. Trends in shear-strength parameters of compacted
shale fills as a function of shale quality.

repetition of the cycle. Instability of the surface
layer is encouragêd if undercutting occurs at the
toe of the slope--for example, in river embank-
nents. It is also accentuãted by water percolation
and frost action along the contact betvrêen weathered
and unweathered naterials. The surface layer is
usually more clayey and less permeable than the un-
derlying rocks and thus traps water. Freezing of
the 1ayêr adds to this damning effect. Eventually,
a clay slope will reach a stable angle equal to ap-
proximately half the residual angle of shearing re-
sistance of the material (I8). Since, in engi-
neering projects, it is seldorn practical to design
cut slopes this fÌat (e.9., 10o), one nust rely to
some extent on cohesion and cementation of the
shales to ¡naintain steeper angles over at least
decades. In addition, slope stabilization measures
are used to improve and maintain stability.

Superficial instability occurs as a result of
different nechanisms in shales that have a mediun to
high rating, such as those of northern Ontario.
Wetting, drying, and particularly frost action re-
sult in the fragmentation and loosening of cut-slope
faces so that large blocks break down into s¡naIler
fragments. For exanple, the Manitoba Department of
Highways reports that the Odanah shales of that
province are capable of standing vertically to
relatively great heights but are cut back to slopes
of less than 1.5:1 because, e¡ith steeper slopes,
blocks of hard shale continually break off. It
appears that a recent project that used I:1 back
slopes will require an annual ditch-clearing program.

The breaking action of frost results partly frorn
thermal contraction and expansion, accelerated by
the wedging action of ice in microfissures and
joints. AIso contributíng are "fossilizecl" stresses
in the rock, which typically reach magnitudes of
6-15 MPa (1000-2000 lbf,/in2 ) in the near-surface
rocks of Ontario, Quebeç, and northern New York
State.

Deep-seated slope failures are generally more
comnon in shales that have lower ratings. In these
shales, the sliding surface nây pass through intact
shale material and there may be only li¡nited
influence from preexisting bedding and jointing. In
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the harder' more durable shales, slope failures are
invariably controlled by the orientations of
preexistíng discontinuity sets. wedge or planar
slides are bounded by slicling surfaces coincident
with preexisting joints and bedding planes.

Figure 8 shows a relation between the stable
angle of a slope cut in shale and thê quality of the
shale material. If the bedding and jointing
orientations are favorable (i.e., they dip into the
slope face and therefore have Iitt1e influence on
stability), the upper-bound curve of the shaded area
in Figure 8 applies. It represents the probabJ.e
maximum stable angle where failure must occur
through intact shale. Near-vertical angles can be
reached for a rocklike shale that has a rating in
the 8.0-9.0 range. There is likely to be a
pronounced increase in the gradient of this curve in
the 7.0-9.0 range to accommodäte the very steep
slopes that are possible in rocklike shales. The
lower-bound curve of the shaded area in Figure I
represents stable slope angles where slope stabilihy
is governed by joints "daylightingÍ in the slope
facê. It has been assu¡ned that the slope will stand
stable at an angle close to the friction angle of
the joint or bedding plane. When the joint is tight
and clean, its friction angle depends on the
strength of the intact shale of the joint walLs and
so increases as a function of shale råting. The
convergence of the upper- and lorl'er-bound curves of
the shaded area toward the left side of the figure
refl-ects the comparatively ninor êffects of jointing
in weak and plastic shale ¡naterials.

The line .ät a constant angle of approximately
8-10o in Figure 8 illustrates the potential- effect
on sLope stabíJ-ity of the presence of joints filled
with soft and plastic clay. When these joints are
present at adverse orientations, they govern the
stability of the slope irrespective of how strong
and durable the shale elsewhere within the slope nay
be. It is therefore inportant to identify the lreak
"clay rnylonite" sheared horizons that are often
present in shale formations. These are difficult to
observe, since they are often thin and similar in
color to the host rock.

d

u 100

o

-o



Figure 8.
shale.
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Trends in stable cut-slope angle as a function ofthe character of

Shale Foundations

The canâdian Foundation Engineering Manual (19) de-
fines rock as a rnaterial that has uniaxial compres-
sive strength greater than I MPa (145 lbf/inz) and
cannot be dug by hand with a shovel or pneunatíc
spade. Shales clearly straddle this arbitrary
boundary between soil and rock. A principal feature
of foundation shales is their variability in uni-
axial compressive strength' which ranges from Iess
than I MPa for shãIes with the consistency of stiff
to hard clays to as high as 10-100 MPa (1450-14 500
I|>f/!nz ) for the high-rated shales and ar-
gillites. The susceptibility of shales to weather-
ing is usually manifested as an increase of strength
with depth. This may be gradual or nay occur as an
abrupt contrast betvreen the soft' discolored, weath-
ered-shale horizon and the unweathered or ufresh"
underlying strata. The softening of shale toward
the surface is further aggravated, from the point of
view of foundation behavior, by a decrease in block
size and bedding-plane spacing. In addition to
softening, the shale weathers by splitting and by
fragmentation. Modulus variations with depth are
clearl-y illustratecl by the results of pressuremeter
testing (see Figure 9). In shales, a pronounced
anisotropy ís ä1so evident, and this leads to
deformability normal to bedding bèing much greater
than defor¡nability in the bedding direction.

Al-lowable beâring pressure is generally
controlled by, and can be estimated from, the intact
rock strength and the intensity of jointing or
bedding (the size-strength parameters discussed
earlier). An empiricãl coefficient that reÌates the
allowable bearíng pressure to uniaxial compressive
strength is defined in the Canadían Foundation
Engineering Manual (19) in terns of ratios of
fracture spacing to footing width and of joint
aperture to joint spacing. rn view of dífficulties
in making field measurements of joint aperture' the
canadian nanual defines three values for the
ernpirical coefficient that depend only on major
variations in the spacing of discontinuities: very
wide, wide, and moderately close.

These recommendations have been

SHALE RATI NG

graphícally in Figure I0 (19). The contours in the
upper right of the diagram apply to the less
fractured and stronger shales and illustrate an
expected reduction in allowable bearing pressure as
the shale becones \4¡eaker, nore thinty bedded, or
more closely jointed. The Canadian manual is
somewhat ambiguous in its treatment of the ¡¡eaker
shales, since recommended bearing pressures for
shales with widely spaced joints compute to lower
values than those recommended for clays with similar
strengths. It might be more realistic if the
contours reflected a continuous trend from shale
through to clay and there vrerè a gradual decrease in
curvature as the nåterial became softer and less
influenced by the presence of joints and fissures.
The recommendations of the Canadian manual include a
safety factor of 3. However, a much greater de-
gree of conservatism is likely. Experimental values
of foundation strength often exceed normally used
val-ues of foundation bearing pressure by factors
from 5 to 50.

Foundation ¡nodulus is generally only relevant to
the design of heavíIy loaded structures such as dans
and high-rise buildings on shale foundatíons.
Figure 1I (20) shows that the foun¿lation modulus of
argillaceous rocks generally increases fron l-0 to
10 000 MPa (1450-1.4 nillion lbflinz ) as the
character of the ¡naterial inproves fron a normally
consolidated clay to an indurated' high-durability
shale. The ratio of modulus to compressive
strength, however, is approxirnately constant in the
5O-200 range, typically I00. Foundation modulus,
like bearing capacity' is influenceal not only by the
strength of the rock materíal but also by the
intensity of jointing in Èhe foundatíon. A rrnass

factor" (J) has been defined that refates intensity
of jointing to the ratiÕ between field and
laboratory deformability values. By using J and a
¡nodulus ratio of L00r one can construct Figure 12,
which relates field defornability moilulus to the
size-strength rock classification. Às jointing
becornes more intense, the field modulus is recluced
by joint compressibility until' for very closely
spaced joints, the modulus appears to approach a

limiting value. The effect of jointing on ¡nodulusplotted
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Figure 9. Menard pressuremeter test results in shale showing DEPïH
progressive increase in modulus of deformab¡lity w¡th increasing (m)

depth below surface.

Figure 10. Trends in allowable bearing pressure (shallow
foundationsl as a funct¡on of rock strength and discontinuity
spacing.
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PRESSUREMETER ¡g¡tJ¡I.J5 E (I.îPA)

ALI,OWABLE BEARING PRESST]RE (MP8)

0.6 1.0 2,0 4,o 7,0 10,0

o.2 0.4
STIFF h/ crlFFl pÀÞn v r.ôH I rôw I MEnTnM I HIGH

CI,AY ROCK

STRENGTII (MPa)

Note: 1 cm = 0.39 ¡n: 1 MPa = 145 thf/in2

frequency, and distribution of linestone strata (21).
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is nost pronouncêil in the block-size range of t0-I00
clt (4-40 in) (cLose to moderately close joint
spacing). The resul-ts may be translated into
modulus-depth variations by careful borehole or
caisson logging to measure joint spacings. For
exanple, in rock that has a laboratory strength of
17 MPa (1465 lbfrzinz ) , when bedding is spaced at
50 cm (19.5 in) near the surface and 150 cm (58.5
in) at depth, one woul¿l expect the fíeld rnodulus to
vary from 500 to 2000 MPa 172 500 to 290 000
Lbt/ín21. These values for rock conditions and
fox modulus are similar to those found in the
foundation of the Canadian National Tohrer in
Toronto, where settLenents were predicted on the
basis of an assurned nodulus of 3700 !1Pa (0.5 nillion
lbf/in2 ) to take into account the presence,

Note: 1 m = 3.3ft; 1 MPa= 145 lbf/¡n2,
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Figure 11. Ratio of deformabil¡ry modulus to compresive
strength for clays, shales, and related materials.

Figure 12. Contours of field modulus of deformability (E¡l
of shales as a function of uniaxial compress¡ve strength and
discontinu¡ty spacing (assuming modulus ratio = 100),
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Technical Guidelines for the Design and Construction
of Shale Embankments

ALBERT F. DiMI LLIO AND WI LLIAM E. STROHM, JB.

ln 1974, the Office of Research of the Federal Highway AdminisrÌar¡on ¡n¡t¡-
ated a comprehensive research study to ¡nvest¡gate the causes of numerous,
large-scale failures of shale embankments on major lnterstate routes in several
eastern states during the early 1970s and to develop appropriate remedies. The
U.S. Army Engineer Waterways Experiment Station was to conduct a three
phase, five-year ¡nvest¡gat¡on of the shale problem and provide the necessary
guidelines to build safe and functional shale embankments at a reasonable cost.
Phases 1 and 2 were to be completed ¡n one year and provide interim guidelines
for the pract¡cing engineer until the comprehensive guidelines could be deúel-
oped. Phase 1 ¡nvolved a state-of-the.artôurvey of des¡gn and construct¡on
pract¡ces in use at that time as well as a survey of existing problem areas. Phase
2 involved a similar survey of evaluation and remedial treatment techniques for
ex¡st¡ng d¡stressed shale embankments. Accomplishments from Phases 1 and 2
prov¡ded the necessary foundation for the development (under Phase 3) of im-
proved design criteria and construct¡on control techniques for both new con-
struct¡on and existing problem areas. The development of the improved guide-
lines is described, and the h¡ghl¡ghts of the major research results are presented.

The Federal Highway Adninistration (FHIVA) recently
published a conprehensive engineering nanual that
provides technicãI guidelines for the design and
construction of shale embankments. These guideJ.ines

were developed for FHWA by the U.S. Army Engineer
I{aterways Experiment Station (t{ES) at vicksburg,
Mississippi. This paper presents the salient points
of the ¡nanual- and also highlights some of the
prominent events that preceded the investigation by
the WES researchers. So¡ne of the proninent findings
that guided the researchers during the early stages
of the investigation are also discusseil in order to
delineate the basis for sone of the gui¿lelines that
were devel-opeil. Many of these guidelínes were taken
frorn other federal agencies ancl so¡ne state highway
agencies.

The research study was initiated in 1974 as a
three-phase investígation. Phases I and 2 v¡ere
conducted concurrently during the first year of the
study to províde preLiminary guidance to statês that
were sÈruggling with inadequate guidelines for
eorrêcting existing failures, evaluating potential
failures, and constructing new shale embankrnents.
Phase 3 involved the evaluation of existing guide-
lines and the development of improveil guidetines for
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Figure 1. Excessive settlement ¡n a shale embankment.

designing and constructing highway embankments of
shaIe.

Phase 1 involved a literature search and contacts
with state and federal agencies to collêct
infor¡nation on current best practices in designing
and constructing shale embankments. The results of
this phase were reported by Shamburger and others
(1). Phase 2 involved a Literature search and
contacts with state and federal agencies to collect
infornation on current best practices for
identifying problem areas, evaluating existing
distressed shale embanknents, and correction
(remedial treatment) techniques for distressed
embankments. The results of phase 2 were reported
by Bragg and Ziegler (21. Phase 3 involved the
major developmental work that formed the basis for
the new guidelines, i.e., comprehensive design
criteria and construction control techniques for
shale enbank¡nents. A field testing program was
conducted in conjunction with the sampling program
to obtain shale materials frorn actual embankments
for the l-aboratory investigations. The results of
the field and laboratory studies were presentêd in
two additional interim reports (3r4) and were used
ín the final task of developing the guidelines (!).

BACKGROUND

The developnent of the modern highway system in much
of the United States has required the construction
of l-arge e¡nbankments by using economically available
ground materials from adjacent cuts or borrow
areas. Technical guidelines for the development of
effective design schemes and construction control
procedures for soil and/or rock embanknents were
established long ago and are generally well-
impì-enented. However, shalê materials do not
necessarily behave as soil or rock on such a
consistent basis that conventional procedures nay be
routinely applied to their use as a suitable
embankment material.

The lack of appropriate guidelines for using
shale in highway embankments became a very serious
problem during the height of the Interstate
construction program when many large failures
occurred as a result of inaclequate design and
construction procedures. Most of the faifures
occurred in the form of pavement distress because of
excessive settlementt however, a Iarge nurnber of
slope-stability problems also occurred. Many of the
slope failures required major reconstruction of long
embankment sections.
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Vertical and lateral novenents of shale
embankments have also caused tilting, translation,
and cracking of bridge abutments plus cracking and
distortion of the bridge approach pavements. In
many cases, the excessive settlements required
jacking of the bridge girders to insert steel shims
under the bearing plates. In some extrene cases,
horizontal trinming of the superstructure steel was
required to relieve pressure on the abutnent.

Excessive vertical settlenent and IaÈeral
spreading of embankments usually cause severe
crackíng and dips in the pavement surface that
requíre costly repairs (see Figure 1). There are
many reported instances of shaLe fi11s experiencing
as much as 12-15 in (31-38 cn) of vertical
settlenent that reguired intermittent pavement
overlays. Many states have spent milfions of
dollars to overlay pavements that failed because of
shafe-embank¡nent settlements, and recent pavèment
condition surveys have identified a nu¡nber of
overlay requirements to restore satisfactory ride
quaJ.ity.

Settlement and associated dips and cracks in the
pavenent have often been the prelude to the more
costly problem of slope failure. EarIy detection of
distress and repair of failed sections of pavement,
drainage, and slopes can save costl-y repairs of
major failures.

GENERAL OBSERVATIONS

The failures noted above have been found to be
typical of many shale problen areas in the east-
central states and other areas from the Appal-achian
region to the Pacific Coast. In geñera1, thê states
east of the Mississippi River have had more severe
problems with shales in enbankments than those west
of the Mississippi, probably because the geologic
formations in the eastern states are older and the
climãte is more humid,

The underlying cause of excessive settlement and
slope faíJ-ures in highway shal-e embankments appears
to be deterioration or softening of certain shales
with ti¡ne after construction. Inadequate compaction
and saturation are two other primary causes of
shal-e-embanknent problèms.

Tine-dependent shale properties and bedcling char-
acteristics must also be considered in evaluating
the various schemes for embankment placenent. Some
shales are rocklike when excavated but deteriorate
or soften into h'eak soil when placed as rock fill.
Other shales, often interbedded with limestone or
sandstone, break down when excavated, but large-
sized, durable rocks often prevent adequate
compaction. The difficultiês èncountered in using
shale in highway embankrnents are often compJ-icated
by varíations in geology and physical properties of
sedimentary rocks, depth of weathering, climate and
groundwater condítions, weather, and construction
nethods.

IÍES STUDY

Phase I

A concerted effort was nade to conpile as much
useful information as possible within a short period
of time to provide guidance to practicing engineers
for dealing wíth what were then sorne very pressing
problems in connection with shale. Avail-abl-e
information was sought on classífication and
material properties' physical and chemical tests'
other design guidelines, construction control
procedures, and sampling and testing procedures for
in-situ shales and compacted shale mixtures. The
following discussion highlights the salient points
of the phase 1 report (1).
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Figure 2. Apparatus used in slake-durab¡lity test,

.J*Éi¡-J

Figure 3. Jar-slake test of oven-dry shale soaked ¡n water.

Occurrence of Shales

An important accomplishment of the first phase of
the study was the mapping of the general occurrence
of shales in the states studied in relation to the
distríbution of problem shales. Three sanpling
units were established for identifying the
occurrence of shale: shale predominates, shale
subordinates, and nonshale areas.

The wES researchers identified rock-stratigraphic
units associated with problem shales and presented a
generaJ-ized description of their i¡nportant geologic
features (1). A geologic time chart was also de-
veloped, and the ages of the for¡nations were grouped
geographically. The formational characteristics
were analyzed in a simil-ar manner. Distinctions be-
tvreen the younger shales of the western United
States and the older formations of the eastern
states were also discussed in the phase 1 report (l).

Another significant accomplishment of this phase
of the study ínvolved the sumrnarizing of current
construction procedures used by highway departments
for shale embank¡nents (I). These procedures were
divided into three broad categories: preconstruc-
tion, construction, and remedial measures.

It was also found that acceptance or rejection
criteria for the placement of shale in an embankment
differ considerably among the states' varying from
fairly rigid measurements to a subjective judgment.
The most inportant decision to make is e¿hether to
place shale as soil or rock. Shamburger and others
(1) listed processing requirements for each rnethod'
cited some noteh¡orthy practices of certain states'
and discussed a number of factors that state highway
representatives identified as contributing to
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shale-embankment distress or failure. Most of the
cited causes can be Linked to one basic problem--the
Iack of tests and criteria for predícting shale
performance with time.

Classification and Composition

The major engineering properties considered were
plasticity, swell potential, durability, and
strength. These properties were related to texture'
mineralogy, geochemistry¡ and rock fabric. The wES

researchers concluded that no single test (physical,
chemical, or mineralogical) entirely indicates shale
suitability and therefore recommended that each
shale material encountered in the soil profile be
subjected to the following battery of tests: (a)
X-ray diffraction, (b) slake durability (see Figure
21, (c) jar slaking (see Figure 3).' (d) scleroscope
hardness, and (d) pH.

Factors Contributing to Material DegradatíÞn

In addition to the nature of its constituents, the
suitability of a shale material for use in
embanknent construction is a function of its
geologic history and present-day environment.
Geologic â9êr tectonic history' metamorphism' and
the geologic processes of weathering result in
shales that possess varying degrees of soundnêss,
strength, and durability.

The postconstruction changes that result fron the
weatheríng of shalê-embankment material are time
dependent and difficult to predict. Since water is
the driving force of the weathering process, it is
important to have close control- of the drainage
aspects of the embankment design. It is also
helpful to study the naterial in outcrops and recent
exposures to determine an approximate weathering
rate from the degree of altered rock and/or soil
developed over the fresh material.

Laboratory Examination and Testing Techniques

The tesLing of shales for use in highway e¡nbankments
should provide the answer to one very basic
question: Should the shale naterial be treated as a
rock or a soil? Other questions to be addressed
include the following: (a) What likely forms of
deterioration wíII the shale experience, and (b)
what other properties of the shale will influence
the embankment design? These three questions relate
to the shale's resistance to three basic ¡nodes of
deterioration, which can be categorized as follows:
(a) chemical weathering (breakdown of primary min-
eral components), (b) physicoche¡nícal deterioration
(cfay minerat hydration, swelling, and dispersion),
and (c) physical deterioration (including relation
to rock strength and measure of rippability).

The wES researchers subdivided the laboratory
testíng of shales into three categories: (a)
nineralogicat and petrological tests (amount and
nature of rock constituency), (b) soil-nechanics
tests (classification, plasticity' strength' grain
size, and moisture density), and (c) durability
tests (slaking, soundness, and hardness). Àlthough
all are important, the major factor is the degree of
durabitíty exhibited by the shale material and how
this durabílity can be expected to change with time.

The WES researchers were unable to confirrn a

single test that adequately covered the three modes
of deterioration. A1I of the tests investigated
suffered from at least one of the foì,lowing
drawbacks: They were not quantitative, experience
rr¡ith them was limited, they were too severe' or they
were generally inpractícal. The tests selected
(x-ray di.ffractíon, jar staking, slake durabÍIity,

"L
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scleroscope hardness, and pH) were based on the
following criteria: previous success, general
acceptability, time requirements, costs, sinplicity
of procedure, and indication of shale variability.

Phase 2

one of the immediate concerns was the need for
suitable methods of evaluation and remedial
treatment of shalê embankments: that were exhíbiting
signs of distress. A nu¡nber of embankments were
settling excessively, and nany showed signs of
imminent slope failure. Deternining the likelihood
of failure and the appropriate types of re¡nedial,
measures v¡ere paramount problems at the onset of
this research. The salient points of the Phase 2

report (2) are discussed below.

Evaluat.ion Techníques

When embankment and/or pavenênt distress reaches the
point where routine maintenance procedures are inef-
fective for stopping or slowing the rate of increase
ín distress, the extènt of the shale-embankment
problem should be evaluated. Excessive settÌement
and surface slides could be indícations of marginal
stability. These signs of distress could be indica-
tions of shale deterioration within the fill, which
could eventually J-ead to large-scale failures of the
pavement and embankment slopes (2).

The evaluation process, concerning which the
engineer ¡nust be knowledgeable, is outlined in the
foll-owing steps:

I. Historical review, including (a) design
details, (b) constructiÕn methods used, (c) area
geology, (d) foundation conditions, and (e)
materials data;

2. fnstrumentation pJ"an;
3. Drilling, sampling, and site reconnaissance;
4. Laboratory and in-situ testing;
5. Settlement analysis; and
6. Slope stability analysis.

After gathering the necessary data and performing
the appropriate analyses, the highway geotechnical
engineer must âssess the validity of the information
and use it to predict the future perfornance of the
embankment. ff settlement is the only problên, a
forecast of the anount, rate, and location of future
settlements must be made to assist in the planning
of remedial- treatments. If slope stability is
marginal, the fãctor of safety must be determined
and the potential- for economical inprovement
investigated.

Renedial Treat¡nent Techniques

From an evaluation of existing statê and federal
practices and a comprehensive literature search, the
WES researchers developed recommendations for cor-
recting problen shale embanknents. The methods se-
Iected were organized in the following categories:
(a) pavement overlayi (b) drainage systemsi (c)
slope flattening, berms, and buttresses; (il) retain-
ing wal1s; (e) chenicat stabilization; and (f) re-
construction.

Surface and subsurface drainage neåsures are an
integral part of most of these rernedÍaI treatment
methods. This is especially critical in stabilizing
sidehill- fíII failures, largely because of their
susceptibility to infiltration of vrater from
adjacent natural ground.

Phase 3

The objectives of phase 3 were to fil-I in the gaps
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identified in the assessment of the state of the art
and produce a comprehensive engineering manual of
technical guidelines for the design and construction
of shale embankments. The scope of the work
inctuded låboratory and field investigations and the
associated analytic studies to develop the irnproved
guidelines. The following discussion highlights the
salient points of the phâse 3 reports (!-l).

A najor part of the study invol-ved sânpling and
describing various stratigraphic settíngs for shale
and exanining thê variability of intrinsic shale
properties. À total of 158 samples were collected
and thoroughly described (associated test and
mineralogical data were included). Emphasís
throughout the sampling progra¡n $ras on shales that
had a history of poor performance, but some
nonproblen shal-es were also sampled to provide a
balance.

Inforrnation provided by 15 state highway agencies
on lift thickness and service perfornance for 92
embankments r.¡as correlated wíth index tests on
correspondíng shal-e samples (3). The wES

researchers also collected undisturbed sampl-es and
perforned in-situ field tests at six embankment
sites in five east-central states. Large chunk
samples of the unweathered parent shales used in the
embankments were also obtained from the source cut
or borrow area. Comparisons between the unweathered
shale and the partially deteriorated embankment
¡naterial vrere nade to estinate the amount of
deterioration that occurred during the particular
time period of performance (3) 

"
Several test procedures were developed for

conpaction tests, including a simple test on
compacted samples to assess the expected
compressibility of saturated shales for use in
estimating long-term settlement. This test consists
of cyclic soaking and draining under a surcharge
Ioad equivalent to the enbankment height times the
density.

A technical ¡nanual (!.1 was developed fro¡n the
knowledge gained during the reviews of the best
current practices of various state and federal-
agencies and the basic research conducted at the WES

Iaboratories. The manual is intended to provide
technical guidelines for design, construction, and
rnaintenance engineers as well as geotechnical
engineers. The manual covers field exploration and
sampling of shales, laboratory testing and
cJ-assification, design features for shale
e¡nbankments, construction nethods and control
procedures, evaluation methods for existing shale
ernbanknents, an¿l remedial treatment methods for
distressed shale embankments. The scope is limited
to mêthods and procedures needed for shale
embankments that differ from those normally used for
soil or hard-rock embankments. The material covered
excludes foundations, cut slopes, and frost action.

cenêraI considerations for Shale Enbankments

The successful use of excavated materials from cuts
in shale formations for highway embankments requires
adequate compaction of all fill nateríãl-s and
sufficient drainage to prevent harnful saturation of
the cornpleted ernbankment. These two main
requirements are often difficult to achieve because
of the variable stratification of shale formations.
Features of shale formations in cuts and other
borrow sources have an inportant influence on the
type and extent of design measures (foundation
benching, drainage provisions, use of rnaterial,
compaction requirements¡ and embankment slopes) and
special excavatÍonr placement, and compaction
procedures required during construction.

Features of shale fornations in cuts and other
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Figure 4. Po¡ntload test equipment.

borrow areas should be considered early in the
preliminary design to assess the need for specifying
and thè feasibility of controlling selective
excavation and separâte pl-acemènt and conpaction of
(a) durable shale and rock in rock-fi11 lifts (at
the base of the embankment anð/or outer shells of
the enbankment) and (b) nondurable shale and soil in
thin lifts (or inner sections of embankments). As
an alternative, the cost of breaking down all
rnaterials during excavation and placement for
compaction in thin lifts should be conpared with
selective excavation and placement to arrive at the
best solution. This conparison may be required on a
cut-by-cut basis for projects in complex
for¡nations. In highLy variable formations,
unclassified excavation may be justified.

The need for adequate soil and site information
to properly desígn a higway embankment is v,rell
established, and procedures are well documented.
Some inportant aspects to remember about shale
expl-oration and sampling are presented in the
nanual-. The basic objective of fieLd exploration
and sarnpling for shale embankments is to define the
formation features of each cut and other borrow
areas and to obtain samples of different shale
layers for durabÍlity index tests and natural water
content, compaction, and special compression and
strength tests. In addition to the usual auger
borings, at least two core borings are required in
each cut or borrow area to define the depths of the
soil and weathered shale and the thickness and
inclination of different strata. The coring of
shales and layers of harder rock should be extended
to a sufficient depth to detect the draining of
layers ínto shale-embank¡nent areas at the fill-cut
transition. Measurement of ground-water elevâtions
in core borings can be used to define subsurface
seepage thãt would enter the e¡nbankment. Aerial
photographs (stereo black-and-white, color, and
color infrared) and thermal infrared imagery provide
valuable information on geologic conditions, surface
drainage channelsr exit patterns of subsurface
seepãge, and springs.

Design Considerations

The most important step in the design of shale em-
bank¡nents is the classification of shales according
to their long-term durability (i.e., susceptibility
to deterioration). The slake-durability index (6)
and jar-soaking index (3) are tvro simple aids for
defining deterioration (but not hardness). The
tests can also be used äs a field identification aid
during construction, when supplemented by a rapid
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drying technique (i.e., microwave oven). The
point-load test (see Figure 4) can also be used as
an expedient field index test during construction to
identify shales that are susceptible to deteriora-
tion, provided the point-load index can be corre-
lated v¿ith the slake-durability index during the de-
sign stage. Shales classified as mechanically hard
and durable can be used as rock fiII, whereas shales
classified as soft and nondurable need to be con-
pacted as soil in thin lifts. ¡lovrever, internediate
shales classified as hard and nondurable are diffi-
cult to distinguish and require special treatment
(e.9., a high degree of compaction and isolation
from infiltrating water to prevent wetting).

Defining the excavation characteristics of shale
formations is also an irnportant requirernent for
shale embankments. The in-situ hardness of
nondurable shales and the amount of interbedding
wíth harder rocks control the excavation methods
required to obtain the breakdown necessary for
adequate compaction in thin 1ifts. The breakdown
during excavation depends on the amount of ripping
or blasting. During placement, further breakdo¡,rn
depends on the weight and type of the compaction
equipment used. For example, if heavy tanping
rollers that can break dor,¡n shale and limestone were
used during compaction, less breakdown by extra
bLasting would be required during excavation.

Because of the variability in shale fornations
and shale durability, special design consideråtions
are necessary to achieve adequate compaction and
prevent harmful saturation of embankment materials.
The nain considerations include foundation benchingr
drainage provisions, use of material, compaction
requirements, and slope inclination.

The design of shale embankments involves four
maín steps:

t. Assessment of potential problerns with shale
materials, incl-uding consíderation of geologic
conditions, shale durãbiIity, and construction
practices;

2. Selection of appropriate design features,
Ìnaterial properties, and construction procedures to
meet desirèd settlement and stability criteria;

3. Preparation of ptans and specificâtions,
incl-uding special provisions and construction
control techniques to achiêúe design criteriat and

4. Development of ân appropriâte subsurface
and/oy surface instrunentation plan for monitoring
the performance of nâjor enbankmènts.

construction Considerâtions

Effective construction of shale embankments requires
proper execution and inspection of the following
items: (a) foundation preparation' (b) excavation
procedures, (c) construction sequence' (d) capabili-
ties of compaction equip¡nent, (e) co¡npaction proce-
dures, and (f) cotnpaction control.

The most inportant part of foundation preparation
is keying the shale embanknent into sloping ground
surfaces by using benches and instalLing tlrainage
measures to intercept all potential subsurface water
ihat ¡nay enter the foundation area. Excavation
procedures (ripping and blasting) require trial and
error to obtain adequate breakdown or
fragnentation. In cuts of nearly horizontal thick
shale and harder rock strata, each different stratum
(classified as soitlike or rocklikè) should be
ripped and/ot blasted separately. This procedure
will prevent míxing of durable rock $rith nondurable
shale. However, durable (rocklíke) shale and
sandstone (or limestone) could be excavated together
for rockfill sections of embankrnents. The ¡nain
criterion is that nondurable shales, especially
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where interbedded i.n thin layers wiÈh other rock,
nust be broken down to meet size 1i¡nits for'
compacÈion in thin 1ifts.

Thè amount of selective grading depends on the
thickness and inclination of different strata in a
cut. The geotechnical profiles and typical sections
should show the intended use of different strata as
soil fill- or rock fill. Sone stockpiling rnay bè re-
quired initially unless soi1, weathered shale¡ and
nondurable shale fro¡n upper portions of cuts or fro¡n
bench excavation can be placed directly in the cen-
tral portion of a through (cross-va11ey) embankrnent
that has a relalively leve1 foundation. Rock strata
for use as rock-fi11 drainage layers antl in the
outer sections of embankments can usually be routed
directly to the proper location. placing rock fill
indiscriminately in the same tift with soillike
shale or in separate lifts across the entire embank-
ment should not be allowed, since the rock fill can
act as a reservoir for infiltrating surface or seep-
age nater.

Selective grading may also be required to rnove
large, durable rock out of soillike shale during
placenent in thin lifts. A dozer equipped with the
proper size of rock rake can effectively push large
stones to the outer slope. The danger is that large
pieces of nondurable shale could be pushed along
with durable rock. This danger can be minimized by
first breaking dovrn shale pieces with dozer treads
or a heavy tamping roller.

To achieve adequate compaction of 8- to 10-in
(200- to 250-mn) thick loose l-ifts of nondurable
shales, it nay be necessary to use a heavy tamping
roller, followed by a vibratory rollêr, and final-ly
a very heavy [50-ton (4536-kg) ] , pneumatic-tirêd
roller and a minimum total of six coverages. The
speed of compactors should not exceed 3-5 niles/h
(4.8-8 km,/h).

For clurable shales placed as rock fill in loose
Iifts of a maximu¡n thickness of 24 ín (0.6 m), the
use of vibratory compactors has proved satisfac-
tory. For clean rock fiIl, hauling and spreading
equipment, when routed uniformly over each Iift, may
be adequatè. The use of rocklike shales in which
the ânount of soil or fines cannot be controlled
should be limited to loose lifts 12-18 in (31-45 c¡n)
thick ancl should be compacted by using heavy vibra-
tory or pneumatic-tired rolLers.

When experience is lacking on the compaction of
nondurable shales from a particular formation, test
pads should be constructed. Test pads help to
deternine the applicability of watering and disking
in breaking down shales and improving compaction
after placement. The suitability of the
contractorrs compâction equipment and the optimun
compaction procedures can also be deter¡nined in
order to obtain the desired co¡npaction. oeveloping
the best procedure for breaking down oversized shal-e
and rock or raking durable rock out of nondurable
shales can also be worked ouÈ under test-pad
conditions.

For ¡niní¡num settlenent cases, the following
procedures may be necessary to achieve adequate
co¡npaction. It is generally required that
nondurable shales be spread in loose lifts no
thicker than I in (200 m¡n) and that oversized pieces
be broken ilown or removed. Four-wheeled, heavy
conpactor dozers are often used to spread and
cornpact, but they tend to ride over rather than
break down hard shale, limestone, or sandstone
chunks and slabs. Heavy, tracked dozers, followed
by compactors that have square ta¡nping feet with a
snall contact area, are rnore effective.

Initial rolling followed by watering of dry
shales (by tankers or trucks equipped with spray
bars) can also help in breaking down oversized shale
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pieces. Dry shales that slake readily shoutd be
watered and disked as an aid in compaction. The
water added should not increase the in-situ water
content above thê optinum for the shafe. A dense
layer should be produced by using the following
procedure: disking, followed by additional watering
(if no "gumny" clods are apparent), then static
roller compaction (a mininum of two complete
coverages), followed by vibratory roll-er compaction
to bring the total number of coverages to six. The
above proeedures can be modified on the basis of
test-pad results and by using thicker lifts for l_ess
stringent requirenents on long-term settlernents.

Compaction control techniques for shale e¡nbank-
ments may include procedural provisions and/or end-
resul-t provisions. Specification of Iift thickness,
allowable oversized rock, watering and disking, com-
paction equipment, nurnber of coverages, etc., can be
used to reduce the settlenent potential. In-p1ace
density tests can be used to monitor the percentage
of compaction.

]MPLEMENTATION EFFORTS

A program to acceLerate the application of the
implementable results of the research project was
initiated in June 1979. An executive summary report
(7) was developed to provide a condensed version of
the five-volume research report. The summary report
provides much of the useful information i.n a brief
docurnent that is suitable for easy reference or
executive briefing. A series of training workshops
was developed for presentation to practicing highway
engineers from federal, state, and loca1 agencies.
The presentation and explanation of the technical
guidelines nanual (!) was the focal point of each
wor kshop.

CONCLUS]ONS AND RECOMMENÐÀTIONS

Excessive settlement and slope faifures of shale
embankrnents are expensive and difficult to correct.
It is also impractical to treat all shal_es as
problem materials because the approprÍate design
neasures to precludê failure are too expensive to
apply indiscrininately. Since shale is one Õf the
most abundant and troublesome materials that highway
engineers must deal with, it ís extremely important
to have rational- guidelines for design and
construction. The recently developed technical
manual (5) provides the necessary guidance for
building satisfactory shale embankments.

The primary causes of large settlenents and slope
failures in highway shale enbankments are inadequate
compaction, saturation, and shale deterioration.
The first two are typical problerns in e¡rbankment
construction, but few other materials suffer from
such a serious deterioration problem. Not all
shales deteriorate, and those that do deteriorate at
different rates. Sone shales are harcl, durable
rocks, whereas others crumble easily and perform
like a soft soi1. Between these two extrenês lies a
wide spectru¡n of soil behavior.

One of thê most inportant steps in the design of
shale e¡nbankments is the ctassification of shales
according to long-term durabil_ity (i.e., suscepti-
bility to deterioration). The sl-ake-durability in-
dex and the jar-soaking index are two simple aids
for defining deterioration (but not hardness).
Shâles for highway embank¡nents shoul¿l be classified
as soillike (nondurable) and rocklike (durable).

Because of the variability in shale for¡nations
and shaLe durability, special design and
construction considerations for shale embanknents
are necessary to achieve adequate conpaction and
prevent harmful saturation of enbank¡nent rnaterials.
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The main consideration ínvolves determining which
shales can be placed as rock fitl in thick lifts and
which shales must be placed as soil and compacted in
thin l-ifts. Test pads should be constructed to
determine the required procedures (lift thickness,
watering, disking, type of cotnpactor, and number of
compactor coverages) for each different shale
¡naterial.

The comnon persistence and eventual nagnification
of shale-enbankment distrêss suggest the need for
early evaluation and treâtment of embankment
problems. Existing distressed embankments should be
evaluated by performing a systematíc review of
design, construction¡ and maíntenance records plus a
comprehensive field and laboratory investigation to
define the cause of distress or fail-ure. The
primary consideration in the re¡nedial treatnent of
shale embank¡nents should be surface and subsurface
ilrainage rneasures. when other remedial Èechniques
are applied' drainage measures are usuall-y a
necessary supplenent.
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t¡on, maximum credible earthquake, saturation or nonsaturat¡on, and ¡ndex
shear-strength parameters. The use of stability charts in design analysis is

frequently lustified by the simplified nature of the l¡m¡t¡ng cond¡t¡ons. The
emphasis in the design of mine-waste embankments ¡s to control the locat¡on
of different mater¡al types and dra¡nage more than to control slope inclina-
t¡ons,

Surface mining involves the removal and disposal of
l-arge quantities of overburden material, ¡nuch of
which is shale. This ¡naterial is often disposed of
in large waste embankments several hundred meters
high that vary in volu¡ne fron severat nillion to
several hundred million cubic neters. Until re-
cèntly, most of these embank¡nents were noÈ engi-
neered. These e¡nbank¡nents can be distinguished fron
highway or earth-dam embankments by the varíability

2.

3.

4.

6.

Stability of rilaste-Shale Embankments
BRUCE C. VANDRE AND LOREN R. ANDERSON

Research conducted by the U.S, Forest Serv¡ce and Utah State Un¡vers¡ty on
the stabil¡ty of waste-shale embankments ¡s described. M¡ne-waste embank"
ments can be distingu¡shed from other engineered fills by their variable and
loose nature, by the lack of control of gradat¡on and density dur¡ng construc-
t¡on, and by their deformation tolerance. Stability requirements dictated by
government regulations generally focus on the protect¡on of adjacent surface
resources rather than on the ut¡lity of the embankment. Laboratory and field
¡nvest¡gations indicate that waste shales in southeast ldaho have high void
ratios. moderate permeab¡lity, and low-plasticity fines and are suscept¡ble to
collapse settlement on saturation. Commonly occurring slope movements can
be classif¡ed as slumps, shallow flow slides, and foundation spreading. Fully
developed rotational sl¡des are not common in southeast ldaho. The deep
slope movements generally result from a reduct¡on ¡n toe support caused by
groundwater, excavation, or weak foundation so¡ls. Shear-strength lest¡ng of
shales at different gradations, durabilities, and mo¡sture conditions indicates
that ultimate shearing resistance can be differentiated at two levels that can be
related to material conditions. The design of mine-waste embankments should
be based on l¡miting cond¡tions that may include max¡mum probable prec¡pita-
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of the naterial properties and the J-arge void space
within the embankment naterial. Because of uncon-
trolled placement and the variable nature of the
waste-enbankment naterials, conventional procedures
for evaluating stability and shear strength are of
limited usefulness.

The purposê of this paper is threefold:

1. To present a discussion of the construction
methods and resulting characteristics of waste
embanknents,

2. Ib present laboratory and fiel-d test data
that characterize the properties of the waste-shale
embankments constructed in the mountaíns of
southeastern ldaho, ând

3. To proposê the use of index shear-strength
determinations for the design of waste-shale
embankments.

GENERATION AND DISPOSAL OF WASTE SHATES

Since shal-e is the most abundant rock type occurring
at the earthrs surface, it is not surprising that
large quantities of mineablê mÍnerals are associated
vríth shal-es. CoaI frequently occurs in a rock unit
known as a cyclothen, vrhich consists of successive
beds of sandstone, shal-e, clay, coal, and
Ii¡nestone. This successi.on of beds is repeated many
tinês in the strata of the coal fields. Frequently,
the shale and sandstone nembers for¡n the greater
part of a cyclothem and coa1, clay, and limestone
are subordinate. Co¡runonly, 30-70 percent of the
waste rock associated with the surface nining of
coal is shale (!). rn southeast ldaho, 50-70
percent of the waste rock associated with the
surface mining of phosphate ore is shalê (2). The
remainder of the waste rock is predominantly chert
and linestone.

The disposal of i,raste rock can be a major aspect
of the nining operation. Waste-to-ore ratios can
typically vary from 1:I for underground mining to
20:1 for the strip mining of coal. The waste-to-ore
ratio for phosphate is approxinately 6:1. The
allowable economic waste ratio depends on com¡nodity
price, refining cost, ore grade, and mining rnethod.

The optional tocations for the waste fi11s are
valleys' sidehills, and the rnining excavation.
Gêneral1y, stability is not a concern in the casè of
waste materiä1 placed as backfi11. Backfilling is
li¡nited by the cost of the doubl-e handling of
materials or the presence of future potential ore in
the êxcavation. Backfilling is done in some states
to satisfy reclamation requirenents. Even when
bâckfilling is done, sone surface waste placement
cannot be avoided because the volume of excavated
material after fragmentation r¡i1l increase and
exceed the size of the excavation.

METHODS OF WASTE-EMBÀNKTIIENT CONSTRUCTION

Methods of constructing waste enbankrnents at the
phosphate mines of southeastern fdaho vary depencling
on the steepness of the terrain at the mine and the
type of earthnoving equipment used. The difference
in construction methods causes differences in the
engineering properties of the embankment rnaterial.

At one mine, where the topography is steep, the
embankments are built by dumping waste material over
a slope at the end of the embankment (end dumping).
The material flows down the slope at an anglê egual
to the angle of repose of the ¡naterial. The
vertical heíghts of such e¡nbankments often exceed 30
m (100 ft) and have been as high as 90 m (300 ft).
The area of the dump is íncreased as naterial ís
continually placed over the edge of the etnbanknent.
End dumping resuLts in high void ratios because the
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bulk of the material is not cornpacted during
placenent. Segregation of particle size â1so
results. The large ¡naterials ro11 to the bottom of
the slope, ånd the finer materials remain nèar the
top. If the coarse rnaterial near the base of the
dump is durable, it behaves as ã rock fill. There
is grain-to-grain contact of the coarse particles,
and the voids are generally not fil-led with fines.
Near the top of â dunp, the fines frequently control
the permeability and shear strength of the material.

!\laste dumps at a second nine, where the
topography is conparatively flatr are placed in
horizontal J-ayers approximately 0.5 m (1.65 ft)
thick. wheel tractor scrapers place the material.
Some compaction is achieved by the scraper wheel-s as
they pass dirêct1y over the material. The densities
vary because portions of the fill do not receive
direct wheel contact. Final- slopes are generally
graded to 3 horizontal to 1 vertical at both nines
for reclanation purposes.

Other common rneans of waste-èrnbankment plåcement,
not used in southeast ldaho, include aerial tramways
and conveyor be1ts. These free-faIl methods also
result in particle segregation and high void ratios.

EMBANKMENT PERFORMÀNCE REQUIREMENTS

The disposal of nine waste can be a liability from
the perspective of both the nine operator and the
surface resource manager. In ¡nining, overburden
disposal is a nonproductive cost. In addition,
waste enbanknents can change or creäte potential
hazards for future land use or result in adverse
environmental inpacts. Sone federal- regulations
(e.9., 36 C.F.R. S 252.1) require waste disposat
operations to be I'conclucted so as, where fe¿sib1e,
to ¡nini¡nize adverse environmental impacts" and to
take into consideration (a) air and water quality
standards, (b) protection of fish and wildlife habi-
tats' (c) reclamation, and (d) harnony with scenic
values. Embankment instability rnay adversely affect
any or all of these factors. The prine function of
vraste embankments is disposal. Performance require-
ments generally consider the protection of other re-
sources more than the utility of the embankment.

From an engineering perspective, vraste
embanknents can be distinguishèd from high$¡ay
embankments and dams with respect to design 1Ífe,
rnaintenance, and settlement tolerance. The design
life or term of service for highway etnbankments or
dams is frequently limited by the durability of the
appurtenant structures. The appurtenances can also
control the allor¡able defor¡nation limits of the
e¡nbank¡nent. Asphalt, concrete, and steel have
finite and sonewhat predictable service 1ives.
Waste embankrnents are Iandforns and, geologically,
landforms are inherently unstable. Itrs just a
matter of tirne, which is uncertain.

Stability depends on future physical conditions
such as rainfaIl, earthquakes, groundwater develop-
ment, or changes in the properties of embankment ma-
terials. Theoretically, "worst" conditions such as
the probablê naximu¡n precipitation and the maxi¡num
credible earthguake can be estÍmated. These condi-
tíons are the upper physical Iinits extrapolated
from existing knowledgè, which is Ii¡nited. The un-
certaínty of future conditíons is the primary basis
for the risk of future instabilítíes. Whereas worst
conditions are considered in the design of da¡ns be-
cause of adverse consequences, such as loss of life,
worst conditiÕns are considered in the design of
waste embanknents because of the ever-present possi-
bility of their occurrence. Designing for lesser
conditions nay be more acceptable when probability,
rather than consequences, is the basis for a worst-
conditions design. Acceptance of lesser desígn con-
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ditions nust consider optirnization (mineral develop-
ment versus environmental protection) ' cost-effec-
tiveness, and societyis reluctance to consciously
irnpose risks on future generations. To enabLe gov-
ernment agencies to approve "optimum" designs' regu-
Iations must permit discretionary acceptance rather
than promul-gate mandatory design standards. How-
ever' discretionary authority may result in ineffi-
cient, time-consumíng, or inequitable approval prac-
tices.

Magnitudes of settlement that would generally be
unacceptablê for roadway or dam embankments are
acceptable for vraste embankments. The limiting
deformation for waste embankments is the a¡nount that
would disrupt surface drainage, create excess pore
pressure' or creâtê other hazards for stability.

SLIDE CLASSÎFICATION

Slope movenents cornmon to non-water-inpounding
mine-waste enbankments nay be classified as slunps,
shal-Iow flow sl-ides' or foundation slides (3). In
southeast Idaho, slumping has generally been limited
to shallow depths. Edge slumps result fron the
oversteeping of the upper portion of the slope.
This can be caused by an accunul-ation of fines or by
temporary cohesion associated with noisture (4).
Fully developed rotational slides are not common in
shales that have a low clay content. Ho\dever,
deep-ernbankment sLides can result fro¡n a reduction
in toe support caused by groundwater, excavation, or
weak foundation soils. If the foundation shear
strength exceeds the enbankment shear strength and
is frictional in nature, and if excess pore
pressures do not occur in the foundation, sliding
surfaces wil-I be confined within the embankment.

Shatlow flow slides are frequently initiated by
rain or snowmelt. rnfiltrating water can saturate
surface soils' provided an adequate supply of water
is available to fíIl the air voids and the runoff or
rainfall intensity exceeds the infiltration rate.
The depth of saturation depends on soil permeabil-
ity, porosity, degree of saturation, and the avail-
able supply of water. FIow slides occur because of
the shear failure of the soil or the collapse of the
soil structure. These slides can disrupt reclamâ-
tion activities and can affect locations at consid-
erable distances below the waste e¡nbanknent.

Foundation sfides invol-ve shearing at the embank-
ment-foundation interface or below the embank¡nent.
End dumping' a rapid-loading condition, can result
in the developnent of excess pore pressures in the
foundation soils and cause a slope wedge to trans-
late laterally. The foundation soíIs can be shoved
or pushed ahead of the advancing toe. This type of
sliding is classified as foundation spreading. The
development of excess pore pressure depends on the
degree of saturation, the permeability of the foun-
dation material, and the rate of advancement of the
dump s1ope. Íf. the loading exceeds the shear
strength because of pore-pressure buildup, founda-
tion spreading wíLl occur. Generällyr the slope
¡ri11 stabilize after a period of ti¡ne if the fiIl
placernent is discontinued. To resurne dunping and
avoi¿l future novemènts, the dump heíght or advance-
¡nent rate would need to be decreased. Îf the
drained resídual foundation strength is unusually
Io$¡, buttressing and confinenent or translation to
flatter terrain nay be needed to stop the slide.
For saturated clay foundations, generally it is not
feasible to limit rates of fill placenent to avoid
undrained loading conditions. In addition' it is
not common practíce to construct dunp slopes raPídly
enough to develop excess pore pressures in sand
foundations. The rate of advancement of dunps sup-
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ported by silty rnatería1 can be critical to founda-
tion stabiJ.iby.

Embankments dunped on steep slopes may translate
along the contact between the embanknent anil the
foundation. These slides may occur during embank-
ment construction because of the steepnèss of the
foundation or can be initiated later by the decay of
organic matter, earthquake forces, the melting of
buried snow, or other occurrences of groundwater.
The slope of the natural- ground cletermines both the
potential for and the consequences of sliding. As
the slope of the foundation increasesr so do the
sl-iding potential and the potential area of impact
of the sliding.

DESCRIPTION OF THE INVESTIGATION

In 1978 (phase I of the investigation), laboratory
and field testing were undertaken to classify and
evaluâte the general engineering Properties of.
overburden ¡nateriats lrasted in the nining of
phosphate ore ín southeastern ldaho (5). In the
spring of 1980r waste-shaIe materials were sheared
ât 1ow normal- pressures to evaluate strength
paraneters for the analysis of shallow flow slides
(6). In the fall of 1980 (phase 21, waste-shale
materials were tested to develoP index shear
strengths for use in the stability analysis of
mine-waste embankments.

Phase I

CIassi fication

Seven shale samples, weighing approximately 110 kg
(50 fb) each and representative of the finer
particle sizes, were obtained from waste embankments
at two different phosphate mines in southeastern
Idaho. Particles larger than 51 nm (2 in) were
discarded. The average and range of grain-size
¿listributions are shown in Figure 1. The liquid
lirnit and plastic limit, averagecl for the
classification sanples' were 23 and I9 Percent,
respectively. Most of these sanples were classified
as silty gravet (Unified Soil- Classification GM).

conpaction

To proviile some perspective as to the range of
conpaction occurring in layer-placed embankments, l-5
density tests were taken at locations benèath or
betvreen the wheels of the hauling equipment.
Laboratory compaction curves (AASHTO T99-741 were
deternined for the satnples at each density
location. The averaçte degree of laboratory
compaction for locations subjected to wheel traffic
was 90 percenti the avèrage compaction for locations
not subjected to wheel traffic was less than 80
percent. The compaction range was highly variable
(standard deviation of 6). The average moisture
content of the density tests was approxinately 2

percent beJ-ow optirnum. Changes in the Placement
moisture content of waste shales can vary with the
time of year as well as other clinãtic conditions.
The fielcl density tests were taken during the sunmer.

In the construction of end-dumped embankments,
only the finished areas and haul roads receive wheel
compaction. These areas represent a snall fraction
of the entire waste enbankment. Density testing on
an angle-of-repose slope is difficult; one test,
however, had a relative compaction of 79 Percent.

Permeability

Constant-head perneability têsts were performed on
sanples conpacted to densities that varie¿l from 86
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Figure 1. Particle-size gradat¡on of representative samples of wæte shale,
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to 95 percent of the laboratory maxinun åt a
moisture content 2 percent dry of optimum (AASHTo

T-99). The average permeabílity for four tests was
3x10-s cr¡/s (0.9x10-s in,/s). This perneâbility
is believed to be more representative of layer-
pLaced embanknents than end-dunped enbanknents and
interior fill rather than exterior fi11. The ef-
fects of weathering and siltation fro¡n surface ero-
sion could substantially reduce infiltration at the
dump surface.

Conpression Tests

Confined compression tests v¿ere run on the
classification samples to evaluate the settlement
characteristics. sa¡np1es representíng two different
grain-size distributions were used for testing. One
set of samples was prepared to represent the coarse
shale material that occurs near the botton of
end-dunped embanknents where there is substantial
grain-to-grain contâct of the coarse particles. A
second set of samples represented the waste-shale
material that has substantial fines. The coarse
sanples vrere prepared by passing crushed cherty
shale material through sieves and retaining the
fraction passing the 4.75-mn (no.4) sieve but
retained on the 0.8-mm (no. 20) sieve. À 6.4-cm
(2.5-in) diameter consolidoneter was used to perform
the conpression tests. Different noisture
treatments were useil in perforrníng the tests. Tïo
tests rrrere perforned on samples that vrere subjected
to wetting and drying cycles durÍng the tests.
Thrêe tests were performed by increasing the normal
load on dry sanples and then saturating the samples
after they had reached a given stress 1evel. The
results of these tests on the coarse material are
shown in Figure 2. The slope of the strain versus
Iog of stress curves was nearly tr.rice as steep for
samples subjected to wetting and drying cycles as
for sanpLes that were compressed dry. Complete
saturatÍon of relatively dry sanples caused an
im¡nediate increase in conpression (collapse

2L

Figure 2. Strain versus log pressure for coarse waste.shale material show¡ng the
effects of moisture.
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settle¡nent). Hohrever' the magnitude of vertical
strain is about equal to the final nornal pressure
for both the cyclic ¡noisture condition an¿l the
collapse condition.

Si¡nilar tests vrere performed on comPacted samples
of \raste shale that containeil significant fine
material. the saturation collapse settlernent was
not as great for the fine material, and increased
compaction decreased the rnagnítude of compression.

Total and Effective Shear-Strength Parameters
Versus Conpaction

The effect of compaction on the strength of par-
tiall-y and fully saturated waste-shaIe samples r¡as
evaluated from the results of 23 consolidated-
undrained triaxial shear tests with pore-pressure
measurements. The triaxial test specimens had a tli-
ameter of 3.6 cm (1.4 in) and were prePared by pass-
ing one of the classification samples through a
2.O-mm (no.10) sieve ancl discarding the P1us-2-mn
¡naterial. The scatpe¿l test gradation is shown in
Figure 1.

The triaxial shear tests were run on samples
conpacted to 80, 90r anil 100 percent of the
laboratory naxi¡num (AAsHTo T-99) at a moisture
content approxirnately 2 percent dry of optÍnun. The
tests were run at confining pressures of 69, 207 ,
and 345 kPa (10, 30, and 50 Lbf,/in'z). The
strength envêlope vras based on the maxinum deviator
sÈress reacheil before a strain of I percent. The
Mohr-Coulomb strength envelopes had a shear-strength
intercept that curved upward with increasing
confining pressure. Both intercept and curvature
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Table 1. Friction angle versus oompaction and moisture content for waste-shale
material from triaxial shear test results.
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angle and the strength intercept obtained fro¡n the
best-fit strength envelope were 29o and l-.3 kPa
(0.18 lbf./ín2 | , respectively. The average
coefficient of variation (ratio of the standard
deviation to the mean) for the test shear-strength
values obtained at three different normal Pressures
was 20 percent.

Phâse 2

Testing samples with scalped gradations will yield
conservative estinates of shear strength for nany
field conditions. However, the use of this approach
has the following li¡nÍtations for the design of
¡nine-Ì{aste embankments: Testing of representative
sarnples is not possible, and finejrained material
strengths may be overly conservative for sone mine-
waste-embankment conditions. In the laboratory
testing performed to exa¡nÍne the relationship among
shear strength, gradation, and ilurability, it was
expected that shear strength could be indexed to
particle-size classification. As testing pro-
gressed, the inportance of the íilentification of
shear-strength components becane apparent. The fo1-
lowing discussion of the phase 2 investigation con-
sists of a review of the mechanics of shear resis-
tance of granular nateriâls, test results, conclu-
sions, and recommendations for indexing waste-
embankment shear strength.

Mechanics of Shearing ResÍstance

Thê drained shearing resistance of granular material
consists of the fottowing components: sliding
friction, particle rearrangenent, dilaLancy, ancl
particle crushing (7'8). The slope of the
Mohr-Coulomb strength envelope can be explained in
terms of the different shear-resistance cornponents.
At lor,¡er normal pressures, the slope of the envelope
is controlled by resistance to Particle
rearrangenent and by díIatancy and sliding
friction. For example, nediun-grained unifor¡n
quartz sand experiences very 1íttle crushing below
37 kPa (5 Lbf/ín2 ) (9). As the nor¡nal Pressure
increases, the slope of the envelope decreases when
crushing has a net effect of reducing dilatancy
effects. At very high pressures, particle crushing
requires consideräble energy ancl, together with a
possible s¡naI1 increase in friction, causes the
strength envelope to steepen.

when the strength envelope is curvedr the fric-
tion ångle can be deterníned at various normal
prêssures (tan- I shear stress,/normal stress)
rather than neasuring the ínclination of the
strength envelope over a range of normal pressures.
This "point" friction angte has been referred to as
the "equivalent" fríction angle in a British study
of coarse colliery waste ¡naterials (10).

The friction angle for a best-fít, straight-line
strength envelope will not refLect all of the dila-
tancy ând crushing contributions to shear resis-
tance, which vary with normal pressure. This ap-
proach nay be overLy conservative if it eliminates
crushing contributions. In addition' a straight-
tine envelope is conservative if the shear-strength
intercept is eli¡ninated from contribution because it
is mistakenly attríbuted to negative pore-pressure
effects. The variation of shear strength with nor-
rhal pressure nay also be examined by plotting the
point frictíon angle as a function of the logarithn
of the normal pressure. A linear relation comnonJ-y
exists (f!) .

Àt a constant-placetnent relative densityr grada-
tion appears to have pronounced influence on the
shear strength of rock-fill materials whereas' at a
constant-placernent void ratio, the influence of gra-

Void
Ratio

Water
Content
(7")

Friction Angle { (o)

Total Effective

80
90

t00

80
90

r00

0.90
0.69
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0.90
0.69
0.52

3 1.0
37.0
47.5

15.0
15.0
37.5

l4
14
14

_b
_b
_b

29.5
3 3.0
39.0

ueAsHTo .fss. bsatu¡ated.

increased with compaction. To indicate the effects
of cornpaction on the partially saturated samples'
the friction angl-es, as defined by a straight-line
envelope through the origin of the axes and tangenÈ
to Mohrts circle at the 345-kPa confining pressure,
are given in Table 1. The conplete results,
inctuding the stress-strain curves, have been
presented elsewhere (å).

Saturation after Plâcement nay be a possible
future condition, as a result of extreme flooding or
the nelting of large snow masses that were buried in
the embanknent during construction. Therefore,
consolidated-undrained triaxial shear tests with
pore-pressure measurements were also run on
saturated samples. Saturation was achieved by using
back pressure. Both total and effective strength
parameters were determined. The results are
su¡nmarized in Table l, along with the partially
saturated test results. These results are based on
best-fit Linear strength envelopes through the
origin of the axes for shear stress and normal
stress.

Direct Shear Tèsts at Low Normal Pressure

Thirty direct shear tests were performed at nornal
pressures less than 27.6 kPa 14 tbf,/in2 ) on
l-aboratory-nolded samPles of waste shale. The
gradation of these sampfes modeled the average
gradation of the classífication sampÌes presented in
Figure J..

The grain-size distribution of the modeled mate-
rial was obtained by shifting the graín-size-distri-
bution curve for the average' ãpproxinately parallel
to itsetf, to the desired maximum particle size for
the taboratory specirnen. The liguid limit and the
pIåstic li¡nit of the tested näterial were 27.4 and
24.5 percent, respectively. The samples were
loosely placed in the test eguipment and compressed
to void ratios that averaged 0.87 with a standard
deviation of 0.03.

The samples were saturated by upward seepage of
!¡atèr un¿ler a hydraulic Aradient of one and were
maintained in a saturated condition for
approximately t6 h before testing. The tests were
conducted in accordance with the ¡nethod given by
AASHTO T236-72. AII samples were sheared under
consolidated-drained conditions with a constant rate
of shear displacement of 0.7 mm,/min (0.03 ín,/nin)
and a gap spacing of 6.4 nn (0.25 in). The sa¡nples
were 10.2 c¡n 14 in) in diameter and approximately
5.1 cm (2 in) in height. The slow rate of shear
dispJ,acement al-loweil sufficient tí¡ne to ensure total
dissipation of pore-water pressure wíthín the
sample, and effective stress paraneters grere
obtained.

Failure e¡as defined as the ¡naxinun shearing
stress or the shearing stress at 10 percent lateral
strain (shear displacement dívided by the sample
diarneter), whichever occurred first. The frÍction
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clation see¡ns to be negligible (1¿). A resulting
similarity in void ratios appears to be the explana-
tion for the acceptable use of modleled graclations in
shear-strength testíng. In the shearing of a loose
granular material¡ deforrnation ten¿ls to increase the
shear strength by decreasing the void ratio (parti-
cle rearrangenent). It is apparent that, when shear
strength is determined by strâin criteriar loose na-
terials in which there is a large difference beti{een
¡nininun and maximu¡n void ratios will have low shear
strengths conpared with rnaterials that have a small
range of possible void ratios. The energy required
for compression partici.e rearrangement is less than
that required for dilatancy or crushing.

It is conrnon knowledge that the fines content
Ininus 0.075-n¡n (no.200) sieve] affects the shear
strength of granular ¡naterials. The Anerican
Àssociation of State Highway and Transportation
Officials (AÀSHTO) and Unified Soil Classification
systems suggest that approximately 15, 35, and 50
percent fines contents have a significant effect on
the engineering properties of soils (13.1. The
rnechanics of how fines affect shear strength have
not been explained. Intuitively, the presence of
fines is expected to decrease resistance to particle
rearrangement and dilatancy. Studies that have
exanined the relation betvreen shear strength and
fines content in mine-waste Í¡aterials have not
considered the combined effect of relative density
and gracling in their examinations (11).

Laboratory Testing Program

The U.S. Forest Service perforrned 97 tlirect shear
tests and 8 triaxial tests on 6.4-cm (2.5-in)
diameter sanples for the phase 2 investigation.
Utah State University performed 2I direct shear
tests on 10.2-cm (4 ín) diameter sanples. The
direct shear tests were performed at normal
pressures that varied fro¡n 12 to 372 kPa (1.8-53.9
lbf/ín2r. The triaxial tests were performed at
confining pressures of 138, 345, or 690 kPa (20, 50,
or 100 lbf/in2). The I0.2-c¡n direct shear
apparâtus was used prinarily to test the coarser
gradations. Triaxial testing was performeil for
comparative purposes and to obtain higher normal
pressures than would be practical v¡ith the direct
shear apparaÈus.

Five gradations (A through E) of durable,.Iow-
plasticity shale were tested (see Figure 3). These
gradations incluiled the significant fines content
recognized by the engineering soils classification
systems previously nentioned. The ¡ninus-2-m¡n (no.
t0) particle-size content was based on Èhe ratio of
percentage finer than 2 mm to percentage finer than
0.075 mn (no. 200) of the average gradation for the
classification mâteríal (Figure 1). The 2-n¡n parti-
cle is the boundary size betrdeen sand and gravel in
the ÀÀSHIo Soil Classification system. It is also a
reference size in slake-durability testing. The
linear particle-size distributions between the con-
trol sizes--naxinum test particle size 2 nm and
0.075 m¡n--are reasonable, considering that placement
methods result in poorly gracled partici-e distribu-
tions.

For conparatíve purposes, two other materi-
als--quartzite and nondurable shale--were tested at
gradation E. The non¿lurable shales degraded ínto a
pile of flakes after immersion in waterr r.vhereas the
durabl-e shale for¡ned only a few fractures.

The direct shear sarnples were tested by using a
rate of shear displacement that varíeil fron 0.5 to
1.3 mm/¡nin (0.02-0.05 inlnin). The gap spacing
equaled 1 cm (0.4 in) for the 1.25-c¡n (0.5-in)
maxi¡num particle gradations and Ìvas equal to or
greater than the naxÍnum particle size for the other
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gradations. Moisture conditions for the tests srere
either air-dried or saturated.

Test Results and Discussion

The shear-strength pararneters and void ratios for
the different gradings and materials are summarized
in Table 2. The void-ratio ranges were estinated by
considering the range of densities measured for 10
loose placernents at each gradíng and random
conpression neasurenents at the varioug normal or
confining pressures. The terms point friction angle
and envelope friction angle are defíned in Figure 4.

In the air-dry conclition, the gra¿lations of the
durable and nondurable shales compressed fron 3 to I
percent at nornal pressures that varied from 99 to
371 kPa (14-54 lbf/in2 ) and confining Pressures as
high as 690 kPa (100 lbf,/in'z). In the saturated
condition, the durable shale compressed up to L2
percent and the nondurable shale compressed rapidly
up to 24 percent at the 37l-kPa loading. The
quarÈzites compressed less than a fraction of 1
percent at the 371-kPa normal pressure loadíng for
both the dry and saturated conditions.

All shale gradaÈions except gradation E exhibited
peak shear strengths (curve type I in Figure 5) at
norrnal pressures fro¡n 99 to 37L kPa. shale at
gradation E developed peak shear strengths (curve
type 3 in Figure 5) at normal pressures of less than
37 kPa (5 lbf,/in2 ) , at which level dilatancy could
not be prevented. Type 3 curves were also developed
by material tested at gradation A and ât the higher
triaxial confining pressures (significant co¡npres-
sion) .

The effect of saturation on the durable shales
was to change the shape of the stress-strain curve
fron a flattening curve (type 2) to a continuously
risÍng curve (type 4). The shear strength of the
durable saturated shale generally reached the shear
strength of the air-dry shal-e within 15 percent

Figure 3. Gradations for shear-strength testing (phase 2).
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Table 2. Summary of shear-strength parameters.
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l'

Sample Grading

Initial
Void
Ratio

Normal
Pressure
(kPa)

Ave¡age Point d C) Envelope O (o)/Intercept (kPa)

Peak Ultimate Peak Ultimate

Durable shale

Nondurable shale

Quartzite

B
C
D
E

0.8-0.95

0.5-0.65
0.65-0.70
l. I 5-1.25
1.05-1.2

i.0s-1.2
0.9-1. I 

a

1.05-1.2

3sls
37130

3710
36148

"o 
l^1

42157

35/0
3714
28alß
29133
2sl7s
35^ 124

3813
394lo

37 llO
29alß

4010

12.4-37.t
99.4-371.9
99.4-371.9
I I 9.5-352.0
I I 9.5-352.0
I 19.5-352.0
12.4-37.t
99.4-311 .9
99.4-37 t.9
99.4-371,.9
99.+37 r.9

12.4-37.r
99.4-37 t.9

42 40
39 36

3la
37 35
43 39
47 404
50

39
3ga

39
324

49 3917 0

úe ENVELOPE FRICTION ANGLE

9P POINT FRICTION ANGLE

-/

Note: 1 kPa = 0,145 lbf/in2.
aSâturated sample.

Figure 4. Defin¡tions of
envelope and point fr¡ction
angle.

NORMAL STRESS

Figure 5. Class¡ficat¡on of laboratory stress-stra¡n curyes.

strain deformation. The stress-strain curve for the
nondurable shales v¡as the flattening tyPe for both
the saturated an¿l dry conditionsi howeverr the
saturated shear strength was significantLy IoHer.

Figure 6. Comparison of triaxial and d¡rect shear test results (gradation Dl.
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The friction angle for the saturated nondurable
shales (32o) ' averaged for the clifferênt nor¡nal
pressures' nearly equaled t.he similarly averaged
saturated ulti¡nate friction angle for the
fine-grained gradation A (3Io). After saturation'
the collapsed void ratio of gradation E nearly
equaled that of gradation A. The nondurable shales
collapsed to such an extent on exposure to e¡ater in
the triaxial apparatus that säturation of the sample
un¿ler confining pressure becarne extrernely difficult
because of the decreasecl perneability. Saturation
anil shear testing ilegracled the nondlurable shale
sanplês fron zero percent passing the 2-¡n¡n (no. 10)
sieve (gradation E) to 59 percent passing the 2-mn
sieve and 1I percent of the total sanple finer than
the 0.075-nn (no. 200) sieve. The durable shale
sa¡nples also degraded during saturated shearing to
36 percent passing the 2-nm sieve and 4 peréent of
the total sa¡nple finer than the 0.075-¡nm sieve.

The Mohr-coulo¡nb strength enveLope for gradation
D of the durable shâIes determined by triaxial
testing is shown in Figure 6. The direct shear test
results' also included in this figurer fit on the
strength envelope for the triaxial tests. The
variation in shear strength between triaxial and
direcÈ shear tests reported for míne-waste mâterials
by others (1,1) coulit be explained by differences in
normal pressure ranges. The other triaxial test
results also closely agree¿l grith the averaged direct
shear results. However, the variation anong
replicated dlirect shear tests suggests thât
repetitive testing is advisabl-e.

Averaging the test friction angl-es for the shal,es
in each colu¡nn in Table 2 has procluced the following
results: For point friction angle¡ peak = 43o and
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Figure 7. Fr¡ction angle versus log pressure for differenl
particle gradat¡ons and durability.

ultimate = 37o; for envelope friction angle,
peak = 38o and ultimate = 35o. If one consiclers the
previously described shear-resistance theory for
granular maÈerials, the difference between the point
peak and point ultirnate friction angles (6") can be
attributed to ditatancy. The envelope friction
angle for the peak strengths (38o) also appears to
remove dilatancy effecÈs in that its value neârly
equals that of the point ultirnate friction angle
(37o). The parâmeters for the ultímate friction
angle envelope cannot be explained in terms of
shearing-resistance conponents.

Point friction angles are plotted in Figure 7 as
a function of the logârithn of the failure normal
pressure. Steeply stoping plots I through 4 for
peak friction angles indícate the severe effect of
nor¡nal- pressure on dilatancy. The flatter slope for
ultimate friction angles for the nondurable shale
(plot 5) suggests that normal pressure has a less
detracting effect on crushing contributions to shear
resistance. The ultinate shear resistance for the
durable shales at gradations A and E and the quartz-
ite vrere not significantly affected by normal pres-
sure within the testing load range.

At low norrnal pressures [<37 kPa (<5 lbf,/in'z) ] ,
dilatancy appears to be controlled more by graín
size than by måterial type. Ðilâtancy for plot 1
(the fine-grained gradation) is lower than that for
plot 2, which fits the friction-angle/nornal-
pressure points for both the quartzite and the dur-
able shale.

The laboratory test results given in Table 2 ex-
hibit two levels of ultimate friction angles' ap-
proxirnately 31o and 38o. These friction angles re-
flect ¡noisture conditions, grain sizes' and stress
levels. Saturated nondurable or fine-grained shales
can be assigned an index shear-strength value of
31o. It appears reasonable to assign an index
shear-strength value of 38o to nonsaturated waste
shales irrespective of grading and durability. The
rationales for using ultinate strength for index
purposes are as follows:

t. If the strain at every point along a sliding

100

NORMAL PRESSURE (kPa)

I 000 I 0 .000

surface in an embanknent could be measured, it woul¿l
vary from near zero at the nost recently mobilized
point to a relatively high value at the initially
¡nobilized point. The peak shearing resistance
occurs at only one value of strain. Eventuallyr the
ultimate resistance can be available along the
entire failure path.

2. Ultimate strength values do not include
ditatancy effects, which vary with place¡nent
conditions.

STÀBILITY ANALYSIS AND DESIGN

when Ín situ embanknent conditions cannot be relia-
bly predicted, design decisions shoulcl be basecl on
limiting conditions. Liniting conditions for nine-
waste embankrnents include ¡naximu¡n probable precipi-
tation, maximum credíb1e earthquaker index shear-
strength paraneters' and såturated or unsâturated
¡nater ia1 .

A sliding r.redgè is frequently used to analyze the
stability of granular soí1s. The v¡edge is recog-
nizecl to be a fundamental configuration for self-
weight-type analysis of clastic materials (15). A
theoretical liníting or worst conditíon for a slid-
ing wedge would be the fult arching condition (16).
Unequal compression of loose embankment material can
initiate arching. For shales, the shearing resis-
tance available along the sliding surface will de-
pend on the nateriâ1 conditions. Unless positive
drainage is ensured by the embânk¡nent design and
construction control, saturated conditions should be
assu¡ned. Hosrever' the design for saturated condi-
tions is often not practical.

The infinite slope nodeJ, can be used to analyze
the potêntiaI for shallow flow sliding. For this
type of sJ.iding to occur, a saturated wêtting front
must develop. For ¡naterial that has a shear-
strength intercept' the stable sloPe angle will be
affected by the depth of saturation. rn ¡nost tem-
perate climatesr ¡naxi¡num probable preciPítation
events will supply enough vtater to saturate to such
a depth that the stabilizing effect of the strength
intercept is offset. If the strength intercept is

25

Ê(

50

ooç
o
!

14soz

zo
F

ff40

J5

l0

L.

l- Gradation A

2- Gradation E, Durable shale and quartzit
3- Gradation D, Durable shale
4- Gradation C, Durable shale

1 5- Gradation E, Nondurable shale

HIGH DENSITY, I,IELL
GRADED, STRONG

\ PARTICLES (12)

Note: 1 kPa = 0.145 lbl/in2.

LOl.] OENSITY,
POORLY GRADTD, NTAK

PARTICLES I I 2)\



26

ignored (1initíng condition), design slopes become
quite flat an¿l stability is controlJ-ed by the occur-
rence of saturation. Hoerever, highly permeable ma-
terial can be used to prevent the development of a
wetting front at the final construction-slope toca-
tion.

Stability charts can be developed for use in the
analysis of the stability of mine-waste embank-
ments. The use of stability charts is often justi-
fied by the simplified nature of limiting condi-
tions. Charts have been developed for analyzing
deep-seated wedge slides, foundation spreading, anil
shallow flow slides (I7). The average nornal pres-
sure on a wedge sliding surface has also been
charted as a function of embank¡nent height and foun-
datíon inclinatíon.

In deciding on design safety requirements, it is
important to nake a distinction between construction
slopes and abandoned and/ot reclaimed slopes.
Frequently, the safety factor can be lower for
construction slopes than for the final slopes. This
reductíon can be justified by a comparatively
short-term risk and the opportunity for remedÍal or
rnitigating measures. In additionr assuming that the
upper level of shearing resistance will be available
rnay be reasonable for construction evaluations but
not reasonable for long-term conditions.

The nost controversial stability issue associated
with the regulation of ¡nine-waste ernbankments is the
acceptabil-ity of end-dunping construction methods
and the abandorunent of angle-of-repose slopes. If
one uses the inclex shear-strength parameters and
chart analysis, anglê-of-repose slopes appear
reasonably safe in relation to deep-seated sliding¡
províded the slope of the foundation is less than
14o anil saturation can be prevented beneath the
slope. The potential for shallow flow slides can bè
el-ininated by using durable' highly permeable
naterials in the construction of the final slopes.
However' the use of these materials would 1i¡nit
revegetation opportunities. The potential for
raveling cannot be eliminated but can be mitigated
by designing benches. ft appears, then, that the
construction of waste embankments by end dunping nay
be acceptable in situations that involve (a)
restricted sitê locations, (b) select waste
naterials, and (c) limited revegetation requirements.
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Dynamic Response of Raw and Stabilized Oklahoma

Shales

SUBOÞH KUMAB ANDJOAKIM G. LAGUROS

The results of a laboratoÌy study of the combined effects of s¡mulated cl¡mate-
and traffic-induced stresses on raw and l¡me-stab¡l¡zed Oklahoma shales are re-
ported. Samples were compacted to near max¡rnum dens¡ty at optimum mo¡s-
ture content. They were first exposed to wet-dry cycles and were then sub-

¡ected 1o cyclic loading, which was increased ¡n discrete magnitudes. Lime ad-
d¡tions to the shale varied between 1 and 6 percent, and the number of wet-
dry cycles varied from 5 to 50. The behav¡or of the samples was observed in a

"humid" as well as a "dry" state. Response to loading was determ¡ned by
means of the split-tensile-strength technigue, in which diametral strain was

measured for the first 100 cycles for var¡ous loads and load frequenc¡es, Graphs
for diametral strain prov¡ded more meaningful information than those for
stresses along the hor¡zontal or vert¡cal diameter and are thus considered relia.
ble pred¡ctors of dynamic shale behavior. Generally, for a given load and fre-
quency, the stra¡ns increased monotonically with number of load applications.
The effect of increasing the frequency w¡thout varying the load was found to
be insignificant except when crack format¡on had already begun, in whic*r
case diametral strain increased with increasing frequency under the same load.
ln view of the various comb¡nations of test parameters cons¡dered. the re-
sponse of the shales can be explained in terms of the lime.clay reaction. Shales
that conta¡ned large amounts of clay showed reduced diametral strain and
brittle characterist¡cs when only 1 percent lime was added. ln shales with a

low clay content, however, no beneficial effect on deformat¡on was evident
until the l¡me admixture reached 6 percent. The effect of wet-dry cycles on
samples in the hum¡d state was insignificant, but there was a noticeable effect
on samples ¡n the dry state.

In oklahoma, shales are extensivêIy used in highway
construction, primarily as subgrade and e¡nbanknent
material. Frequently, they have to be upgraded and
modified by lime stabilization to increase their
stability and durability. Thus, it becomes impera-
tive to assess their suitability for the intended
purpose.

Studies have ¿lemonstrated that the structure of a

soil mass is affected by the degree of compaction
and moisture content (I) and that it is further af-
fected by traffíc patterns and loca1 environmentaL
features (2).

At small frequency and magnitude of rePeated
stress, the soil shows high plasticity; when fre-
quency and level of stress increase, the behavior
beco¡nes progressivêIy more elastic (3,4). At higher
stresses, however, the effect of load repetition is
completely lost. Pretorius and Monis¡nith (5) nea-
sured tensile and compressive strains fro¡n flexural
tests made on soil-cenent bea¡ns and observed that
the strain remained constant over a large number of
stress applications, after which the rate of change
in strain began to increase. Once the strain rate
started to increaser it did so at an increasing rate
until rupture occurred. Pretorius and Monisnith
further observed that the specinen clid not fail even
after I 000 000 applications of load and exhibited a

constant strain output during the entire test. When

the specirnen failed under a higher stress, the
stress history re¡nained essentiaÌIy unchanged and
the effèct of previously induced damage was conpara-
tively insignificant. In the experiments conclucted
on clays by Larew and Leonards (6), for the fre-
quency range of 1-20 applications,/min (APM) ' the
specimen deformation depended on the number of
stress applications but was independent of the fre-
quency of application, provided the saturation was
not too high. Most of the repeated-Ioad tests' hovr-
êVêEr wêxê conducted under essentially a constant
load cycle. This is greatly at variance with actual
field conditions.

rn a Iayer of a subgrade material subjected to a
load traveling on the pavenentr the area j-runedi-
ately below the load is conpressed while the areas
in front of and behind the load undergo tension. on
the underside of the layer, the strain pattern is
just the opposite. Rather than a small conpressive
strain¡ a relatively Iarge tensile strain develops
at Èhe underside of the layer, and it is fro¡n this
side, rnost probably, that crack formation initiates
(7). Thus, in the desígn of subgrades, if one takes
into account thê action of the traffic loading, the
tension parameters appear to be critical. These
parameters can be ¡neasured in thê laboratory by
using either the flexure test or the split tensile
test. Carniero and Barcellos (8) found a sígnifi-
cant correlation between the tensile and conpressive
strengths of concrete. Metcalf and Frydman (9) have
shown a si¡nilar correlation for stabilized soíIs.

The specimens in the split tensile test display a
fairly well-defined surface failure thåt is locatèd
in the neighborhood of the vertical diametral
plane. Expressions for determining the stress dis-
tribution along the horizontal and verticat dian-
eters have been given by Timoshenko and Goodier
(10), Frocht (11), and Pettier (t2). To account for
the ¿leformatíon during the split tensile test, Kumar
and others (f!.) have presented expressions that re-
Iate various stress distributions to diametraL
strain. Inasmuch as the repeated l-oadings used in
the split tènsile test appear to simulate fietd
conditions nore accurately, this method was adoptèd
in a study undertaken to evaluate the effects of
weathering and repeated loading on rav¡ and lime-sta-
bilized Oklahona shales.

EXPERIMENTAL PROCEDURE

Shale Characteristics

Four shales that vary mineralogically were selectêd
from four different regions in Oklahoma and were
stabilizecl (treâted) wiÈh 1i¡ne IU.S. Pharmacopeia
Ca (OH) 2l in a¡nounts from 0 to 6 percent based on
previous experience (14-Àq). The shale properties
are given in Table I (!Z). The shales were puI-
verized to pass the no. 10 sieve. The shales and
their stabilized counterparts r4'ere then compacted
statically, at a I000-1b 1oad, to maximum dry den-
sity at optinum moisture content as determined in
accordance with AÀSHTO T-99-70. The specimens were
I.35 in in dia¡neter and 2.95 ín in height, which
gives an aspect ratio greater than 2.

Wet-Dry Cvcles

The compacted sanples were left for eguilibration in
a humidifier for seven days and were then subjected
to the required number of wet-dry cycles. Based on
the infor¡nation provided by Laguros (!X) for wet-dry
cycles in oklahoma' the numbers of cycles chosen for
this study were 0, 5, 15, 30r and 50. The inbibing
of $rater by the samples resulted in their destruc-
tion; therefore, wetting incluiled placing the sam-
ples in a 100 percent relative humidity atmosphere
at 72oE foÊ 24 h. Drying was achieved by placing
the sanples in an oven at I40oF for l-2 h. HaIf of
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Table 1. Properties of four shales studied.

Shale 1 3 Shalel5 Shale2l .Shale24
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Figure 3. Detailed view of sample under test,

the specimens were in a rhunid" state at the tine of
Ioad testingr ånd the other half were "dry". The
distribution of vrater vrithin the sample cross sec-
tion was not deternined.

Repetítive Loadínqs

The equipment usecl for the application of repetitive
'loads is shovrn in Figure 1. It is capable of apply-
ing a naxlmum load of L250 lb at discrete frequen-
cies ranging f.tom 2.4 to l-20 cycles/rnin. The dwel-l
tine coul¿l be varied continuously from 0.05 to 10
s. In view of the total setup and its lirnitations,
a dwell time of I s was chosen. The frequencies of
load application chosen vrere 6,12,24, and 40
applications/¡nin, and the loads were 40r 80, LzO,
and 160 lb.

The tests on the samples were essentialty multi-
stage tests that followed the work of Silver ând
Park (19) i the lowest load was applied first, start-
ing with the lowest frequency. After 100 applica-
tions of load, the ffequency was increased and the
loail was kept constant. After all four frequencies
had been used, the load was increased to the next
higher value and the procealure vlas repeate¿l until
failure occurred. During loacl and frequency adjust-
¡nents, the machine was stopped. The upper limit of
Ioad application was 160 Ib at 24 applications/rnin.

For a given load and load frequency, the only
parameter ¡neasured was diarnetral strain (see Figures
2 and 3) . As lre point out elsewhere ($) , the
stresses at any point within the sânple body are de-
pendent on dia¡netral defornation and load, and di-
anetral strain was established as a dependable
failure criterion.

FAILURE CRITERIÀ

In the graphs for diametral strain versus fre-
quency/Ioail shovrn in Figure 4, three zones can be
i denti fied:

l. The inÍtial zone is limited to the first 50
cycles of the lowest (40-1b) Ioad applied ãt 6 ap-
plications/nin. It was during this stage that the
seating of the sample occurred, and that, in certain
cases, seems to have caused appreciable sarnple dis-
turbance.

2. The intermediate zone lies between the íni-
tial and the failure zones.

Property

County of origin Mccurtai¡
Physiographic region Red River

Geologic unit Washita
Grain size (%)
silt
Clay

5pm
<2ltmu

Volume changeb (%)
AASHTO classification
Clay minerals (/o)
Chlorite
Itlife
Kaolinite
Montmorillonite
Mixed-layer montmor-
illonite-illite

Other minerals

Leflore Stephens Mclntosh
Quachita Red Bed Prairie
Mountain Plains Plains

Stanley Claypool Senora

9494435

59
48
10.3
A-7-6

ll
_tn

Quartz

18
14
0.2
A-1-b

22
38
40

39 23
25 t4
6.8 4.4

^-6 
A-4

6-
15 68
-28
224
57

Quartz, Quartz, Quartz,
feldspar feldspar feldspar

alncluded in <5!m frâction.
bDetermined by us¡ng So¡ttest C-29O volume-change appâratus and âssociated melhod.

Figwe 2, Arrangement of load cell and d¡splacement strain gage during test¡ng.

Figure 1. Equipment for cyclic split.tensilestrength test.
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3. The failure zone is the zone in which exten-
sive cracking developed and failure of the sanple
occurred.

A number of speci¡nens showed less than the nini-
mu¡n measurable strength in that they broke at the
first i¡npact. For others' the initial and failure
zones were the same (see curve A in Figure 5). It
was hard to determine the value of the failure
diarnetral strain for such specimens. rn some in-
stances, the initial zone was imnediatèly followed
by the failure zone (curve B) . Some sanPles t
especially those in a ¿lry state, did not fail within
the range of testing (curve C). For such sanples
there ís no failure zone. In general, however' for
nost of the samples the three zones could be
identified.

whenever there was an identifiable interrnecliate
zone, failure was taken at the last "bending point"
(see Figure 6) before rupture of the sa¡npLe took
place. In the case of the failed specimens, it was
observeil that the dia¡netral strain haal increased
more than 0.25 percent over a 50-cycle period.
Thus, this val-ue was also accepted as a critelion
for failure.

OBSERVATIONS

Even after one wet-dry cycle, the moisture contents
of the samples fel1 below their optirnun moisture
contents. The nend-of-cycle" moisture contents were
not nuch different for a given shale and its lime
ad¡nixtures (see Table 2). on drying, some sa¡nples
showed cracks. The cracking vras less apparent for
the sa¡nples stabilized rvith líme. In fact, for

Figure 4. Zones in d¡ametral stra¡n.

Zone Zoîe

þ-lntermediate Zon€- t
tl

F¡eq uency/ Load

Figure 5, Typical diametral-strain curves.

ln¡tial Zone
I

I

A

B

veC
I

I

Frequency / Load

Figure 6. ldentificat¡on of bending points ¡n d¡ametral strain.

Bendlns Po¡nt
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those that contained 4 percent or tnore liner it was
not detectable.

Effect of Load and Load Application

The data collected for samples in the dry conditÍon
that withstoo¿l all four loads anil al1 four frequen-
cies of testing are given in Table 3. Even with the

Table 2. Optimum averaç molding.

Amount Optimum
Shale of Lime Moisture
Number (%) Conlent(7o)

Average
Molding
Moisture
Content (%)

End-of-Cycle Moisture
Content (%)

Humida,b Dryu

13

15

0
1

2
4
6

0
I
2
4
6

0
I
2
4
6

0
I
2
4
6

1.8
1.4
1.',l

1.9
2.5

1.1
1.0
1.6
1.5
1.3

2.3
¿-t
2.2
2.0
2.0

18.3
21.6
2t.6
21.6
22.8

13.2
t5.2
16.1
16.3
16.6

21.5
24.0
25.5
25.8
25.3

I 8.0
18.2
20.0
20.2
2t.5

18.7
22.0
21.9
21.6
22.5

14.1
16.0
16.9
17.2
t7.4

21.8
24.4
25.9
a< o

25.2

18.0
18.4
19.2
20.5
21.0

9.3
9.3
oa
9.2

10.7

5.4
4.5
5.5
6.2
6.8

1t.4
1 1.0
10.4
10."1

1 1.0

6.1
7.1
6.7
7.7
'7.9

24 0.8
1.0
0.8
1.1
0.8

.E
c
v,

d

o
E
.g
ô

a State of specimen at time of testing'
bDoes not include samples in humid state not subjected to al least one dry¡ng.

Table 3. Effect of load on diametral stra¡n of some shale and shale-lime
samples in the dry cond¡tion.

Diâmetral Strain (x l0-4)
Amount No. of

Shale of Lime Wet-Dry
Number (%) Cycles

40-lb 80-lb 120-lb 160-lb
Load Load Load Load

13 0
30

50

0

l5
30

50
0

50
0
0

4
6

2501325
t2 13 25 12
0131338
0121224
0111224

121300
00013

1237370
00013
0 0 12 13

12 t2 t3 12
o123712

t2 12 12 12
12t2025
o12012
012350

24 24 25 t2

25 t2 t2 25
0132838

12 13 25 t2
02537t2

12 24 24 t2
t212036
3712037
13 38 13 13

001236
13 24 49 49
036t20
o12024
00033
o121225
0121225
024t212

.E
o
U'

I!-

c)
E
.gô

,E(!

at

E
(,
E
,Eo

21 00
15

30

50

2400
l5

30

50

Frequency/Load
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Figure 7. General relat¡on between d¡ametral strain and load.

80 120

Load, LB.

v¡ide variation in strain vãIues, it could be stated
that, generally¡ the greater the load, the greater
was the diametral strain (see Figure 7). The dif-
ference betr,reen the 80-tb and the 120-1b values is
very smal1 and appears to be attributabl-e to the
fact that most of the bending points are located
within this range.

The strains increased progressively with increase
in the nu¡nber of load applications. Within the in-
termediate zone, for a given load, initially the
strain increased with a ¿lecreäsing rate. This trend
continued unless failure ensued. Then the strain
per cycle started to increase with increasing number
of load applications.

The effect of increasing frequency at the same
loacl appears to be significant (see Table 3 and
Figure 8). The lower frequency caused greater
change in diametral strain and, as the frequency of
load applícatíon incrêased, the change in strain
decreased unless sample failure ensued. In the
latter case, the change in strain increased with
increased frequency of loâd application.

Shal-e 13

Shale 13, classified A-7-6, contained 48 percent
clay-sized particlesi nont¡norillonite was the pre-
dominant mineral. Addition of even 1 percent lime
reduced the diametral straín significantly. Beyond
the I percent va1ue, there v¡ere no significant
changes either in the strain rnagnitude or in the
capacity of the shale to take greater stresses. The
effect of wet-dry cycles was significant on the raw
shale but not on the treated one. Vêry little
difference was noteõl in the defor¡nation characteris-
tics of the sanple åfter 15 wet-dry cycl-es. In-
creasing the anount of l-i¡ne and the number of
weathering cycles only made the sample more
brittle. There vras not much difference between the
dry and the humid sarnples from the point of view of
diametral straín; however, the dry sa¡np1es took
greater loads and a greater number of load applica-
tíons. During the early stages of vreathering,
values of ilia¡netral strain showed an increase as the
lirne treatment l-evel approached 6 percent.

Shale 15

Shale 15, classified A-L-b in its natural statê, is
associated with high bearing capacity and high
permeability. when it is ground up to pass the no.
l0 sieve¡ its granulâr structure is broken down and
the shale is converted to a ¡naterial of 1ow
strength. Onl-y vrhen the lime addition reached the 6
percent level did the shale show some measurable
strength, and even then the samples failed in the
40-1b load range. Àt 6 percent lime level, the
samples became more elastic with increasíng number
of wet-dry cycles in that they exhibited småller
diametrål strains for the same load.
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Figure L General relation between d¡ametral strain and increasing frequency
of load application,

Shale 21

Sha1e 21, classified A-6, contains 26 percent clay,
predominantly of montnorillonite-ilIite mixed-layer
¡ninerals. The samples that had not been subjected
to any wet-dry cycles exhibited measurable strength
only when the 1i¡ne addition exceeded 1 percent.
Then the sampl-es that contained â greater amount of
Iine took greater diametral straíns. Since there
had hardly been enough tine for shale-l-i¡ne reaction
products to forn, the strength gain could only be
attributed to the flocculation of clay. The subse-
quent applicatíon of wet-dry cycles seemed to have
destroyed whatever bond formation took place and,
even after 50 wet-dry cycles, the samples did not
show any measurable strength.

Increasing amounts of li¡ne macle the shale
brittfer and the samples failed not only at snal-lêr
dia¡netral stråins but also at s¡naller loads. The
effect of wet-dry cycles on the raw shale was sig-
nificant: The shale became more brittle. However,
as the amount of lime increased, the effect of h'et-
dry cycles becane less sÍgnificant. At 6 percent
li¡ne, the sa¡nples exhibited increasíngly elastic be-
havior with increasing nurnber of wet-dry cycles in
that they showed gradually snaller dianetral strains
for the sa¡ne load.

Shale 24

Shale 24r classified A-4, contains 14 percent clay
and consists essentially of ilIite an¿l kaolinite
particles. It is bâsicatly not a li¡ne-reactive
shale. The fLocculation attributable to lime seened
to provide some plasticity in the initial stages,
but the effect was cornpletely lost when 30 vret-dry
cycles hacl been applied and the sample vras in the
humid state. Onl-y the untreated shale showed any
¡neasurable strength for 30 and 50 r.ret-dry cycles.

In thê inítial stages, the addition of li¡ne made
the dry sanpl-es more plastic. Later, however, the
strength characteristics inproved and the shale
gradually exhibited ¡nore elastic behavior.

X-Ray Dif fraction Analvsis

The diffraction patterns for the shales studied did
not indicate any significant changes with the wet-
dry cycles for the raw material (see Figure 9).
Patterns for the shale combinations that contained 2
percent line showed the presencé of little or no un-
reacted lime. Calcite peaks could be observed for
all wet-dry cycles in most cases. Peaks for both
the unreacted lime and calcite generally became more
pronounced for the mixes that contained 6 percent
lime. The dry samples indicated the presence of
more unreacted line than did the hunid sampJ-es; they
also showed stronger calcite peaks, $¡hich suggests
the presence of a greater anount of calciun carbon-

o
é
õ
î1,

õ
m
E
.e
o

200

150 o

i,õ
Ît
G
(,
E
.g
ô



Shâlê

6% Llme,
50 Wet-DÌy
C yc les

/^/'r^'^l

"*.'/

Transportation Research Record 790

Figure 9. Selected X-Ìay diffract¡on patterns for shale 13 and its lime
æmbinations.

2.5 3 4 5 6 8 t020

d-Spacing, Angstroms

ate. In general, thè cliffraction patterns suggested
a reaction between lime and kaolinite, sorne reaction
between lime and illite' but a very limited reaction
between li¡ne ancl mont¡norillonite.

DISCUSSION OF RESULTS

The addition of lime to shale causes flocculation of
clay particles. The strength of the soil-Iine
matrix depends on the nhouse-of-cards' structure of
clays and friction between various particle edges
and surfaces. Castro and Christian (-?9.) found that
the structure of clay is not signÍficantly affected
by the action of applied cyclic loading. In the
presence of moisture' the shaLe-line reactions would
proceed with tine and various reaction products
would be formed. The strength of the matrix would
now be affected by these reactíon products as we11.
The repeate¿l introduction and removal of moisture
cause destruction of the bonds between the par-
ticles. Hunidification of the satnple introduces
moisture in the shale-lime system, and now the
strength of the sanple depends not only on the bonds
between the particles änd the strength of these
bonds but also on the porosity of the matrix and the
¡noisture-í¡nbibing charactêristics of the shale-lime
nass.

Sha1es l-5 and 24 each contain only 14 percent
clay-sized particlest their initially porous struc-
ture seems to become nore porous with the applica-
tion of wet-dry cycles and with the addÍtion of
Iirne. Even a smal-l amount of noisture resulting
from humidífication seens to provide a layer of
water thick enough to bring about the failure of the
sanple at a small 1oad. The sample that contained 6
percent lime, however, wäs able to carry a greater
load while showing nonplastic charactèristics. The
X-ray diffraction patterns for this sanple indicated
the presence of many shale-1ime rêaction products¡
especially the tobernorite gel; thus, the strength
of the sample is attributable to bond formation by
the gel. This strength is still too 1itt1e and,
when the sample was subjectecl to humidification, it
showed so¡ne, but not nuch, resistance to stress.

The strength of the ravr shale samples is ob-
viously attributable to their less porous struc-
turê. The same reasoning seems to hold for the
strength of the samples of shal,es 13 and 2t that
contained J, or 2 percent li¡ne. The differences be-
tween shales 13 and 21 are caused by the difference
in their clay contents: Shale 13 has 48 percent
clay r.¡hereas shale 21 has only 25 percent.

Shrinkage, or reductión in volume, i.¡as signifi-
cant in shales 13 and 21, which have higher percent-
ages of clay. In spite of the re¿luced load-carrying
area caused by cracking, these shales were capabte
of withstanding the total range of loails and load
applications. In the Iime-treated shales, hovrever,
on drying the existing house-of-cards structure pre-
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vents the particles frorn coming close together.
Thus' the shale-lime rnatrix renains porous and ex-
hibits lower strength. ln addition, the presence of
s¡nall amounts of unreacted 1i¡ne and calcite par-
ticles provides additional- areas of discontinuity
from which cracks may initiate or propagate without
requiring much energy. This may explain why sone
sanples that contain high percentages of 1i¡ne ex-
hibited lower strengths for the same wet-dry-cycle
treatnent. The porous structure of lime-stabilized
shaÌes¡ however, inhibits the effects of wet-clry
cycles and thus provides a nore desirable ¡naterial.

Beyond the initial stage, the chemical reactions
between shale and Iime are dependent on tine and
temperature parameters. Because of the great.er
surface area available for shãIe-lime reaction,
nontnorillonite in clay should provide early
strength developnent, and this inileed is the case.
Sanples of lime-treated shale 13 are generally
capable of withstanding greater loads and number of
load applications than the sanples of 1i¡ne-treated
shale 2L. In this case, shale 2L is, ún turn,
better than Iime-treated shale 24. Thus, from the
present study, it can be concludeél that Lime
stabilization seems to be rnore effective with the
shale that contains â higher percentage of clay and
the shale that has a greater montmorillonitic clay
content. It must be pointed out that this observa-
tion is based on the study of only four shales that
varied wideJ-y in character.

Addition of lime was largely ineffective in
stabilizing shale 15. For shales 13, 2I, and 24,
addition of even 1 percent 1i¡ne was sufficient to
alter their plastíc nature into bri.ttle behavior.
Addition of 2 percent lime made these shales
nonplastic, but until this percêntâge was reached a
great portion of the line seems to have reacted with
the shale, since X-ray patterns indicated the
presênce of little or no unreacted line. At the 6
percent lime treatnent 1evel, the strength and
plasticity characteristics are not significantly
different fron the sane characteristics at the 4
percent lime treatrnent level for these three
shales. However, the X-ray diffraction patterns for
these shaLes and mixes with 6 percent lime subjected
to 50 wet-dry cycles showed strong calcite and li¡ne
peaks. This in¿licated not only that nuch nore time
was requirecl for the Iine to react with the shale
but also that some of the Ii¡ne ¡nust be erasted as
cal-cium carbonate¡ which imparts but 1iltle strength
to the shale-li¡ne nix. Thus, for highway
construction purposes (the focus of this study), the
optinum amount of li¡ne seens to be between 2 and 6
percent and the exact anount to depend on the
content and the type of clay in the shale selected
for stabilization.

CONCLUSTONS

1. In split tension tests, where loads are in-
creased in discrete nagnÍtudes and not in a contin-
uous manner, diametral strain is a very goocl crite-
rion by which to deter¡nine failure zones. Once the
fail-ure zones are identifiecl, limiting stresses can
be computed and used to evaluate the strength char-
âcteristics of different shales.

2. The presence of unreacted line in the shalç-
line mix tends to cause brittleness. Sanples ex-
hibit increasingly elastic behavior as the amount of
unreacted lime decreases.

3. Aftêr 50 wet-dry cycles, in all shales nuch
of the lime is used for the shale-lime reaction at
the 2 percent li¡ne level. However, at the 6 percent
lime level, the lime is onì-y partíaLly used and
X-ray cliffraction patterns reveal the presence of
unreâcted lime and calcite.
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4. Humidification of sarnples câuses loss of
strength. Thus, the dry sa¡nples withstand greater
Ioacls and a greater number of load applications Èhan
the moist samples. The effect of hu¡nidification on
loss of strength was greatest for shale 15 and its
1i¡ne mixes. This effect decreased with shale 24,
shale 21, and shale 13, in that order, which shows
the effect of increasing clay contents in soils.

5. the destructive effect of ldet-dry cycles is
greater on untreated shales than on lime-treated
shales. The greater the percentage of line in the
shale-lime mix' the less is the effect of the wet-
ilry cycles on the mix.

6. lileathering of untreated shale and the adcli-
tion of lime to it both reduce the plastic char-
acteristics of shale and introcluce brittleness to it.

7. The addition of li¡ne signÍficantly alters the
character of shale. However, the extent to which
the shale-line reaction proceeds under the simulated
conditions of wetting and drying ilepends on the
number of wet-ilry cycles.
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Laboratory Studies of the Stabilization of Nondurable

M, SURENDRA, C.W. LOVELL, AND L.E. WOOD

Research performed to ¡dent¡fy suitable chemical add¡t¡ves that could either
{a} help break down shales during placement or (b) reduce the deterioration
caused by slaking during the service life of a compacted shale embankment
is described. Many combinations of durab¡lity and strength can be expected
when dealing with shales to be used ¡n compacted highway embankments,
Hard and durable shales can be placed as a rock fill, whereas soft and nondura-
ble shales must be thoroughly degraded and placed ¡n th¡n l¡fts as a soil fill,
The hard and nondurable shales are difficult to stabilize by mechanical means,
such as increased compactive effort. However, because of the¡r nondu¡able
nature, they often develop excessive settlements during the serv¡ce lifeof the
embankment and even cause slope failures. The slake-durability test was used
to evaluate the change in durability effected by various chemical add¡tives ¡n
the slak¡ng fluid as well as l¡me ¡n the compact¡on water, The shales were
lndiana shales of both the hard and nondurable and soft and nondurable types,
S¡nce the primary slak¡ng mechanism varies among midwestern U.S. shales, the
salts that improve durability also varied w¡th the mater¡al. At concentration
levels of 0.1 N, sodium chloride. calc¡um sulfate, or ferrous sulfate produced
favorable results. The effects of lime on durab¡lity also varied by type of shale,
percentage admixture, and curing time, but very substantial ¡mprovements were
effected by adding lime.

Shale is the most comrnonly occurring sedimentary
rock and is often exposed on the surface.
Construction of highway enbankments requÍres
econonical use of material- from adjacent cuts or
nearby borrow sources. Shale formations crop out in
most parts of southern Indiana, and they frequently
occur in highway cuts. Use of excavated shale from
cuts and borrow areas as a rock fill irl compacted
embankments Iin lift thicknesses of about 1 m (3
ft)l has led to various problems, such as excessive
settlement and slope failures. These problems led
to a research program at Purdue Universityr through
the Joint Highway Research Project, to study the use
of Indiana shale in compacted highh'ay embankments.

Deo (l-) investigated different Indiana shales and
proposed a classification system (based on labora-
tory tests used to predict field behavior) that is
currently being used by the Indiana State Highvtay
Co¡nmission (ISHC). Chapman (2) investigated several
Iaboratory tests to evaluate the shale behavior to
be used during classification. Bailey (3) investi-
gated the factors that relate to the degradation of
shales during the conpaction process. A statistical
analysis of the data provialed by ISHC for shales
tested in the ISHC laboratory v¡as prepared by van
ZyI (4). Abeyesekera (5) investigated the stress-
deformation and strength characteristics of com-
pacted New Providence shale. Witsman (6) investi-
gated the effect of compacted prestress on the com-

Table 1. Summary of shale properties ¡nvest¡gated.
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Shales

pressibility of conpacted New Providence sha1e.
Hale (7) investigated different compaction methods
to develop a stan¿lard for evaluating the degradation
of shales during the compaction process.

Table I lists the shales and shale properties
investigate¿l by thesê researchers.

The behavior of a shale during construction and
its perfornance in an embankment depend on its
degradation and sJ-aking properties. The
classification systems used to categorize shales as
durable and nondurable are based on the slaking
properties of the shales evaLuated in the laboratory
and correlated with field behavior. These systens
do not consider the hardness, degradability, or
physícochemical properties of the shales. The hard
and durable shales can be placed as å rock fill and
the soft and nondurable shales as a soil fill. The
hard ancl nôndurable shales pose particular problerns
in embankments. They often develop excessive
settlèment and even slope failures ãnd are difficult
to stabilize by nechanical means, such as increased
compactive effort.

The objectives of this research were (a) to study
the type of (chemical) additives that could possibly
be used during the excavation and placement ståges
of construction and thereby reduce the slaking of
shales during service and (b) to study the control
of líme used as an additive with different types of
compacted shales.

The shales used in this research are given below:

No. Type of Shale

1 New Providence
2 Mansfield
3 Nêh' Albany
4 Osgoocl
5 Attica
6 Palestine
7 Hardinsburg
I Klondike

The properties stuiliecl and the tests perfor¡ned for
these shales were as follows:

I. Slaking characteristics with different salt
solutions (shales l-3),

2. Li¡ne as an additive in the conpacted state
(shales I and 4) r

Researcher Shales Studied Properties Studied and Tests Perfo¡med

Deo(l)

Chapman (2)

Bailey ( 3 )

Abeyesekera (5)
Witsman (6)
Hale Q)

Klondike; Attica; Paoli X, Y, 3, 5; Scottsburg; Lynnville;
Cannelton; I-65; F75; IN-37 A, B; IN-67 A, B

Hardinsburg, New Albany, Mansfield, Palestine, Kope,
Klondike

Big Clifty, Borden, Clore, Haney, Hardinsburg, Kope,
New Albany, New Providence, Mansfield, Palestine,
rilaltersburg, Dillsboro

New Providence
New Providence
Osgood, New Providence, Palestine

Slaking in water (slake-durability index); soundness; abrasion characteristics; X-ray dif-
fraction; activity, Atterberg limits; compaction and California bearing ratio; absorption;
bulk unit weight; breaking characteristics

Slaking, soundness, Atterberg limits, rate of slaking, Los Angeles abrasion test, ultrasonic
cavitation, Schmidt hardness test, Washington degradation test, ethylene glycol soaking
test, mineralogy

Scleroscope hardness, point load strength, degradation due to long-term soaking, absorp-
tion due to long-term soaking, degradation and compacted density from static,
dynamic, kneading, and gyratory types of compaction

Strength cha¡acteristics of compacted shales
Effects of prestressing in compaction, effective embankment loadings with surcharges
Point load strength, degradation due to static and dynamic compaction
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3. X-ray diffraction for
minerals (shales 1-3),

estimation of clay

4. Point-Ioad strength (shales I-3 and 5-7), and
5. Pore-size distribution (a11 shales).

LITERATURE REVIEW

Slaking Tests

Slaking is defined in the dictionary of Geological
Terms of the American Geological Institute (8) as
"Ioosely, the crunbling and disintègration of earth
materials when exposed to air or noisture. More
specífically, the breaking up of dried clay when
saturated with water, due either to conpression of
entrapped air by inwardly nigrating capillary water,
or to t.he progressive swelling and sloughing off of
the outer layers. " Slaking is ¡neasured in the
laboratory by the pêrcentage of weight retained or
lost through a gíven sieve as a result of soaking in
v¡ater. A number of tests based on this concept have
been developed by various investigators.

Slaking of soil aggregates ís studied by placing
a sample on a screen and subjecting it to slaking by
the impact of a vrater drop (9). Slaking is
evaluated in the classification test proposed by Deo
(1) by means of the five-cycle slaking test, the
500-revolution slake-durabij-ity test on dried
samples, and the modified sodiu¡n sulfate soundness
test. The five-cycle slaking test involves repèated
wetting and drying of shale material retained on a
2-mm (no. 10) sieve. The percentage dry weight of
naterial lost at the end of the fifth cycle gives
the slaking index. The slake-durability test
developed by Franklin (10) uses a rotating drum made
of 2-rnm (0.078-in) mesh, and the percentagê by
weight of material retained at the end of a number
of revolutions in water gives the slakê-durability
index. The nodified sulfate soundness Èest involves
soaking the shale specimen for five cycles in a
solution of 50 percent sodium sulfate for 16-18 hr
foll-owed by oven drying. The percentage weight of
material retained on the 12.5- and 8-nm (0.5- and
0.312-in) sieves gives the sodium soundness index
ldetails of this test are given by Deo (I)].

Chapman (2) reviewed several tests (the rate-of-
slaking test by Morgenstern and Eigenbrod' the eth-
yfene glycol test used by the Pennsylvania Ðepart-
nent of Transportation, the lfashíngton degradation
test, ultrasonic cavitation, and the Los Angeles
abrasion test) and reported that the slake index and
the slake-durability and rate-of-slaking tests were
most practical in identifying "problem shales" for
embankment construction.

Noble (11) used a 25 percent solution of sulfuric
acid as the slaking fluid and identified shales from
Virginia that were nondurable. Both the slaking
test and the slake-durability test were unable to
identify these shales as nondurable. In Noblers
tests, the sul-fides in the shale reacted with water
to produce sulfuric acid, which deteriorated the
shales further by solution actíon and the hydrolysis
of the weathering process. Therefore, this test
sirnulates the field weathering process for shales
that are rich in sulfides.

Slaking Mechanisms

Terzaghi and Peck (L2, p. 146) attributed the
slaking phenomenon to the compression of entrapped
air in the pores of the rnâterial as water enters the
pores. This entrapped air in the porês exerts
tension on the solid skelêton, causíng the natèriãl
to fail in tension. This behavior can be recognized
in soil aggregates and poorly cêmented (i.e. ,
cornpacted) shales and mudstones. Moriwaki (13)
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found that slaking of compacted kaolinite can be
attributed to this ¡nechanism. However, there have
been cases (14,15) in which this nechanis¡n did not
satisfactorily explain the behavior observed.

Clay surface hydration by i.on adsorption has been
suggested as a second mechanism that causes sl-aking
through the swelling of illite' chlorite, and
montmorillonitic clays (16). Differential swelling
caused by hydration or osmotic swelling is reported
to be the main cause of slaking in expansive
naterials (13) . Tschebotarioff. (I7, p. I02) defines
slaking as a surface phenomenon in the following
r.ray: 'tIfl the clay layer at the exposed surface
swells first and therefore expands more than the
adjoining inner layers, the induced relatíve
displacenents are liable to detach the surface layer
and cause it to distintegräte and slough away. The
process can then be repeated and gradually progress
fro¡n the surface inward."

The renovãI of cementing agents in the case of
shalesr siltstones, and mudstones by the dissolving
action of the moving groundwater is considered to be
a third rnechanisn that causes slaking (13'14). The
pH of the percolating groundwater and the presence
of oxygen, carbon dioxide, and various minerals in
the shales control the slaking caused by this
mechanism. Simple stress relief may also be
adequate to open shale fissures and initiate slaking.

No single ¡nechanis¡n can be considered the domi-
nant cause of the slåking of shales. A combination
of the mechanisms mentioned above--either by one
triggering the other or by each occurring indepen-
dently--is the most likely. The conposition and the
environment in which the shale is placed determine
the principal mechanism causing the failure.

Additives Used in Stabilization

Various additives have been used to improve soil
properties. Additives have been used to improve
strength, reduce perneability' control settlement'
prevent erosion, and in some cases hasten a chemical
reaction. The additives that are discussed in this
section are inorganic salts and lime.

Inorganic Salts

Many salts (NaCI, CaCI2 r NaNO3 r NaHCO3 r
NaH2PO4r BaCL2t MgCL2t KCl, KMnO4r and
Na2SiO3) have been studied in the faboratory as
potential stabilizers, but economics have restricted
use in the field to only a few of these. NaCl and
CaCl-2 are the salts commonly citetl in the
literature as stabílizing agents (!g). The salt
solution increases the concentration of electrolyte
in the pore water and substitutes hígher-valence
ions for those of lower valence. The increase in
the electrolyte concentration causes lhe double
Iayer to depress and the repulsive forces to
decrease. The effect of NaCI on plastic and J.iquíd
Iinits has been found to depend on the soil type
(18). An increase in strength has been observed in
soils stabilized with NaCI. It has also been
observed that NaCl reduces or eli¡ninates frost heave
by lowering the freezing point of water and
decreasing perneability. No cementation is said to
occur between the NaCl ancl the soil; howèver' an
increase in compressive strength suggests the
possibility of cementation between particles as a

result of the addition of salt. To react most
efficiently, NaCI requires fine-grained naterial and
freedon from organic matter.

CaCI2 has also been useil successfully in
stabilization (18). Addition of CaCl2 in excess
of 1 percent has been shown to ¿lecrease density:
The catcium ions increase the repulsive forces by
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changing the charge on the particle from nêgative to
positive. CaCl2 has been used for frost-heave
protection.

Inorganic salts have been used as trace anounts
in li¡ne, Line/fly-ash' and cement stabilization.
The postulated ¡nechanisms involvedl are (a)
acceleration of the pozzolanic reaction, (b)
production of secondary cementitious products, and
(c) combination with the prinary' or pozzolanic,
ce¡nentitious products (19).

The type of soil is an important factor in salt
stabilization: For example, sodiu¡n salts seem
effective with cal-careous soils.

Lime

The purposes of 1i¡ne stabilization include hastening
construction operations' nodifying the subgrade, and
irnproving the strength and durability (resistance to
freeze-thaw action) of fine-grained soils. The ¡nost
cotn¡non types of lírne used in stabilization are hy-
drated high-calcium li¡ne [Ca (oH) 2] ' monohydrated
dol-omitic line [Ca(OH) 2 ' ]1gol , cal-citic quick-
line (Cao), and dolonitic quicklime (cao ' MgO).
Hydrated lime is used rnore frequently than quickline.

The reactions that take pl-ace in soils treated
with Iíme are complex. However, several
explanations have been presented in the literature.
Cation exchange and fl-occulation agglomeration are
said to occur rapidly and to result in immediate
changes in soil plasticity' workability, and
immediate uncured strength. Depending on the soil
type and temperature' pozzolanic reaction will
occur i this forms various cementing agents and
results in increased strength and durability of the
soil-lime mixture. since pozzolanic reactions are
time dependent' there are increases in strength with
t ime.

Ftocculation and aggfoneration producè an
apparent change in texture--i.e., the clay particles
"clump" together into larger-sized "aggregates"
(20). The mechanism of flocculation and
agglomeratíon is explained by Herzog and Mítche11
(2Il as an íon exchange phenonenon in which the
etectrolyte concentration of the pore fluid is
increased by the exchange of calciu¡n ions. Dianond
and Kinter (22) suggest that the rapid formation of
cementing material- of calcium alurninate hydrate
develops ftocculation and agglomeration tendencies
in soil-lime mixtures.

Soil-Iime pozzolanic reaction occurs

Table 2. Description of principal shales stud¡ed.

between

Deo's
Classification
(l) Physical Nature Sampled by
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Iime, water, and sources of soil silica and
alumina. The sources of silica and alumina in soil
are quartz, feldsparsr nicas, and other
alumino-silicate minerals.

Eades and Grim (23) suggeste¿l that elevation of
the pH level of the soil-lime mixture causes the
silica in the clay rninerals to be dissolved out of
the structure and to combine with the calciurn to
forn calcium silicate. This process continues as
long as ca (oH) 2 and silica are available to react
to the soil--lime níxture. Diamond and others (24)
conclucìed that, in a highly alkaline soil-Ii¡ne
systenr the reaction involves a dissolution at the
edges of the silicate particles followed by the
precipitation of the reaction products. ft is also
suggested, by Diamond and Kinter (22) and ormsby and
BoLz (25), that surface chemical reactions cân occur
and new phases nay be formed on thê surface of clay
particles.

The degree to which the soil-Iine pozzolanic
reaction can take place depends on the natural soil-
properties. Thornpson (26) has termed those soils
that react with lime to produce a substantial
strength increase Igreater than 344.75 kPa (50

Ibf/in2 ) after 28-day curing at 22.gocl as
reactive and those that display limited pozzolanic
reactivity (a strength increase l-ess than 344.75
kPa) as nonreactive. Some of the major soil
properties and characteristics that affect the lime
reactivity of a soil are soil pH, organic carbon
content, natural drainage, thê presence of excessive
quantities of exchangeable sodium, clay mineralogy,
degree of weathering r presence of carbonates 'extractable iron, silica-sesquioxide ratio' and
silica-alumina ratio (20).

Lime has been used successfully by mixing it with
pulverized shale and compacting to forrn an
erosion-resistant lining for the ÍBlack Thunder
Slott storage in Wyoning (27).

MATERIALS AND LABORATORY TESTING

Shales Sampled

The principal shales used in this study vtere New
Proviclence¡ Mansfield, New Albany' and Osgood. The
New Providence shalê lies aÈ the base of the Bordên
group, vrhich crops out in a narrow band about 19-24
km (12-15 miles) wide in Indíana. Mansfield shale
beJ.ongs to the Mansfield forrnation of the
Pennsylvanian Pottsvill-e series and was found above
the Mississippían-Pennsylvanian contact. The Nev¡

Albany shale forms a transition bêtween Devonian and
Mississippian rocks ín Indianat sone portions âre
part of the Mississippian Kínderhookían series. The
Osgood shale, a blue-gray, hard, and flaggy shale,
is a member of the Salominie Dolornite and lies at
the base of the Niagaran series in the Silurian
system. Table 2 gives a brief description of the
nature of these four principal shales and the
investigations in which they were sampled. ISHC
soíl index data for these shales are given in Table
3r and further data are given by Surendra (28).

New Providence Soillfüe

Mansfield Soillike
New Albany RockliÏe
Osgood Soillike

Hard and nondurable Abeyesekera (!),
Hale (7)

Soft and nondurable Chapman (2)
Hard and durable Chapman (2)
Hard and nondurable Hale (7)

Table 3. Soil index values from ISHC laboratory test results.

Atterberg Limits

Ipwp
Unified Soil
Classification

AASHTO
Classification

Textural
Classification

New P¡ovidence
Mansfield
New Albany
Osgood

34 23 1l
32 22 10
34286
26 l8 8

CL
CL
ML, OL
CL

A-4(10)
A-6( r 7)
A4(7)
A-4(4)

Silty clay (shale)
Silty clay (shale)
Silty clay (shale)
Süty loam (siltstone)
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Figure 1. Mo¡sturedensity results from standard Proctor compact¡on tests on
New Providence shale with varíous percentages of lime.

olo20
MOISTURE CONTENT,%

Slaking-lndex Test

The slaking index was determined according to the
ISHC test procedure described by Surendra (28). In
this test, sÍx píeces of shale weighing
approximately 150 g wêre sêlected and oven-dried to
constant weight at about l-05oc. Each piece was
soakêd f.or 24 h in a 600-mL beaker that contai.ned
the slaking fluíd (usually disÈí1led water). The
water level vras at least 13.0 Ifun (0.5 in) higher
than the shale sanple. water gras then clrained from
the shaLe sample and washed over a 2.0-mm (no. 10)
sieve, and the retained nateriâI was oven-dried at
l-05 t 5oC to constant r,reight (for approximately 24
h). After five cycles of this procedure, thè slak-
ing index (expressed as a percentage) hras caLculated
as follows: Slaking index = (oven-dry weight of ma-
terial lost at end of five cycles i oven-dry
weight of sample before test) x 100. vlhen this gen-
eraJ,ly accepted definition is used, durability de-
creases with increasing slaking-index values.

Five tests were performed on each shale' and the
average was reported. The sJ-aking indices for the
shales studiêd are given below (water was the slak-
ing fluid):

Slaking
Shale Index Shale

Slaking
Index

0.14
52.7 0

from fSHC
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The retained material was subjected to another cycle
of slaking in the rotating alrum. The
slake-durability index (I¿Z) h'as calculated at the
end of the second cycle as follows: I¿" = (oven-dry
weight of material retained at enf of second
cycle å oven-dry weight of sample before
test) x 100.

When this generally accepted definition is used,
durabiJ-ity increases with increasing values of f¿r.
The slake-durability indices presentêd below are ãn
average of six tests (the índex for the Osgood shale
is taken from ISHC test results):

Shale Shale

New Providence 58
Mansfield 66

New Albany 99.1
Osgood 67.3

Compaction

Shales frorn the New Providence and Osgood formations
were used for the study of stabilization with lime
in the compacted state. Both of these shales belong
to the same category--hard and nondurable--anal they
have been used for other studies at Purdue
University (3,Þ-Z). The shâIe sarnples were broken
into pieces about 100 mm (4 in) in dianeter, which
were passed through a jaw crusher that was set to
yield pieces of less than 12.5 mm (0.5 in), the
largest practical size for laboratory study. The
crushed shale was sieved and sepãrated by using a
nest of sieves [12.5, 9.5, 4.75, 2.36, and 1.00 mm

and 75 um (0.5 in,0.3875 in, no. 4, no.8, no.
16, and no. 2001 in a Gilson sieve shaker. The
gradation used for co¡npaction matches closely the
exponentiaÌ gradation of n = 1 in the Ta1bot and
Richart equation (30):

P= 100(d/D)n (l)

where

P = percentage by weight finer than size d,
d = any diameter,
D = maximum grain diameter, and
n = an abstract number.

This gradation was selected by Witsnan (6) when a
batch of crushed New Providence shale gave a
gradation thaÈ cfosel-y ¡natchêd the gradation of
n = l-. This gradation also fal-]s within the range
of gradation investigated by Abeyesekera (5) and
makes the shale efficient for use in cornpaction.

After the addition of water, the samples were
cured in plastic bags for 12-24 h and then
compacted. Even with the limited curing time, the
shale samples did slake to a limited extent.
However, well-defined compaction curves were
obtained. The test results agreed closely with
those of Witsman (6) for the New Providence shale.
Figure 1 shows the noisture-density curves for the
New Providence shale with various percentages of
lime for the standard Proctor compactive effort.

when lime was added in the form of a slurryt
there was a very unifor¡n distribution of Iime and
reproducible densities. Different percentages of
lime were used (3, 5, and 7 percent by weight of
soil solids) r and the moisture-density curves were
obtaíned for each percentagê in the standard Proctor
compaction test, as shown in Figure 1.

ft can be seen from Figure 1 that the optinum
moisture content for the different pêrcentages of
lime did not vary ¡nuch. The maxi¡num dry density of
the New Providence shale was reduced from 2070.25 to
2040.75 kg/mt (123.8-121 lblft3 ), a re¿luction of
2.3 percent, and that of the osgood shale vtas

,d2,aZ

New Providence 50.81
Mansfield 40.78

New Albany
Osgood

The index for the Osgood shale is taken
test resul-ts.

Slake-Durabilitv Test

Thê slake-durability index was determined according
to the procedure of the International Society for
Rock Mechanics (ISRM) (291. The slake-durability
apparatus [developed fron Franklin (f.!I ] consists of
a drum with a screen opening of 2 nm (no. 10). The
drun is rotated by an electric notor in a bath of
slaking fluid (usually water) at a constant rate (20
rpm). The slaking samþle consists of l0
equidirnensional pieces of shale, each weighing
between 40 ancl 60 g. The pieces are oven-dried to
constant weight at II0 t 5ocr cooletl to roon
temperaturer and placed in the drum of the
apparatus. The ¿lrum is imnersed in the tub that
contains the slaking fluid and is rotated for 200
revolutÍons. At the end of the test' the materiâ1
retäined in the drum was oven-dried ând weighed.
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reduced from 226I.54 to 2L86.36 kgl¡nr (134.5-130
Ib/fÚ) ¡ a reduction of 3.5 percent (28).

The sanplès for evaluation of the-ãffect of lime
on slaking were conpacted at a moisture contênt of
about 2 percent wet of optinum (i.e., at 14 percent
for the New Proviclence shale and at 12-13 percent
for the Osgood shale) to ensure that there would be
enough water available for the curing of líme. The
Ìi¡ne used subsequently in this study r,ras from a
single batch [23-kg (50-1b) bags] of commercial
slaked lime [Ca(OH)21. The ¡noisture-density curve
obtained by using the commercial lime was
essentially the same as the one obtained by using
the laboratory reagent lime (Figure 1).

RESULTS AND DISCUSSION

Slaking of Shal-es in Different Slaking Fluids

The slaking fluid used in the slake-¿lurability and
slaking tests r,¿as changed by adding different
inorganic salts to the water, and the effects were
studied (28,3!.

Sfaking of shales v¡as studied in a simplified
(one-cycle) slaking test and in the regular (two-
cycle) slake-durability test. The sl-aking fluid
used in these tests consisted of salt solutíons at
one leve1 of concentration. The concentration of
the slaking fluid was kept constant at one rela-
tively low level: 0.1 N solution. The salts used
were those conmonly used in civil engineering prac-
tice either as chernical additíves or as catalysts

Table 4. Results of slake-durability tests.
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with l-ime stabilization. Sodium chloride, calciu¡n
chloride, ferric chloride, calciurn sulfate, alu¡ninum
sulfate, and ferrous sulfate were selected. The re-
sults obtained when these solutions were used as the
slaking fluicl are given in Tables 4 and 5. By exam-
ining the coefficient of variation, it can be seen
that the inherent variation in the result of a
treatment can be very appreciable. To facilitate
the comparisons of the different treatments with
water, a t distribution was used in the statistical
hypothesis testing. The nul1 hypothesis vras that
there is no difference betv¡een the nean value of the
index obtained for any one treatment and the control
slaking (i.e., when water was used as a slaking
fluid).

Thè treat¡nents were compared at 95 and 98 percent
Ievels of confidence, as shown in Figure 2. The
slaking test vras not very good in discriminating
between the treatnents' since values of the t
statistics were very high.

In the slake-durability test' sodiu¡n chloride and
calcium chloride have no effect at the 98 percent
leve1 of confidence. Sodiun chloride does have an
effect at the 95 percent conficlence level. Ferric
chloride increases the slaking of Mansfiel-d shale
but not of Ne$' Providence shale at a 98 percent
1eveI. calciuûl sulfate and ferrous sulfate reduce
slaking at ä 98 percent level of both shales. The
slaking of Mansfield shal-e with the addition of
aluminu¡n sulfate is different fron that of New

Proviclence shale. Aluminum sulfatê produced
increased durability, as measured by both slake

SDShale
Slaking
Fluida Mean A Mean

Percentage
Ä Mean

Coefficient of
Variation

New Providence

Mansfield

Water
NaCl
CaCl2
FeCl3
CaSOa
412(SOa)e
FeSOa

Water
NaCl
CaCl2
FeCl3
CaSOa
Al2(SOa)3
FeSOa

3.32
0.?51

-1.41
't.86

-8.1 5

8.2'7

-3.40
0.75

-41.'7
6.36

27.05
9.52

58
69
60.5
57.4
69.3
34.5
7 1.3

66
64.8
66.2
56. I
77.2b
88.5b
78.6

+11
+2.5
- 0.6

+11.3
-23.5
+13.3

-1.2
+0.2
-9.9

+11..2
+16.5
+12.6

19
4.3

-1
i 9.5

-40.5
22.9

- 1.8
0.3

-15
t7
25
19.I

5.85
8.12
8. 15
L04
3.52
7.06
3.95

2.55
0.79
0.66
0.s I
3.52
t.22
2.96

3.86
11.77
13.47
l.8l
5.08

20.46
5.54

3.86
L22
1.00
1.03
4.56
1.48

Note: All indices â1e the mean of six tests except where noted; 'r+" $ign índicates íncreased slaking-du¡ability index
a All $alt solutions at level of o. I N. b Mean of four test$.

Table 5, Results of one-cycle slak¡ng tests.

Shale
Slaking
Fluida Mean A Mean

Pe¡centage
Â Mean

Coefficient of
Variation

New Providence

Mansfield

r¡Vater

NaCl
CaCI2
FeCl3
CaSOa
Al2(SOa)3
FeSOa

Water
NaCl
CaCl2
FeCl3
CaSOa
412(SOa)3
FeSOa

3.16b
0.84
o.47
1.06
0.79
1.52
0.65

5.41b
3.32
5.75
5.72
2.64
1.24
2.20

+2.32
+2.69
+2.1 0
+2.37
+1.64
+2.51

+2.09
-0.34
-0.31
+2.77
+4.t7
+3.21

73.42
85.13
66.46
75
5 1.9
79.43

38.63
-6.28
-5.73
sl.2
77.O8
59.33

1.48
0.19 17.18
0.064 59.44
0.1 1 27 .94
0.099 33.86
0.92 2.52
0.36 9.84

1.23
0.4596 6.43
3.2881 -0.15
5.332 -0.08
2.375 1.65
0.24 24.5',7

0.48 9.46

46.84
22.74
13.62
r 0.03
12.53
60.47
55.49

23.97
13.84
57.1 8
93.22
89,96
19.35
2t.82

Noter Alti¡dicesarethemeanoftwotestsexceplwherenoted;'r+"signindicatesiûcreâsedslâking.
âAll sâll solutions ât level of o.1 N. bMea¡ of five tests.
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Figure 2. Percentage change in slake-durab¡lity ¡ndex of shale w¡th different
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parent material unless it is displaced by an
external force. This external force can be gravity
(as in the case of a slaking test), induced
mechanical energy (as in the tumbling action in the
slake-durability test), conpactive forces (during
compaction and under pavement loadings) r âñd
percolating water in or under an embãnknent.

The durability of compacted shale specimens with
lime added was evaluated in the laboratory by using
the slake-durabílity test on a sample of compacted
shale instead of discrete shale pieces. Because the
conpacted sample used in the slake-durability test
was much larger than the ones used in a standard
slake-durability test, no attenpt was made to
correlate the indices obtained from thèse tests. As
the sample size increases, the slake-durability
index decreases and vice versa (32). ?{hen the
compacted sample disaggregates ínto discrete pieces,
these discrete píeces are much smaller than the
sample in the standard têst, and a lower value of
the slake-durability index resul-ts.

In addition to obtaining the slake-durability
index, the type of breakdown of the sample etas

visuall-y observed. compacted specimens subjected to
a slake-durability test cân undergo three types of
fragmentation, shown schenatically in Figure 3.
Type I is a compfetê disaggregation of the
individual aggregates that constituted the conpacted
specimen at the beginning of the test. Type 2 is ã
type of breakdown in which the compacted specimen is
reduced to less than half its initial volume and the
remainder is disaggregated. In this case, the
aggregates start to disaggrêgate åt the boundary and
progress j.nward. fn the last type of breakdown,
type 3, the sample is litt1e affected by the slaking
process and rnore or less retaíns its initial shape
and volume.

The breakdown of shales in the compacted stãte
can occur at two levels. The first level of slaking
is disaggregation, which is exemplified by the type
t fragnent. The second level is a further breakdor.¡n
of the aggregations once they have separated from
the compacted state. There may be an intermediate
state in which the aggregates tend to break down
while they are stil1 in Lhe compacted nass, but this
can occur only on the edge or face of the conpacted
specimen. This intermediate state of breakdown is
represented by type 2 fragments. The internediate
state rnay ulti¡nately result in a breakdovrn to type I
fragments. The reduction of type 2 into type 1
fragments depends on the type of shale and on
gradation, mcliling water contentr and the compactive
effort used during the process of compaction.

An additive used during compaction can limit the
slaking of shales in two ways: The addítive can (a)
react with the discrete pieces of shale in reducing
the amount of breakdown or (b) act as a cementing
agent in binding the aggregates of the compacted
mass to maintain its compacted state. If the

Figure 3. Types of fragmentation
during slake-durabil¡ty test of
compasted shale.
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durability and one-cycle slaking tests' at a 98
percent levê1 of confidence for MansfieLd sha1e,
which is rich in kaol-inite content cornpared with the
New Providence shaIe. Sodiun chl-oride and calcium
sulfate increased the durability in both slake-dura-
bility and one-cyc1e slaking tests for New Provi-
dence shale, which has a high percentage of sodiurn
in the saturation extract.

New Albany shale, a durabl-è shale, was unaffected
by different slaking fluids. This shale is well
cemented and has a high percentage (about 5 percent)
of organic matter compared with the other shales.

These results are sufficiently posiÈive to
indicate that the slaking properties of shal-es can
be altered by altering the slaking fluid for a
particular type of shale. Such chemicals can be
incorporated in an embankment during placement by
adding water prior to the compaction process. vlater
is êssential- to the chemical reaction.

The long-term alteration of durability has not
been investigated and wí11 require both laboratory
testing and field verification. Other chemicals not
investígated in this study rnay be more effective for
shales of different conposition.

Slakinq of Compacted Shales with Additives

Slaking of Conpacted Shales

The slaking behavior of a shale is evaluated in the
laboratory by using slåking and slake-durability
tests on discrete shale aggregates. The values that
are obtained fron these tests are used as a guide to
the behavior of the compacted shale in the fie1d.
The mode of breakdown in this test depends on the
type of shale (i.e.' composition, forrnationr â9ê¡
etc.). some shåIes tend to break down completely,
and the end product is a c]-aylike rnaterial¡ others
do not breâk down at all. There is an intermediatê
state of breakclown in which the shale piece nay
decrease in size as a result of the breakdown of the
edges and, in some cases' separation of the
fissures. The behavior of compactecl shales that
have an inter¡nediate typê of breakdown is nost
difficult to predict. If the discrete piece of
shale is l-oaded perpendicular to its fissures in the
compacted state' it will break down less than it
will- if it is loaded parallel to its físsures.
Hence' the breakdown of a shalè that results fron
water under load depends in part on how well
cemented thè shale is along its fissures. The
slaked portion of a shale remains intact wíth its

^ ^Æ 
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Figure 4. Slake-durability ¡ndex of compacted New Providence shale versus
curing period.
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the shales studied, the New Providence shale had a
much higher ESP (18.2 percent) than the Osgood shale
(0.34 percent).

The type of brêakdownr indicated by the mode of
fragmentation, denonstrates the extent to which time
is effective. As mentioned earlier¡ type 2 fragmên-
tation is an intermediate stage of disaggregation
and may result ín type 1 fragmentãtion upon subse-
quent slaking. Hence¡ in investigating the slaking
characteristics of compacted shales¡ changes in the
type of fragmentation should be examined as well as
changes in slake-durabiJ-ity indices.

As in the case of chemical additives, the results
of lime stabilization reported here are prelininary
in nature. Longêr curing times must be studied as
well as the practical field problems of (a) nixing
the lime and shale and (b) retention of the
stabilization over the service life of the
embankment.

CONCLUSTONS

The conclusions presentêd here are based on the
results of the laboratory investigations conducted
during this research on Indiana shales. Laboratory
tests were perforrned on shâ1e sanples taken fro¡n a
particular location in a shale formation. Since the
properties of these shales often vary laterally and
with depth within the samê formation, a variation in
the results is expected for sanples fro¡n different
locations of the same formation.

The conclusions of this research can be stated as
follows:

l-. The slaking properties of shales can be
changed (i.e., either increased or decreased, as
shown in Figure 2) by altering the slaking fluid.
The type and concentration of sl-aking fluid that
will effectivel-y alter the slaking property of a
shale depends on the geologic fornation, â9êr and
chemical composition of the shale and the clay
minêrals present.

The slake-durability index of discrete piêces of
New Providence (a hard and nondurable) shale was
increased by adding sodium chloridè, calciu¡n
sulfate, and ferrous sulfate to the slaking fluid at
a concentration fevel of 0.1 N. Aluminum sulfate
reduced the slake-durability index when used in the
slaking fluid at the same concentration (Figure 2).
The slake durability of discrete pieces of Mansfield
(a soft and nondurable) shalê was increased when 0.1
N concentration of calcium sulfate, aluminum
sulfater and ferrous sulfate was used in the slaking
fIuid. Ferric chloride at the sane concentration
level ín the slaking fluid decreased the slake
duråbility of Mansfield shale (Figure 2).

Shales that have origins and chemical composi-
tions similar to the ones tested can be expected to
display similar changes in durability characteris-
tics. Other chernicals may be more effective in
changing the durability of shales of different co¡n-
position.

2. Lime rníxed with the compaction water
increased the slake-durability characteristics of
the compacted New Providence shale. The durabiJ.ity
increased v¡ith increasing curing period. There was
a gradual increase in durability up to 28 days of
curing and a sudden increase in durability up to 60
days of curing. Further lengthening of the curing
period resulted in very litt1e increase in
durability (Figure 5). Three percent lime was found
to be a sufficient percentage for improving the
d urabi 1i ty.

3. Li¡ne was of limited effectiveness in
increasing the durability of compacted Osgood shale
(Figure 4).

01o2030
ouring Perìod (Doy6)

Figure 5, Slakedurability index of compacted Osgood shale versus curing
period.
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compacted sample is clisaggregated, then the slaking
properties of the índividual shãIe particles control
further slaking of the shal-e.

Lime Stabilization

Compacted samples were prepared as described earlier
with various percentagês of line: 3r 5, and 7

percent. The shale samples were compacted with line
at about 2 percent wet of optimum to ensure the
availability of r,tater for the reaction with lime
during the curing period. At the end of thê curing
period, the conpacted samples were cut in half to
give two samples about 101.6 mm (4 in) in diameter
and 55.9 nm (2.2 in) in height. These samples were
tested for durability in a slake-durabÍlity
apparatus. The slaking fluid was deionized water.

The results of slake-durability testing of
compacted samples with lime added are shown in
Figures 4 and 5 for Osgood and New Providence
shales, respectively. Figure 5 shows that the
durability of compacted New Providence shale does
not improve until it reaches 28 days of curing. The
durability of the shale íncreases rapidly up to 60
days of curing, after which further increases in the
curing períod (i.e., 90 days) produce very littIe
improvement. The sanples cured for 7 and 14 days
had type 1 fragnents at the end of the test.
Samples cured for 28 days had type 2 fragments' and
a chunk of conpacted sample about 50 x 30 mm in size
was left at the end of the test. The rest of Èhe
sanple was ilísaggregated. The samples tested at the
end of 60- and 90-day curing periods had type 3

fragments and very littlè disaggregation. Osgood
shale had type 1 fragments at the end of all the
tests that were performed for all curing periods and
all percentages of lime.

It can be seen fron the results in Fígure 4 that
Iime was of little help in inproving the slâke
durability of Osgood shale for a 28-day curing
period. Exchangeable sodium pêrcentage (ESP) gives
an indication of lime rèãctivity with soil (20). fn

I
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4. ESP appears to be an indicator of the
reactiveness of a shâle v¡ith lime. Line was
effective in increasíng the durability of compacted
New Providence shale, which had an ESP of L8.2¡
osgood sha1e, which had an ESP of 0.3 percent' did
not show any appreciable increase in durabil-ity with
the addition of line.

5. The slake-durability test can be usecl to
compare the effects of lime on the durability of
conpacted shales in the laboratory.

6. The ¡node of fragmentation during sJ-aking of a
líme-treated, conpacted shale is instructive. Type
3 fragnentation indicates that lime is effective in
improving the durability as it binds the aggregates
and retains the compacted state. Typê 2

fragrnentation may lead to type I fragmentation upon
further slaking, which woulcl indicate that line nay
not be effective.

Showing that additives work under lãboratory
conditions is an important first step, but field
experinentation is aì-so required before the findings
are put to pract.ical use. Since the alternative to
stabilizing certain shales in this manner is to
waste them, there is significant economic
justification for such studies.
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the design and the ¡naintenance of roadways in areas
where swelling is known to occur.

Swell Potential

Snethen and others at the U.S. Army Engineer
Watervrays Experiment Station (V'IES) at Vicksburg,
Mississippi, have performed extensive compilations
of the existing literature as well as independent
research on the snelling phenomenon under a Federal
Highway Aclrninistration (FHWA) research grant. The
several reports that have resulted frorn these
studies represent the nost. comprehensive literature
available on swelling soil-s.

Very briefly, significant swell potential in
shale is attributable to the presence of mont¡noriI-
tinitic clay minerals (I,2). Most clay minerals
will expand on wetting, but significant volume
changes are related to montnorillonite clay content
and distribution.

Occur rence

Shales in the UniLed States that exhíbit significant
swell potential are typically Mesozoic and Tertiary
in age and are abundant in the semiarid climates of
the West.

Sampling and Testing

Sampling and testing requiremenÈs for determining
the presence of swelling clay minerals ín bedded
shale for highway-design purposes are much less
stringent than, for exa¡nple, those for
building-construction purposes. fn fact, no testing
is required where a knowledge of local geology and
performance of existing pavements can provide
qualitative data.

¡Ihere sanpling and Èesting progrãms are
contemplatedl, ít is important to obtain samplês from
bedded materials rather than frorn alluvial and
residual soiIs. Tests performed on sanples fro¡n
unbedded soil deposits arè not reliable indicators
of the svrelling problems that may be experienced
over bedded shales after the roadway is conpleted.

The shales can be samplecl in test pits or by
using coring equipment. Testing has traditional-Iy
been performed on material crushed to soil
gradations (3).

Correction and Prevention

Subexcavation and reconpaction of be¿lded shale below
the profile grade line to a depth of 2-3 m (6-10 ft)
have consistenÈIy proved to be the most
cost-effective solution to swelling-shale problems
in semiarid climatesr however, the costs of this
procedure are relativeJ-y high in conparison e¿ith

Swelling Shale and Collapsing Soil
A,C. RUCKMAN AND R.K. BARRETT

Geotechnical engineering parameters of both rock and soil can be significantly
influenced by regional environmental factors. Climatic factors such as rainfall
and temperature, coupled with geologic and geomorphic factors such as bed-
rock type and landform configuration, combine to present very different kinds
of problems for highway pavements in the several physiographic provinces of
the world, Two causes for pavement deformat¡on that are physiographically
bounded are swelling shale and collapsing soil. Swelling soil ¡s not a signif¡cant
problem for highway builders in the semiarid cl¡mates of the westeÌn United
States. Swelling bedded shale, however, can completely disrupt the traveled
way. Soil surveys, laboratory testing, and correct¡ve and/or preventive mea.
sures designed for swelling soils are frequently not appropriate for effect¡vely
dealing with swelling shales. Low-level blasting is presented as one method of
prevent¡ng or correcting swelling-shale problems under roadway pavements.
This technique cost-effectively approx¡mates subexcavat¡on. Proper selection
and placement of the explos¡ve are ¡mportant to the success of the technique.
Soils that have a measurable swell potential can collapse on wetting in a sem¡-
arid climate because of a combínatíon of environmental factors. Pavement
d¡stortions over collapsible soils are often misidentified as resulting only from
swelling soil or ¡nternal fill deterioration. Prewetting of collapse-susceptible
soils allev¡ates Iong-term settlement problems.

Tvo najor causes of distortion in highway pavements
have been identified in Colorado: swelling shale
and coJ-lapsing soil. Both are products of local
geologic, geomorphic, and climatic factors. Neither
swelling nor collapse is significant in many pârts
of the Uniteil States. But in physiographic regions
whêre either of these problens exists' substantial
disruption of the traveled way can occur.

Problerns with swelling soil anâ/or shale have
been recognized antl treateil in Colorado for several
years. Collapsing soils have only recently been
identified as a cause for gradual deterioration in
rideability on roadways over outwash-mudflovr soil-
sequences. Previously, undulating pavement surfaces
over collapsíb1e soils were attributed to swell,
especiall,y in areas where swelling shales were used
in fill constructíon. Although either phenomenon
can occur independently' this paper reports on both
because of their interrelationship with environ-
rnental factors and their si¡nilar effect on the rid-
ing surface.

Literature searches have failed to turn up
definitÍve mapping for areas where either problem
may exist. Independently varíable environmental
factors, including clinate, rainfall, slope,
bedrock' exposure, and vegetative cover, must be
collated onto a single map in order to delineate
physiographíc regions that may be susceptible Èo

either phenomenon. This, to our knor,rledge, has yet
to be accomplished.

SWELLTNG SHALE

Swelling bedded shale is a common cause of pavement
distortion in arid and semiarid climates. Swelling
soils are nuch less likely to cause significant
deformation of the riding surface in these
climates. This ís an important distinction for both
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Figure 1. Use of blasting technique to repa¡r pavement
d¡stortion caused by swelling shale.

costs for similar roadway templates over nonswelling
bedrock.

The resuLts of experimental work in District 3 of
the Colorado Department of Highways (northwest
Colorado) indicate that the use of 1ow-level blast-
ing to disrupt the bedded shale has been highly suc-
cessful. Although blasting to accomplish reduced
density and disruption in shale bedrock produces a
nore variable result than subexcavation and reco¡n-
paction, swelling has ceased to be a problem at
almost all locations where the blasting technigue
has been atte¡npted. Thus, \de have concludêd that
blasting is a cost-effective solution for
swelling-shaIe problens.

When blasting is perforrned on new construction or
on pavenent recycling projects where the pavement is
conpletely removed, holes are drilled 2.4-3.3 m
(8-10 ft) deep, approxinatety I cm (3 in) in
diameter, on about 2-m (6- to 7-ft) centers. These
holes are loaded with 0.1 kg (0.25 lb) of dynamite
and +0.9 kg (!2 Ib) of factory-mixed fuel oi1
and amrnonium nitrate (ANFO). The charges are
detonated with Primacord, or its equivalent, and
fused caps. Loading and spacing can be varie¿l to
achieve optirnun results at a given location. On new
construction, it is also acceptable to carry
production blasts 3 m (10 ft) belor+ the planneil
grade in order to disrupt the swell-ing bedrock.

Thorough wetting of the bfasted zone is
recommended after blasting is completed. This
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measure ãccelerates the achievement of moisture
equilibrium within the blasted zone.

Blasting as a maintenance technique requÍres
careful drill-pattern control and precise charges.
Holes on 2-* (0- or 7-ft) centers, 7.62 cm (3 in) in
diameter, and 2.4 m (8 ft) deep have proved to be
the optinum combination in western Co1orado. Holes
are drilled on either side of a sharp upheaval,
loaded, and detonated sinultaneously. trlhen the
proper charge is used, the pavernent is lifted but
not broken and a long ,'rampn is produced in the
roadway as opposed to ã sharp bump. Experience in
Colorado indicates that this explosive treatment
produces a nore permanent solution than does ranping
with cold ¡nix and at a significantly lower cost.

Figure 1 shows the roadway inprovenent that
resuLts from the maintenance blasting technique.

Use of Blasting Technigue ín Colorado

Experimental blasting of swelling shale under
roadways was begun in Colorado in 1976. The first
series of hole spacing and loading trial-s was con-
ducted at the Mesa County landfil-I in freshl_y ex-
posed Mancos shale bedrock. Of the several experi-
mental combinations, it was found that the use of
7.62-cm holes 2.4 n deep and on 2-n centers, with
specific explosive loading and carefulLy conpacted
stemning material, yíelded predictable results.

Holes 3.3-4 m (10-12 ft) deep would either
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produce a large cavity around the botton-ho1e loads
or produce airborne fragments and severe surface
disruption. Holes 2 m deep occasionally produced
excessive surface disruption as well as airbornê
fragnents, even with relatively light loads.

The first roadway blasting experiment took place
in a Mancos shale cuÈ on US-50 between Whitewater
and Grand Junction, Colorado. That section of
roadway was scheduled for a feveling and overlay
project. The first series of holes consisted of a
square grid of 20 holes on 2-m centers. At first,
rniddle holes were loaded as heavily as outside
ho1es, and the pavement rose about 2 m in the
center. Thereafter, center holes r.rere loaded
lighter, and fewer holes were detonated with each
shot.

A total of three areas were blasted in thê
Whitewater area of US-50. After four years, these
areas continue to perform satisfactorily whereas
control sections in that area have exhibited severe
surface distortions.

The next experimental- blasts were conducted on
US-40 wesÈ of Craig, Colorado, in an area that was
exhibiting extreme distortions. one bu¡np had caused
several accidents, incJ-uding one involving a
semitrailer loaded with shotgun ammunitíon that
broke in half as it landed on the down side of the
bump. The blasting performed on this section
accomplished the necessary ranping of five of the
seven siÈes blasted so that no further work was
required by maintenance forces. After four years'
the blasted arêâs hâve shown no novêment.

An asphalt-recycling research project at Grand
Junction included 606 lane-¡n (2000 lane feet) of
blasting to monitor the long-tern effects of this
technigue. This area traversed a shale ridge that
had been repeatedly leveled by maintenance forces.
Blasting was performed in 1979' and the performance
of the riding surface continues to egual that of
adjacent areas.

The most recent use of blasting on a Colorado
Dívision of Highways project was west of the Èown of
Rifle on a deep cut through Wasatch sequences of
shale and síltstone. Older roadway cuts in the area
exhibited either swelling or rebound (or both),
which created severe bumps in those roadways.
Production blasts were carried 3 m (10 ft) below
grade. The performance of the pavement at these
Iocati.ons is equal to that in adjacent areas.

COLLAPSING SOILS

A factor that often çloes unrecognized f.or its
potential to severely reduce the rideability and
servíce life of roadway surfaces is collapsing
soils. Western Colorado abounds in deep soil
deposits that will collapse as much as 25 percent in
volume on thorough wetting. fn the early 1960s, the
U.S. Bureau of Reclamation (now the water and Power
Resources Adninistration) identified several rnajor
areas of California as susceptible to collapse
(9-6). Similar areas nust exist in semiarid
climates of the western statesi howeverr this has
not been the subject of comprehensive geologic
mapping.

Coll-apse Potential-

Bureau of Reclamation studies in the San Joaquin
Valley of California identified geomorphic and
climatic factors that contribute to the deposition
of collapse-susceptible soi1s. Briefly, these soils
are all-uvia1 out\,rash and mudflow deposits. Mudflows
are typically quite viscous, containing between 16
and 20 percent free water. As the flow dries, the
frothy texture or fabric is retained, forming what
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has been described as a I'honeycomb texture". After
drying to a ¡noisture content of about 6 percent, the
flow is structurally sound. Subsequent flows can be
deposited without rretting the underJ-ying flows
because of the l-ow moísture content of these flows.
The added weight of subsequent deposition creates a
potential for collapse.

Mudflow deposits are extrenèly nonuniform in rnany
important gêotechnical paraneters. Density and
graín shape and size vary markedly, both hori-
zontally and vertically, over short distances. Sus-
ceptibility to collapse increases as the silt and
clay fraction increases. Moisture content, however,
typically exhibits relatively uniform gradients with
depth. Hydrocompaction is initiated by wetting the
dried ¡nudfLow dèposits.

Adding a pavenent over these soils is one way to
gradually increase the moisture profile (as a result
of thê hydrogenesis, or "desert sti1I", phenom-
enon). Typically, pavenent deformation progresses
at a relatively slow rate as the moisture profil-e
gradually increases. Thorough wetting, however,
results in immediate and complete collapse.

Occur rence

Collapse-susceptible soí1s are the product of a dry
climate and steep slopes formed on soft,
fine-grained bedrock. A tie-in with swelling shales
is that these shales are frequently slope-forrning
me¡nbers that weather rapidly and provide the
fine-grained-soi1 portion of the mudflows. lt is
frequently possible to obtain test results that show
significant swell potential from a soil deposit that
will, in fact, collapse with ti¡ne and wetting.

In vrestern Colorado, the mudflows begin on steep,
south-facing valley walls that are composed of
sparsely vegebated Mancos, Mesa Verde' Wasatch,
Green River, and Maroon formations. These
sedimentary bedrock formations contain sequences
that weather rapidly on a fresh exposure. The rate
of weathering decreases as soil cover is developed.
High-intensity, short-duration rainfall washes away
the newly devêIoped soil cover every few years and
produces nudflows. The freshly washed and exposed
bêdrock then begíns rapid weathering and soil,
production, continuing the cycle.

Sampling and Testing

Sampting in colorado is done by using thín-waIled
seamless tubes with a 6.3-cm (2.5-in) inside diam-
eter thåt are pushed into the soif with a drilling
rig. Frequency is determined on a project-by-
project basis but typically averaqes 24 samples/l-ane
kilometer (40 samples,/¡nile). About half of these
sampl-es are not acceptable for Lesting because of
sampling-tube damage by rocks and because of a fail-
ure to retain samples in the tube. The most col-
lapse-prone soils are dry and friable and are dif-
ficult to successfully extrude and end trim. Some
samples are damaged during the extrusion and end-
trimming steps.

Testing is performed in a consolidometer device
(7). The sample diameter and the oedometer-ring
diameter are approximately equal to avoid the
necessity of side trimning for fit. where gross
indicators of collapse susceptiblity are accêptable,
testing can be appreciably shortened. The Colorado
procedure includes loading to in situ values and
then saturating the sample. This procedure cuts
testing ti¡ne to three days from the approximate two
weeks required for standard consolídation testing
procedures.

Data interpretation is very important to the
overall analysis and must include an overall evalua-
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tion of site geology, sampling frequency, and san-
pling success, l,lhere it is assuned that the final
group of samples is reasonably representative of an
area, remedial measures arê recom¡nended when morè
than 25 percent of the total soil volume represented
exhibits significant colJ.apse potential. on
Colorado highway projects, collapse of greater than
10 percênt in laboratory samples loaded to in situ
J-oading is dee¡ned significant. These values should
be established for each project based on the
consequence of soil coll-apse. Obviously, hydrocon-
paction would be of greater negative consequence to
a nuclear reactor than it would be to a sheep corral-.

Correction and Prevention

Problems with hydrocompaction of collapse-suscep-
tible soils can be avoided by thorough wetting of
a1l clry layers under the pavement. Research per-
for¡ned by the Colorado Divísion of Highvrays in-
dicates that all collapse occurs on initial satura-
tion and Èhat only norrnal consolldation occurs with
subsequent loading (8).

Wetting of problem soils can be accomplished by
ponding or by using sprinklers (9,lq). Ponding is
generally nore thorough. Sprinkling costs Less but
has failed to penetrate to fult depth in about 20
percent of the areas wetted along I-70 in western
Colorado. Backfilling dri1l holes with gravel cân
speed up the wetting process but is so expensive
that its cost-effectiveness on highway projects is
questionable.

Under existing pavenents, deep wetting is
difficult to accompJ-ish. No projects of this type
have been atternpte¿l to dater but a project is
planned near Grand Junction for 1981 or 1982.

Experience in Colorado

Active investigations into the causes of gradual
aleformation in several highways in the valleys of
western Colorado began in 1975. Hydrocompaction was
suspected as the cause. A literature search yielded
litt1e infor¡nation to link collapsing soils and
pavernent defor¡nation; however, several Bureau of
Reclarnation reports on sampling and testing
procedures for collapsing soils were found.

Field sanpling was initiated on an I-70
preliminary design project vrest of Grand Valley (now
Parachute) that would have to accommodate a future
reservoir. High fíI1s over deep alluvial (nudflow)
soils were reguired, and saturation of the mudflow
sequènces would certainly result when the lake was
filled. Consolídometer tests indicated that a
collapse of 25 percent was possible in sorne soil
Iayers. A literature review Índicated that
laboratory results could be divided by two to
predict field performance and that field tests were
¡nore reliabte than laboratory tests for determining
collapse potentiä1.

Laboratory tests of the soils results certainly
warranted field tèsts. Trdo ponds were constructed,
and a dam retaining each pond approximated the
proposed highway filI. settlement measurenent grids
were estabtished and monitored throughout the field
testing.

No settlenent e¡as observed after construction of
the si¡nulated I-70 fill, but settlements of rnore
than 1 n (3.5 ft) occurred when the ponds vrere
filfed. It was deter¡nined that precollapsing of
this area would be desirable prior to construction
of the fills¡ otherwise, Ioss of service of f-70
would be a virtual certainty when the lake was
filled.

Sprinkling test sites r.¡ere subsèquently estab-
Iishedr anil sprinkling was found to be the most
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cost-effective method for consolidatíng the low-
density soils under highways. Prevletting of several-
¡niles of subsoil has now been successfully ac-
complished prior to I-70 construction in the col-
lapse-prone Grand Valley (Parachute) ârea.

SI'MMARY

The behavior and .per:fornance of a variety of
geologic materia.Is iìepencl on environmental factors.
Shales -that are expÕsed as .barren hills in dry
climates 'woul-d -Iong since have weathered into
soil-covered pl-ains in wetter clÍmates. Modes of
soil deposítion in arid climates are quite different'from those in wetter climates, yielding very
diffërent soil textures and fabrics.

Field exploration and laboratory testíng programs
must be designed to determine regional and locaf
clifferences as well as universally si¡nilar
geotechnicat properties. For exarnple, it is
possible 'to obtain laboratory test results that
indicate swelling potential from collapsing soil
deposits in semiarid and arid environnents. In this
case, the soil fabric--i.e., grain size, shape,
distributionr âDd orientation--is an independent
paraneter and, for foundation design, has a
significance equal to that of soil mineralogy.

fn laboratory test results, bedded shal-es that
have first been reduced to soil--sized partícles and
then remolded can exhibit very different properties
than the in situ shale. Neither particle
orientation nor density can be successfully
cluplicated in rernol¿led bedrock samples. The
significance of this inabiJ-ity to duplicate field
conditions in the laboratory obviously varies with
each engineering project.

Both swelling shale and collapsing soil can be
accomnodated in engineering projects where they have
been identified, and appropriate mitigative measures
can be cost-effectively applied. Recognition of
thesè and â host of environnentally related
phenonena is the key.
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Development of a Laboratory Compaction-Degradation
Test for Shales

BARNEY C, HALE, C.W. LOVELL, AND L.E. WOOD

Hard but nondurable shales must frequently be incorporated in embankments
¡n the M¡dwest. lt ¡s essential that these shales be thoroughly degraded and
compacted into thin, dense l¡fts, Yet there is no simple, widely accepted labo-
ratory test for predicting the diff¡culties of mechanical degradat¡on. The de-
velopment of a lâboratory compact¡on-degradat¡on test that will make it pos-
s¡ble to compare the behavior of shales in the laboratory with their behavior
during the construct¡on process is described. After testing three very different
lndiana shales over a range of gradat¡on and compaction variables, it was con-
cluded that two types of compaction tests are su¡table for this purpose: im-
pact and stat¡c, Degradat¡on was evaluated by sieving both before and after
compaction and was expressed as the reduct¡on in mean aggregate size caused
by compaction (the ¡ndex of crushing). The stat¡c compact¡on test allows the
ready evaluation of compact¡ve work (rather than nom¡nal compactive energy),
and the impact test has the advantages of familiarity and acceptance by al-
most all testing laboratories. lt is l¡kely that the ¡mpact test will be more
widely accepted for the stated purpose. The development of the laboratory
test is an ¡mportant first step, but correlat¡on of the laboratory values with
breakdown under f¡eld rolling is necessary before the total eng¡neer¡ng ob¡ec-
tíve is achieved.

The excessive settlenents and failures of many em-
bankments constructed of shale materials have led to
najor investigations concerning the properties and
behavior of shales. It has been found that the
deterioration of shale that results from weathering
plays a rnajor role in the poor performance record of
shale embanknents.

Durable shales, which can vrÍthstand the weather-
ing process, will perforn satisfactorily when placed
as rock fi11. Nondurable shales, however¡ nust be
thoroughly broken down during compaction and placed
as soil fil1. shales that are mechanically hard but
nondurable present special probl-ens in relation to
construction techniques.

The current practice of breaking nondurable
shales down ínto soil fill ¡nakês it all the more im-
portant to un¿lerstand shale degradâtion during com-
paction. Laboratory tests nay bè helpful in defin-
ing the conpaction and degradation functions of
shales. These functions may ultimately be relateil
to field conditions.

The vrork by Bailey (1) establ-ished a basis for
lâboratory degradation têsts. Thê study reported
here concentrated on the dêvelopment of a single
standard testing procedure and its application to
troublesone hdiana shaLes.

REVIET OF LITERÀTURE AND EXPERIENCE

Sha1es are the nost abundant of the cornmon sedinen-
tary materials. Although shales are generally de-
fined as argillaceous sediments that display fis-
sility, a large nu¡nber of definitions have been

developed l2'). The definition presented by Petti-
john (3) and by Underwooal (A) and adopted for this
study is that shale is the more highly indurated and
generã1ly físsile equivalent of claystone and/ot
s iltstone .

Mead (5) proposed a classification syste¡n that
divided shales into tvro groups: compaction shales
and ce¡nented shales. The compaction shales are con-
solidated by the weight of overlying sediments and
Iack significant amounts of intergranular cenen-
tation. The cemented shales are strongly bonded by
either cementing agents or recrystallization of the
clay rninerals. The conpaction shales are generally
softer and more subject to sJ-aking (a rapid disinte-
gration caused by cycles of r.retting and drying) than
the cemented shales. The cêmented shales are harder
and more durable and may be successfully used as
rocklike naterial-s in embankment constructíon.

According to Pettijohn (f), the fissility ex-
hibíted by shales is the resul-t of both the compac-
tion and conco¡ûnitant recrystallization during for-
¡nation as well as the paral-Iel orientation of the
micaceous constituents at the time of deposition.
Ingra¡n (6) used three do¡ninant types of breaking
characteristics to classify the fissility of shale
as massive, flaggy, or flaky. Massive shales have
no preferred dírection of breaking and produce
blocky fragments. Flaggy shales break into frag-
ments of varying thickness that have much greater
lengths and widths and two approxirnately parallel,
flat sides. Flaky shales split along irregular sur-
faces parallel to the bedding planes and produce
flakes, thin chíps, and wedgelike fragments.

Road cuts for highways constructed Ín the nid-
\Àrestern United States often encounter shale. Eco-
nomic and environmental considerations generally
make the usê of the excavated naterial in nearby
conpacted embankment sections more desirable. How-
evèr' the poor strength and durability characterís-
tics of many shales, ålong with inadequate construc-
tion procedures, have resul-ted in several undesir-
able èxpêriences with conpacted shale embankments.

Excessive settlement and slope failures of large
shale enbankments have occurred in several states
(7). Such èmbanknent failures 1ed to thê inítiation
of research and development programs by the Indiana
State Highway Cornmission (ISHC) through the Joint
Highway Research Project at Purdue University (8).
Reports from these studies on the follo!¡ing subjects
have been completed: the classification of shales
(2,9), shale compaction and degradation characteris-
tics (1), the storage anal retrieval of existing data
on rndiana shales (10), thê shear-strength param-
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eters of conpacted shales (!L), and the compressi-
bility of compacted shales (!!). In addition to the
work at Purdue, the U.S. Army Engineer Waterways Ex-
perinent Stâtion has conducted a three-phase shaLe
research project for the Federal Highway Administra-
tion (FHWA) (13).

In previous construction practices, shales that
appeared competent were placed in J-arge pieces as
rock fills. Softer shales were placed as soil
fiI1s, but the presence of harder sedimentary rocks
(limestone or sandstone) prevented cotnplete compäc-
tion (14). These procedures l-eft large voids within
the embankmènts. Dísintegration of the shale ted to
collapse of the openings, a loss of interlocking
ãmong the pieces, and the disruption of drainage,
which resulted in serious settlements and possible
enbankment failures.

According to Deo (2), shates that are identified
as nondurable, or "soillike", should be thoroughly
broken down during construction to eliminate the
presence of large voids within the conpacted rnass.
This approach is supported by Vtood and others Ggland is currently used by ISHC. Softr nondurable
shales general-ly do not present å najor problern in
relation to breakdown during cornpaction. However,
nany shales in Indiana are hard and ¿lifficult to
degrade despite their lack of durabitity. For these
shales, special compaction procedures must be used
to increase the probability of a successful
embank¡nent service life.

The policy of thoroughly breaking doh'n shales
during embankment construction e¡nphasizès the impor-
tance of understanding the shale degrå¿lation that
results from conpaction. Appropriate definition of
the degradation functions would be most directly
achieved through field compaction tests. yet the
expense of field tests and Iimitations of current
knowledge on shale degradation would reduce the ef-
fectiveness of any najor field testing prograrn. A
standard compaction-degradation test and an assort-
ment of compaction variables could be.used to gener-
ate the degradation functions in the Laboratory.
Ultimately, the results and experiences fron the
Iaboratory studies could be coupled with compaction
observations in the fielil. If there v¡ere sufficient
data fro¡n both laboratory and field studies, shale
degradation during field compaction could be quanti-
tativêly predicte¿l fro¡n the results of laboratory
testing only.

Bailey (1) estâblished a basÍs for studies of
shale degradation. He performed four types of labo-
ratory conpaction tests on sanples Õf Attica (Indi-
ana) shale and analyzed the relation among degrada-
tion, conpaction effort, and unit $¡eight. From
these results, Bailey found that both densification
and degradation appeared to be self-1i¡nitíng reac-
tions regardless of co¡npactive effort, noisture cÕn-
tent, or initial gradation. Baíleyrs experiences
were used as guidelines in this study, the purpose
of which vras to develop a single standard test pro-
cedure and to apply the Èest to selected, trouble-
sone Indiana shales.

DEGRÀDATION TEST PROGRAM

Thê degradation of shale that occurs during
cornpaction is affected by a nunber of factors. The
most evident factors are type of shale, method of
compaction, and compactive effort. Other variables
include initial gradation, maximum size, and
¡noisÈure content. This pâper reports the testing of
three shales by two methods of compaction and over a
range of conpactive efforts. The effects of initial
gradation, maximum aggregate size, and rnoísture
content were also covered and are reported elsewhere
(15).
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Nunerical Representation of Gradations

During the compaction process, fracturing, abrasion,
and moisture effects break down individual shale
pieces. The result is a compacted ¡nateriaf that has
a gradation different from that of the uncompacted
natería1". Therefore, a measure of the gradation
change serves as an indicator of the anount of
degradation that has occurred.

Gradation coefficients have been developed to
provide a numerical value representing a grain-size
curve. The index of crushing (IC) is a gradation
index based on the summation of the weighted
fractions of several size groups. Aughenbaugh and
others (I0) have described the use of the IC as a
measure of aggregatê degradation during compaction.
The percentage of the sanple by weíght within a size
range is multiplied by a factor equal to the mean
equivalent mesh size of that range. The sumnation
of the vâl-ues from each size group represents one
gradation. The actual IC value is cornputêd as the
difference betvreen the numerical represêntations of
the ínitial and fínal gradations and is expressed as
a percentage of the value from the initial
gradation. As Hãle (15) shows, the gradation values
in the IC represent the mean or average aggregate
size of the initial and final gradations. The IC is
thus a measure of change in the mean aggregate size.

The IC rnakes it possible to compåre samples that
have dissi¡nilar initial gradations. The IC is based
on real ¡neasures of aggregate size and weight
percentages. According to BaiJ-ey (!),

Vlhen degradation is expressed as the percent
change in the gradation index, thus relating both
initial and final conditions, the "real" base of
the weighting factors allows direct comparison of
samples vrithout the neecl for scaling or oversize
corrections. This enables degradation compari-
sons betvreen small-scale laborätory tests and
actual field compaction.

The successful use of the IC by Bailey, the
abiLity to use the IC for samples that have
different initial g.radations, and the concept of
¡nean aggregate size'lêd to the use of the IC as the
prinary measure'of degradation for this study.

Selection and Description of Têst Shales

Three fndiana shales--Nev, Providence, Osgood, and
Palestine--were selected for use in the testing
program. The relative proportions of the clay
mineraÌs in each shale r.rere estimated by using the
peak amplitudes from X-ray diffraction as a rough
quantitative guide (see Figure 1). These clay
ninerals are the ones commonly expècted in
rnidwestern shales. Swelling is not a major concern
with these shales.

New Providence shale lies at the base of the
Val¡neyeran (Osage) series of the lfississippian
syste¡n. The shal-e is gray, medium hard, and f1aky.
It is classified as hard and nondurable (]Z) and has
a specific grâvity of 2.77.

The Osgood shale is a ¡nember of the Salamone
dolornite and lies at the base of the Niagaran series
in the Silurian system. The Osgood shale ís
blue-gray, hard, and flaggy. ft is classified as
hard and nondurable ($) and has a specífic Aravity
of. 2.8]-.

The Palestine shã]e is part of the Palestine
sandstone formation in the Chester series of the
Mississippian system. The rocks of the Chester se-
ries consist of shales, sandstones, and limestones
in relatively thin strâta. The Palestine shale is
brown-gray, soft, and flaky and can best be dès-
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Figure 1, Est¡mated relative proport¡ons of clay m¡nerals in test shales.

SHALE CLAY MINERAL ìELATIVE PROPORTIONS

NEW

PROVIDENÔ

ILLITE

KAOLINITE

CHLORITE

OSGOOD
ILLITE

KAOLINITE

PALESTINE

ILLITE

KAOLINITE

CHLORITE

Table 1, Summary of compactive-effort var¡ables.
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were still included, Changes in maximum size and/or
gradation were found to affect the magnitudes of
degradätion, but the rel-ative values (for one shale
with respect to others) were unchanged (ItL).

Degradation was also significantly affected by
moisture content ($) , but the shales were tested at
their natural moisture levels to avoid the undesir-
able effects of eíther wett.ing or drying (f). A1-
though the val-ues of moisture content varied among
thê three shales, the noisture contents for sanples
from any particular shaLe were relatively uniform.

Irnpact Tests

The impact tests vrere sirnilar to the Proctor-type
compaction procedure in that a s¡nall-faced hammèr
was dropped on the sample material a specified
nu¡nber of times. The equipment and compactive ef-
forts were modified to satisfy the special needs of
the testing progran (15).

A 15.24-cm (6-in) diameter steê1 Califoria bear-
ing ratio (cBR) mold was used to accomnodate the top
aggregate size of the sanple gradation. Bailey (l)
reported problems of additional degradation induced
during the renoval fro¡n the mold of the more tightly
compacted shale samples. To alleviate this problem
and aid samplê removal, a1l- samples r,rerê compacted
in a split CBR mold.

The different levels of comPactive effort were
control-Ied by the weight and drop of the hãmmer' the
number of layers, and the number of bLows per
Iayer. Table 1 summarizes the conbinations of vari-
ables used to obtain each effort level.

The conpacted samples were separated by hand and
dry-sieved through the nest of sieves used in the
sample preparation. A nore conplete description of
the sieving process is given by Hale (15). After
sieving, the materiat from each of the size groups
was weighed on a scale accurate to 0.1 g. A portion
of the samplê material vras oven-dried at 105oC
(220oFt for one week to determine the sanple mois-
ture content. once the initial- and final sample
gradations were knoh'n, the IC was determined.

Static Tests

The static tests were characterized by the slow ap-
plication of a load distributed over the entire face
of the sample. As in the inpact tests' ¡nodifica-
tions in equipnent and procedures were aleveloped to
satisfy the special requirements of the static test-
ins (fg) .

The static compaction test had an advantage over
the irnpact test in the deternination of conpactive
energy. The totat compactive work done on å sample
coul-d be cãlculated by neasuring the load tluríng the
compaction process and the resídual deformation of
the sanple. A dial gagê was attached to the loading
ram to evaluate the deformation of each statically
compacted sa¡nple. The compactive effort in the
static tests varied only in the highest load applied
to the sample. The four levels used were 500, 1000,
2000, and 3000 kPa (72.5' I45.0r 290.0' and 435.0
Ibf,/in2 ) .

Each sample was conpacted in three layers. A

loose layer of material rras place¿l in the mold, the
loading ram hras positioned and seäted, and the en-
tire assembly was then placed in a conpression test-
ing machine for toading. The load was increased to
the desired level and then released inmediateJ.y.
After conpaction óf the final layer, the sample was
trimmed, vreigheal, and dry-sieved by using the pro-
cedure described for the irnPact tests.

r,oad and defornation erere monitoreil for each
1ayer. Values fron the conpression-machine load
gage were recorded at regular time intervals during

3

3
5

I
2
3
4

527
785
1443
2400

2.49
4.s4
4.54
4.s4

30.5
45.7
45.7
45.7

JU
55

Note: I kJ/m3 = zo,e ft.ltfTtt3; 1 kg = 2.2 lb; I cm = 0.39 in.
Añerican Association of State Highway and Transportation Officials standa¡d

effort is 596 kJ/m3 and modified effort i$ 2680 kJ/m3.

cribed as a transition between shale and sandstone.
It is cl-assified as soft and nondurable (1Z) and has
a specific gravity of. 2.73.

Testi Procedur

Research has shown that the impact and static neth-
ods of compaction denonstrate features suitable for
a standard compaction-degradation test (15). A

testing progra¡n was developed to examinê the repeat-
ability of the cornpaction process involved in each
method. Samples of the New Providence, osgood' and
Pal-estine shales vrere prepared in an identical man-
ner to recluce the test variation. The use of four
levels of compactive effort in both the impact and
static tests perrnitte¿l the effects of compactive ef-
fort on degraclation and compacte¿l density to be
¿lemonstrated.

Sample Preparation

The excavation methods used to obtain the shal-e
produced a number of large pieces. The large pieces
$'ere broken down with a carpenter's hanmer to
prepare sanples suitable for testing. The broken
shale was then dry-sieved through a nest of sieves
with mesh sizes of 38.I,19.1' 9.52,4.76,2.38,
1.19, 0.59, 0.30, and 0.15 mm (1.5, 0.75, 0.375, no'
4, no.8, no.16, no.30, no.50, and no.100) and a

pan. A 5.0-kg (11.0-lb) sample vras prepared
immediately before testing by blending the different
sizes to fit a cunulative distribution of gradation
that conforned to the following general equation:

P/loo = (d/D)n (1)

where

P = percentage passing anY síeve'
d = sieve nesh size, and
D = top aggregate size.

A value of n - J. provided a well-graded mix in which
the Iarger pieces predominated but the finer sizes



Note: 1 kPa = 0.145 lbf/¡n2
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Figure 2. Load versus time,

Figure 3. Deformat¡on versus t¡me.

Note: 1 mm = 0,039 in.

Figure 4. Compaction effort versus lC for ¡mpact compaction.

coMPAoTloN EFFoRT (lt9xto1
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tiplying the ratio of the nold volume to the final
sarnple volume.

RESULTS OF TESTING PROGR.AIVT

Impact Tests

hpact tests that involved four level-s of compactive
effort were perforned on each of the three shalês.
As Figure 4 shows, degradation generally increased
with increasing compactive effort. The relation be-
tween degradation and compactive effort generalty
agreed with the results of shale degradation tests
performed by Bailey (1). Bailey also reported a
liniting maximum value of degradation with increas-
ing conpactive effort. No limiting degradation
values were observed for the shales in the conpac-
tive efforts used in these impact tests.

The Palestine shale at the third conpactive l-evel
[1450 kJ/m. (30 300 ft.lbflft3 ) ] deviated from
the trend of increasing ¿legradation. The snaller IC
value was attributed to problens with separation of
the compacted sample before dry sieving. The co-
herence of the Palestine shale co¡npacted at levêl 3
created a sampLe that coutd not be separated h'ithout
inducing an unknown amount of degradation. Keepíng
the effort of separation to a ninimum increased the
probability of representing a Iump containing sev-
eral pieces as a single aggregate size. The prob-
lems encountered with the Palestine samples at 1evel
3 prevented the degradation analysis of the pales-
tine shale at any higher level of effort.

Figure 5 shows a typical aggregate sizê
distribution for the group of four i¡npact compaction
samples of New Providence shale and provides an
important key to understanding thê degradation
pattern of the shales. The initial gradation is
shown in Figure 6. Aggregates in the 38- to 19-mm
(I.5- to 0.75-in) size group experienced the
greatest percentage weÍght change. Fragnents
produced by the breakdown of the large pieces were
distributed over the entire size range, which
increased the åmounts of smaller sizes. Aggregates
in the nedium size range also degraded. However, to
some extent, fragments from larger aggregates
replaced the brÕken, nedium-sized aggregates. The
overall degrailation process produced a final
differential frequency distribution that was flatter
than the initial clistribution and hacl a smal-ler mean
aggregate size (conpare Figures 5 and 6).

The dry density shown in Figure 7 also increased
v¡ith increasing compactive effort. The compaction
tests rêported by Bailey (1) indicated limiting
maximum values of dry density as the compactive
effort increased. Although no actual 1i¡nits were
reached in this testíng progran, the density curves
for each of the shales show a tendency to become
asymptotic at the higher level-s of compactive effort.

A direct comparison of the alry-density values for
the three shales at any givèn compâctive effort is
misleading because of the differences in specific
gravity among the shales. The use of the percentage
solids is defined below:

Percentage solids = volume of solids/total volume A)

This provides a measure that corrects for
difference in specific gravity.

the

Table 2 gives the values of percentage solids for
the shales at each leve1 of co¡npactive effort. The
values in Table 2 indicate that, for a given effort
leve1 and â constant nold volume, the volurne of
solids is alnost identical regardtess of the shale
type. An acco¡npanying conclusion is that the volume
of voids is also identical at a given effort level.
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the conpaction process. As the load approached the
higher values, the slope of the toäd-tine curve in-
creased sharply (see Figure 2).

The sample deformation, measured by the loading-
ran ilial gage, displayed the relation between linear
deformation and tÍme shown in Figure 3 during toad-
ing. On release of the 1oad, the defornation showed
a sharp decrease that indicated the elastic rebounil
of the sanple. Only the residual deformation, mea-
sured as the difference in the dial-gage reaaling be-
fore and after loading, was used in calculating the
work input. Since the elastic portion of the total
deformation hras assumed to have a linear relation
with 1oad, the relation between resiclual deformation
and load was also linear.

The r,¡ork input could be calculated by using the
trapezoidal rnethod to estimate the area beneath the
load-residual dèformation curve. The total compac-
tive work input for a sample v¡as taken as the sumna-
tion of the work that had been applied to each layer
in the sample. This quantity was normalized by mul-
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Figure 5. Aggregate s¡ze distribut¡ons for New Providence shale at impact
compaction level of effort 1,

Figure 7. Effect of impact oompact¡on effort on compacted dry density.

OOMPACTION EFFORT (!+ XIO!)

ooMPAGTION EFFORT 1{¡

Table 2. Average values of percentage sol¡ds for impact compaction samples
by level of compactive effort,
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The degradation of the material during compaction
resulted in different final gradations for each
shale. As èxplained previously, degradation is
characterized by a reduction in the anount of large
aggregates and an increase in the amount of s¡na1Ier
sizes.

The variability of thè compaction process was in-
dicated by examining the results of tests repeated
four ti¡nes at each effort level. The coefficient of
variation (the ratio of the standard deviation to
the mean' expressecl as a percêntage) Provided an ap-
propriate measure of variability. Table 3 gives the
mean Ic value and the coefficient of variation for
èach efforb Ievel.

The lowest cornpactive effort (Ievet 1) consis-
tently displaced the greatest variation. The varia-
tion decreased as the cornpactive effort increasecl to
effort levels 2, 3, and 4. The Palestine shale did
not follow this trend. The variation at level 3 for
the Palestine shale was larger than the variation at
leve1s 1 and 2 because of the problerns encountered
\dich sanple separation.

The aggregate size distribution of the four
samptes of New Proviclence shale shown in Figure 5

helps to explain the observed variatíon. The varia-
tion in the IC value r.eflects the variability within
particular size groups over the entire size range.
The distributions for effort level 1 show the great-
est variability within the 38.1- to 9.5-nìn (1.5- to
0.38-ín) size range and significant variation within
the 9.5- to 0.3-mm (0.38- to 0.01-in) range. For
effort levels 2, 3, and 4' the variation decreases
and is generally concentrated in the 38.I- to 4.8-run
(1.5- to 0.19-in) size range.

The variability in the testing Process and the
shale accounts for the small range and relatively
Iow values of the coefficent of variation observed
for the higher levels of compactive efforÈ. The
large variâtion of the loi\'est leveI of effort re-

Shale Level I Level 2

New Providence
Osgood
Palestine

Table 3. Mean lC value and coeffic¡ent of variation for impact compact¡on
samples,

lCYatue (%)

Shale Effort Level
Coefficient of

Mean Variation

Level 3 Level4

t9.t38.r 4.4 2.4

SIEVE MESH

76
75
75

73
73

71
69
70

68
67
68

New Providence

Osgood

Palestine

25.7
3'1.6
43.9
51 .1

20.6
25.1
42.t
48.6

36.0
5 1.8
46.9

10.4
5.6
5.0
3.9

20.2
4.4
1.9
3.3

6.7
1.1

10.0

flects rnore than testing or naterial variability and
is nainly the result of the relation betÌreen the
rnechanics of aggregate breakage and the forces pro-
duced by the compaction process. The delivery of
the conpactive effort creates loading conditions
that cause compressive, shearing, bending' and tor-
sional stresses. rndividual aggregates fail when
their ability to withstand the stresses Ís ex-
ceeded. The loads are transferred within the layer
through the contact points between aggregates.
Thus, the distribution of contact points in the
sânp1e directly affects the influence of the compac-
tíon process on single âggregates.

The breakíng and rearrangernent of aggregates dur-
ing compaction create new contact points that trans-
fer additional stresses to aggregätes that nay have
previously experienced only linited loading. The
loads åt the lowest effort level caused some degra-
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dation but did not produce a sufficient increase ín
contâct points to establish a uniform distributíon
of contact points within the sample. Thus, based on
their random position within the sampl-e, so¡ne âggre-
gates experienced only minimum stresses and did not
fail.

The 38.1- to 4.8-mn (1.5- to 0.19-in) range in
the size distributions for the compacted shale

Figure 8, Compact¡ve work versus lC: stat¡c compast¡on.

Notê:1J=O,73ft.lbf.
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sample represents the largest ancl heaviest single
aggregates. The variability in percentage weight
observed for the larger sizes reflects the influence
of a relatively small number of aggregates. There-
fore, the variation of the low effort leveL (Figure
5) reflects differences in the nu¡nber of large ag-
gregates that survived the conpaction process.

The more unifor¡n distribution of contact points
created by effort levels 2, 3, and 4 probably
ensured that every large aggregate woutd be
significantly loaded. Since every aggregate was
influenced by the compactive forces, the variation
in degradation decreased for samples compacted at
these higher levels.

Static Tests

The results of the static compactíon tests repeated
the general trends of the impact tests.

The compactive work input was determine¿l from the
area under the load-residual deformatíon curve for
each statically compacted sample. The hypothesis
adopted was that a rneâsurement of the work actually
performed on a sample would give a better insight
into the relations åmong conpactive èffort, dry
density, and degradaÈion.

À plot of degradatíon versus compactive work in-
put is shown in Figure 8. The density-work rel,ation
becomes nearly linear for the shales when the dif-
ferences in specific gravity are considered. The
use of the percentage-solids term corrects for the
differences in specific Aravity and produces the re-
lation shown in Figure 9. Linear regression analy-
sis performed on the data points for work vèrsus
percentage solids resulted in the following equation:

Percentage ro¡¿s = [0.59 + 0.000 14 (work)] x 100 R2 = 0.95 (3)

The loads applied during the compaction process
lead tÕ an increase in sarnple deformation and a cor-
responding increase in density. Both load and de-
formation may be related to density, as shown in
Figures I0 and 11. The total sample deformation
wí1I eventualì.y reach a maximun as the loads con-
tinue to increase. No further densification witl
occur after this point is reached and a correspond-
ing liniting value for density is approached.
Therefore, after maxi¡num deformation (and maxinum
density) has been reached, compactíve energy is
wasted.

CONCLUSIONS AND SELECTION OF A STANDARD TEST

Both the impact and static compaction tests possess
the simplicity and availability that are desired for
a standard test. These tests also displayed suffi-
cient repeatabitity at the moderate and high effort
levels. The relations among conpactive effor!, dry
density, and degradation established by each conpac-
tion nethod were similar, atthough not identical.
Based on the âbove conclusíon, eíther form of test-
ing could serve as â standard test.

The unique features offered by each testing
method were evaluated before one test wås selected
over the other. The main advantage of the static
test was its ability to measure the compactive
work. The linear relation betweên work and density,
as well as the concept of limiting work and density
values, indicate that the expression of conpactive
work is rnore logical than the expressions of nominal
conpactive energy currently used. Unfortunately,
compactive work during field compaction is difficult
to measure and is generally neglected in favor of
terms describing the compaction equipnent and number
of passes.

A comparison of the density-degradation relation
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Figure 10. Load versus compasted dry dens¡ty: static compaction.
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Figure 1 1. Residual deformat¡on versus compacted dry dens¡ty: stat¡c com-
paction,

Noter 1 cm = 0.39 in; I kg/m3 = 0.062 lb/ft3.
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Figure 12, Comparison of relation between dry dens¡ty and degradat¡on for
impact and static comPaction.

1600 t700 1800 1900 2000 2loo 2200

DRY DENSITY (k9/mr)

shown in Figure 12 reveals higher values of dry
density for the inpact sanples than for static
samples at equivalent level-s of degradation. The

higher density values for the inpact tests rêflect
the anount of aggregatê movement that occurrêd
during the compaction process. This increased
movement gave the pieces a greater opportunity to
establish a more dense packing. Aggregate movenent
in the static compaction was nore restricted.
Because of this behavior, Iarge aggregates would
fracture during the static loadíng, but the
resuJ-ting fragrnents would essentially renain in
pIace. The increased degradation would have Iíttle
effect on the dry density without the rearrangenent
of the broken fragments.

Al-though neither the impact nor the static test
directly models field compaction' the aggregate
movement of the impact test will more closely
approach the behavior of shal-e during field
conpaction. The impact test also has the advantage
of being a well-known and accepted procedure in
geotechnical laboratories and is backed by a vast
amount of experience.

The adväntages of the conpactive-work expression
favor static compaction as a research too1.
Hor¡¡ever, the results of this testing program
indicated that the performance and background of the
impact test favor the impact form of compactive
effort. These reasons' along with the previous
discussions, led to the selection of the i¡npact tèst
as the preferred compaction nethod for a standard
test.

The four leve1s of compactivê effort used in the
impact tests provided an opportunity to observe the
effect of compaction energy on degradation and dry
dênsity. Hoe¡ever' only one effort level was desired
to evaluate lhe effect of other compaction variables
or to classify the degradability of shales. The

lowest effort leve1 consistently displayed the
greatest variation in the test results. Thê higher
conpactive efforts--Ieve1s 2, 3, ãnd 4--produced
results with sufficient repeatability. However,
levels 3 and 4 proved to be too severe for the
softest shale. For thêse rêasons, effort level 2

l79O kJ/n3 (16 500 ft'lbf/ft3 ) I was selected
as the most approPriate effort leve1 for the impact
test.

In summary, the imPact test method at the
790-kJ/m3 effort level was selected as the
standard compaction-degradation test for shales.
This test can now be used to evaluate the êffect of
laboratory compaction variables on shales or as a

classification test for the mechanical degradability
of shales. The practical neaning of the laboratory
values must be developecl through field experience.

5t
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Soil-Suction Approach for Evaluation of Swelling

Potential
C.H. MOU AND T.Y. CHU

The use of soil water content as a major variable ¡n the evaluation of the swell-
¡ng potential of soils is a conven¡ent and pract¡cal approach. However, findings
from laboratory ¡nvest¡gations are reported that ¡nd¡cate that including soil suc-

tion as an add¡tional variable in test programs would provide further informa-
tion that would aid in the analys¡s of test results and in obta¡ning a basic under.
standing of the fundamental principles that govern the swelling of expansive
clays. This method ¡s termed the so¡l-suct¡on approach. Equ¡pment and pro-
cedures developed for the d¡rect determination of suct¡on ¡n soil specimens at
exist¡ng density and water content, without go¡ng through the drying or wet.
ting process required by certain methods of suction measurement, are de-
scribed. Experimental data are presented to relate the suct¡on of soil specimens
determ¡ned by the so¡l-suct¡on method to other variables that affect swelling
potential. These variables include method of compact¡on, initial dry dens¡Îy,
and ¡n¡tial water content. The effect of these variables on the swell¡nq poten-
tial of an expansive clay is discussed ¡n l¡ght of the so¡l-suction data obta¡ned
from the test specimens. lt is concluded that the so¡l-suction approach is in-
valuable when applied to the study of the swelling character¡stics of expansive
clays.

In the geotechnical engineeríng fie1d, it has long
been recognized that the swelling of expansive clays
caused by moisture changes may result in excessive
heave and therefore in severe damage to overl-ying
structures or pãvenents. In their efforts to gain
knowledge of the behavior of expansive clays,
various investigators have conducted extensive
studies in the past two decades to evaluate the
pertinent factors that influence swelling and to
develop methods of analysis for predicting the
amount of heave. These studies provide helpful
information to design ãnd construction engineers in
forrnul-ating preventive measures to all-eviate the
potential problerns related to vol-ume change in
expansive clays. Because these studies have a
co¡nmon objective--making the research findings
irunediately applicable to engineering practice--nost
of t.hen are necessarily enpirical in nature. As a
result, there is still a lack of basic understanding
of the fundamental principles that govêrn swelling
and heave in expansive clays. In this regard, it is
preferable to conduct research investigations by
using a different and more basic approach in which
soil suction is studied as a major variable in
determining the behavíoral characteristícs of
expansive clays.

The tern soil suction refers to the negative
pore-water pressure in partially saturated soiIs.
fn a soil formation, at a depth less than that of
the groundwater tab1e, the soil is partially
saturated and may possess tvro components of soil
suction--the matrix suction and the solute suction.
The matrix suction, which ís also called the matrix
potèntial, matric potential, or capillary potential,
arises fron both the capiIlãríty and the particle
surface adsorption ín a soil. On the other hand,
the solute suction, which is sometimes identified as
the solute potential or osmotic suction, is
dependent on the concentration of soluble salts in
the soil water. In most reports concerning the
swelling of expansive clays, and in this paper' the
term soil suction refers primarily to the matrix
suction.

Studies of the volume-change characteristics of
expansive clays based on changes in soil suctíon
provide an insight into the fundamental mechanisms
involved in heave. Furthermore, evaluating swelling

potentiãl- by using soil suction as a major variable
is often nore advantageous than similar evaluations
that use water content as thê only variable to
represent the changes in soil moisture. The
significance of this can be explained by considering
two test specimens of the sane soil and the sa¡ne
water content. If there are discrepancies in the
soil suction of the two specimens, theír swelling
characteristics are likeIy to be different evèn
though their water contents are identical. For
these reasons, soil suction has been included as an
additional variable in the evaluation of swelling
potential and in the analysis of heave as reported
by a number of investigators (I-!).

The soil-suction approach was followed in
conducting the laboratory investigations reported in
this paper. Because of the importance of suction
measurements in this study, the equipment and
procedures for determining the soil suction in test
specimens are described first. The method used in
this study makes it possible to determine soil
suction directly without going through the sorption
or desorption process required in some nethods of
suction neasurement. Finally, the compaction and
swelling characteristics of an expansíve clay are
presented and discussed in light of the variations
in the measured soil suction of the test specimens.

MEASURE}..1ENT OF SOIL SUCTION

Since the type of soil suction covered in this study
is primarily the matrix suction, the discussion of
the methods of suction measurenent does not include
those for determining the solute suction of
partially saturated soiIs. Although soil-suction
neasurements can be conducted either in the field or
in the laboratory, this paper discusses laboratory
measurements only.

Laboratorv lttethods

Conmercially available pressure-p1ate devÍces are
commonly used for the measurernent of matrix suction
in soiIs. This type of equipment as well as a
pressure-membrane apparatus are specified in the
Anerican Society for Testing and Materials (ASTM)

Standard Methods of Test (6) for cletermining the
capillary-moisture relations of. soils (ASTM D2325
and D3I52). In a study of rnoisture variations in
subgrade soilsr Janssen and Dempsey (71 used Tempe
cells for measuring soil suctions up to I00 kPa
(14.5 lbf,/in'z) and a pressure-plate apparatus for
deterrnining soil suctions greater than 100 kPa. The
devices mentioned above are suitable for laboratory
experiments to establish the suction and
rdater-content relation of a given set of soil
satnples through a ilesorption or sorption process.
If it is desired to measure the suction of a
cornpacted or undisturbed soil sample at its existing
density and water content without going through the
desorptíon or sorption process, a different
pressure-plate or pressure-nembrane apParatus would
be required. The use of a special apparatus for
this purpose was reported by Johnson (!) and Olson
and Langfelder (8). The equipme.nt used in this
study was also ¡nade specifically for direct
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Figure 1, Pressure-plate apparatus for measurement of so¡l suction at exist¡ng
water content and dry dens¡ty.
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indicates that the dry density and the water content
of the specimens after suction measurements are ap-
proximately the same as before the neasurements.

Ceramic plates of any air-entry value can be in-
stal-Ied in this equípment. The onê used in this
study is identified as a 500-kPa (5-bar) Plate by
the equipnent supplier. The approximate rated
air-entry value of this Plate ís 500 kPa (72.5
Lbf/in2). Experimental data from this study indi-
cate, however' that the actual air-entry value ex-
ceeds 538 kPa 178.0 ],bf/ir2'). The reproducibility
or repeatiblity of the suction values measured by
this nethod was found to be satisfactory. Although
onl-y compacted soil specimens were used for the suc-
tion measurements in this study, the apparatus and
procedures described above shoulil be suitable for
measuring the suction of undisturbed soil samples as
welL.

Ex inental Data

Laboratory experiments were conducted to determine
the effect of variations in density' water content'
and other factors on the suction of an expansive
c1ay. The sanpled soil came from northeastern
Texas. It is light brown in color' contains pri-
marily montnorillonite clay minerals, and has the
fotlo!,¿ing physical characteristics: liquid limit =
49, plasticity index = 19, plastic limit = 30, spe-
cific gravity = 2.75t and 50 percent finer than
0.002 mn.

In this investigãtion, compacted soil specimens
35 nm (1.38 in) in diameter and approximately 14 mm

(0.55 in) in thickness were used for suction
¡neasurements imnediatefy after removal from the
compaction mold. Soil conpaction was achieved by
two different nethods--static compaction and
kneading conpaction. Kneading compaction was
carried out by using the compaction rod of the
Harvard Compactor developed Uy wilson (!). In one
test series for this study, the compactive effort
was maintained constant for both the static and
kneading methods; in other test series, the
conpactive effort was varied in order to obtain a
specific densiÈy at a given v¡ater content.

The use of a constant compactive effort in Èhe
preparation of soil specinens results in the
relations between density and water content that are
shown at the bottom of Figure 2. In selecting the
constant compactive effort for either static or
kneading compaction, attempts were made to obtain
curves for density versus water content somewhat
si¡nilar to the curve obtaíned by the standaral
Proctor compaction method (AASHTO T99 and ASTM

D698). As a resultr a conpaction pressure of 980
kPa (]-42 lbf/inz ) was used for static compaction,
and in kneading compaction 20 blows were applied at
a contact pressure of 690 kPa (100 1bf,/in2). The
data shown in Figure 2 indicate that, although the
densities of speci¡nens preparecl by kneadíng
compaction are generally higher than those of
specimens prepared by static conpaction at similar
grater contents, thêir suction values are
considerably lower.

To investigate the fluctuations in suction values
câused by variations in the nethod of conpaction as
r¡eII as changes in the compaction water content,
another test series was conducted by cornpactíng soil
sampl-es at various water contents to a selected dry
density regardless of the nêthod of compaction. The
measured suctions of two sets of soil specimens, one
at a dry density of approximately 1.619 g/cm3
(101.0 1blft3 ) and the other at a dry density of
approximately 1.539 g/cm3 (96.0 Lb/ft3l, are
shown in Figure 3. This fÍgure indicates that, for
specinens at either of these dry densities, static
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measurement of the suction in a soil sarnple at its
existing density and water content.

Studv Method

The pressure-plate apparatus usecl in this study (see
Figure 1) is somewhat similar to that used by OÌson
an¿l Langfelder (8). The main difference between
their nethod of suction neasure¡nent and that de-
veloped in thís study is in the calibration of the
apparatus before suction measurernent. A brief de-
scription of the proceclures, including preparation
of the apparatus' calibration' and suction
measurement, is presented below.

As necessary with all pressure-Plate ¿levices, it
is essential to saturâte the ceranic plate with
deaired water and to remove any air entrapped in the
system by protonged evacuation. Before calibration'
a moist paper toerel is used to wipe the top of the
ceramic plate. The first step in the calibration
procedure is to open Èhe flushing valve slowly ín
order to bríng the water-air interface in the glass
tube to the zero mark. Then a certain air pressure
is applied to the chanber' and the new location of
the water-air interface is recorded. This step is
repeated for successive increnents of chamber
pressure so that a cal,ibration curve can be prepareal
to relate the chamber pressure to the corresponding
location of the water-air interface.

After ca1Íbration, the apparatus is ready for
suction measurement. To obtain accurate resuÌts, it
is essential that the placernent of a soiL specimen
on the cera¡nic p1ate, the asse¡nbling of the appa-
ratus, and the application of a desired air pressure
to the chanber be co¡npleted as quickly as possible.
Usuall-y, the operation in this step requires less
than t min. The water-air interface, which should
be adjusted to the zero nark before the specinen is
pl-aced, will start to move away after placement of
the specimen and application of the air pressurè.
The air pressure in the chamber should be adjusted
as necessary to bring the vrater-air interface to the
specific location indicated by the calibration
curve. The adjustment of the chamber pressure is
repeated until the water*air interface remains at a
constant focation for at least 10 nin to nake sure
that an equilibriun condition has been reached. The
cha¡nber pressure under this condition is equal to
the soil suction in the specimen.

when the suction neasurenent is co¡npleted' the
chamber pressure is reduced to zero and the setup is
disassembled. The soil specimen ís then carefully
removed from the ceramic pfate. The thickness of
the specimen is measured and its $¡eight is ¿leter-
nined before and after oven drying. The thickness
and weight data are usecl ín co¡nputing the density
and the vrater content of the specinen after suction
measurement. fnformatÍon obtained from this study
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Figure2, Compact¡on curves and suction versus water content for an expansive
clay.
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method of compaction and the compaction ir'ater
content can also be evaluated on the basis of the
test data presented in Figure 3. In this respect,
the data indicate that the difference in soí]
suction caused by the variation in the nethod of
compaction is somewhat less at relatively low
conpaction water contents than at cornpaction watêr
contents at or near the optirnun.

The dífference ín the suctions of soil specimens
compacted by different nethods of conpaction was
also observed by Olson an¿l Langfelder (8). This
difference can be explained on the basis of the
variation in soil fabric of the compacted specí-
mens. Lambe (10) conducted a study of the structure
or fabríc of cornpacted clays. Detailed discussions
concerning soil fabric and its effect on volune
change and other behavior characteristics of clays
were presented by Mitchell (If). Accorcling to thê
findings reported by these and other investigators,
it is understood that, for a given method of compac-
tion and at a specific compactive effort, the soil
fabric of a compâcted clay depen¿ls on the water con-
tent during compacÈion. For conpaction at rela-
tívely high rdater contents' the soil fabric of
compacted clays níght approach the dispersed type
because of the sígnificant reorientation of soil
particles during compaction. on the other hand,
compaction at relatively low water contents might
result in a soil fabric close to the flocculâted
type becâuse there is much less reorientation of
soil particles than in conpaction at high water con-
tents. For a given conpaction water content, how-
ever, kneading conpaction is expected to cause more
orientation of soil- particles than static coÍrpac-
tion. Consequently, the soil fabric is likely to be
tlifferent in specimens conpacted by the two methods
used in this study. This difference in soil fabric
is believed to be the prinary cåuse of the discrep-
ancies in the soil suctions óf the specinens Pre-
pared by the two ¡nethods of conpaction.

As various investigators, including Wí1son (9) 'have dÍscussed, if one ilesires to select a method of
laborâtory compaction that simulates the field com-
paction of clays effected by connonly used conpac-
tion equipment, kneading compaction would certainly
be preferable to static compaction. fn this stuilyt
however¡ both kneading and static compaction rì'ere
usecl for specinen preparation in order to con¿luct
laboratóry investigations of soil fabric as one óf
the variables affecting soil suction.

INVESTIGÀTION OF SWELLING CHARÀCTERISTICS

The Iaboratory experiments ëliscussed here were con-
ducted prinariJ.y to assess the relative merits of
the soil-suction approach to evaluating swelling
potential. For this purpose, a laboratory swell-
testing progran was planned, and the results were
analyzed so as to deternine the potential benefits,
if any, of including soil suction âs one of the
variables in the investigation of all factors that
influence the swelling of expansive c1ays.

Test Methods

It is not the purpose of this study to compare the
advantages and disadvantages of different laboratory
test methoals for evaluating swelling potentiat.
NeverthêIess, three test netho¿ls were used in this
study ín order to demonstrate the possible
discrepancies in the percentage of swell obtained
fron the different methods of test. A brief
descríption of each test method is presented betow.
In aII of these nethods, a surcharge pressure ot 6.9
kPa (1 lbf/ín2 ) was applied on the specimen during
the test.
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Figure 3, Suct¡on versus water content for an expansive clay at two
approximate dry densit¡es.
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conpaction results in suctions that are consistently
higher than those of specirnens prepared by kneading
compaction at similar vJater contents. fnsofar as
the effect of changes in the compâctíon water
content is concerned, Figure 3 shows that a slight
variation in the conpåction water content on the
drier-than-optirnum side results in a substantiat
change in the soil suction. The combined effect on
soil suction attributable to variations in both the
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Method 1

Method I involves the conplete immersion of a test
specinen in water in order to measurê the change in
the height of the specínen white the diameter of the
specimen is maintained constânt. The term consol-
idometer swelling test is sometimes used in re-
ferring to this type of test. Holtz (fZ) suggested
a si¡nilar test nethod for deterrnining both onê-di-
¡nensional swell and the swelling pressure under the
condition of no volu¡ne change. It should be noted,
however, that the experiments performed in this
study were intended to determine the one-dimensional
swe11 only. rn other words, specinens subjected to
test nethod I were permitted to swell irunediately
after immersion. This typê of test has been used by
various investigators, including Seed and others
(F), to deher¡nine the one-dimensional swell of
expansive clays.

l"lethod 2

The only difference between methods 1 and 2 ís in
the rnanner in which water is allowed to flow into
the originally unsaturated specimen. In method 1,
water nay flow into the test specimen through either
the top or the bottomt in method 2, vrater is
permitted to flow only through the bottom of the
specimen. The purpose of controlling the flow in
test method 2 is to reduce the amount of air that
tnay be entrapped in the specimen during immersion.

Method 3

Method 3 is the controlled-suction test developed by
chu and Mou and explained in detail elsewhere (1'!.
Às shown in Figure 4¡ the test apparatus is equipped
with a device for controlling the suction in the
specimen during the test so that it is possible to
determine the swelling of a soil specimen when its
suction changes. IThe tension in the water inside
the base chamber can be regul-ated by usinq a simple
device such as the one shown (adjusting AHI- and
AHZ to obtain the desired tension) or othêr
pressure-control devices. rf high surcharge
pressure is to be applied on the specinen, a support
(not shown in the figure) should be provided inside
the base chanber for the ceramic ptate' to avoitl
possible damage.l The test used by Escario and Saez
(It) is si¡nilar in principle to this methôd. The
controlled-suction test can be used to evaluate the

Figure 4. Controlled-suction test apparatus used ¡n method 3 lests,
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volume-change characteristics of soils caused by the
repeated application of wêtting and dryíng cycles
(14). This paper, howeverr presents only the test
data concerning the percentage of swell attributable
to an increase in water content accompanied by a
decrease ín suction.

Test Results

The expansive clay described previously was used in
the laboratory experiments to study swelling char-
acteristics. Again, soil- specimens vtere prepared by
either statíc or kneading compaction to desired dry
densities at various water contents. To determine
the length of the storage period between specinen
preparation and the beginning of a swelling test' a

sufficient nunbêr of soil specinens were prepared by
using each of the two ¡nethods of comPaction. These
identiðal specimens were stored for different
Iengths of time at constant water content and were
then used for suction neasurenents. Several sets of
specirnens compacted at various water contents to
selected densities were used in this test series.
However, Figure 5 shows only the curves that rep-
resent the data obtained from two sets of soil
specimens prepared by the two tnethods of compac-
tion. For each method of compaction' the curve
shown ilfustrates the tyPical relation between stor-
agê time and the corresponding suction.

It is of interest to note that different trends
of variâtion are indicâted by the two curves.
Although a gradual- and consistent increase in
suction with time is shown by the curve for the
specimens prepared by kneading compactionr the curvê
for the speci¡nens nolded by static compactì.on shows
an abrupt increase ancl decrease in suction within
one day after specimen preparation. Since the
relations between suction and storage time found in
other sets of soil specinens are similar to those
itlustrated in Figure 5, the difference between the
two curves noted above is aPparently related to the
variation in the method of compaction (the effect of
the variation in compaction method on the soÍ.l
structure or fabric of the compacted clay has
already been discussed) .

fn view of the continuous change in soil suction
imnediately after compaction, it was decided to
follow the common prãctice of storing the specimens
for several days before using then for swelling
tests. The data shown in Figure 5 indicate that the
soil suction in compacted specimens would have
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Figure 5. Chançs in suct¡on of compacted soil specímens with time.

reached a fairly constant level after a storage
period of four or five days. consequently, a
minimum storage period of four days was used in this
study to allor.¡ time for the soil spècimens to reach
a uniform and stâble moisture condition before the
beginning of the swelling test.

Experimental data obtained from the swelling
tests by using the three methods previously
described are surnmarized in Tãble 1 for specinens
subjected to each nethod of conpaction. The last
column of the tabÌe gives the percentage of swell,

Table 1. Data for test specimens prepared by static compaction and kneading compaction.
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STORAGE TIME, HOURS

which is often referred to as free swetl. These
data indicate that the percentages of snrell
determined by the three test ¡nethods for neârIy
identical specimens are somewhat ¿lifferent. For
exa¡nple, specímens 57, S8, and 59 were compacted at
similar vrater contents to alnost the same dry
density. The values of percentage of swell obtained
by the three test methods on these specimens are,
however, considerably different. fn Table 1,
discrepancies among the three specinens are also
noticeable in regard to the degree of saturation
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Before Test After Test

Specimen Method of
No, Swellilg Test

Dry
Suction Density
(kPa) (g/cm3)

Dry Water
Density Content
(e/cmrl (%\

Degree of
Saturation Swelling
9o\ 9o\

Water
Content
(%\

Degree of
Saturation
Øo\

Static Compaction

SI
s2
S3
S4
S5
S6
S7

S8
S9
sl0
s11
sl2
s13
sl4
s15
s16
s17
s18
s19

t
J
I
1

2

345
366
s03
503
442
318
352
352
352
387
228
228
228
469
469
469
442
414
469

1.529
1.5 54
1.6 l8
t.6t4
r.620
t.6t7
1.625
1.606
t.6 18
1.619
1.598
1.5 87
1.588
1.678
L683
1.67 5
l 685
1.679
L710

21.6
2r.6
19.6
19.7
20.3
22.8
21.9
21.9
2\.7
21.4
2s.3
25.7
25.7
21.O
21.4
2l.2
21.4
21.0
2t.4

74.5
't7 .7
77.8
77 .9
80. s
90.5
87.9
8 5.5
86.4
84.9
97.6
98.6
97.7
92.0
93.0
94.6
93.4
91.3
97.3

'1.446

1.480
1.490
1.5 00
t.511
1.538
1.538
1.527
1.550
1.529
1.55 I
1.5 48
1.5 56
1.578
1.598
1.561
1.572
1.580
1.596

30.2
29.8
28.9
28.9
29.7
28.1
27.9
28.2
28.t
28.t
2'7.8
28.0
27.7
26.2
26.3
27.2
27.3
26.8
26.4

92.1
95.7
94.1
95.7

100.0
98.2
97.9
97.2

100.0
96.9
98.9
99.0

100.0
9'7.8

100.0
98.4

100.0
100.0
100.0

5.7 5
5.10
8.60
7 .56
7.25
5.10
5.73
5.1 3

4.41
5.90
3.'70
2.20
1.90
6.10
4.50
8.90
7 .19
6.36
7.09

Kneading Compaction

K1
K2
K3
K4
K5
K6
K7
K8
K9
Kl0
Kl1
Kt2
K13
Kl4
Kl5
K16
Kt7

262
283
483
359
193
310
310
310
124
124
t24
503
503
310
345
510
3t'l

1.5 09
l 570
t.607
1.609
1.61 1

l 618
1.620
r.638
l.s 93
1.s 93
l 59 1

1.670
1.668
t.668
L667
1.69 I
1.692

2t.4
2t.5
r9.1
20.3
23.6
21.4
21.7
21.9
25.7
25.5
25.2
19.6
19.0
2r.t
21.2
19.5
21.6

7 t.6
79.0
74.3
79.3
92.5
85.3
86.8
89.0
99.2
97.3
9s.9
84.1
81.2
90.2
90.6
85.9
95.6

t.469
1.524
|.502
1.534
L572
L567
1,588
1.590
1.5 82
1.5 83
l 585
1.572
1.556
1.609
L574
1.574
1.62',1

)q )
27.6
28.0
26.6
26.2
26.0
25.8
¿6 -5

27.2
26.4
26.2
26.6
26.4
24.7
¿6-4
26.1
25.1

92.r
94.8
92.7
92.7
96.7
95.2
97 .7

r 00.0
100.0
99.2
98.9
98.1
95.0
96.5
9't.8
97.0

100.0

2.83
3.20
'7.07

5.02
2.50
4.33
3.3 8
3.05
1.'70
0.70
0.60
6.2t

5.40
7.40
4.06

Nore¡ I kpa = 0.14s lbf/ir2; r glcmS = 62.4lblft3,
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Figure 6. Water content and percentage of swell versus soil suct¡on as

determined by method 1 tests for specimens w¡th dry densities of 1.610 t 0.015
s/cm3 (100.4 r 1.0 tb/ft31.
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Figure 7. Dry dens¡ty and percentage of swell versus soil suction as determined
by method 1 tests for spec¡mens w¡th water contents of 21.3 I 0.3 percent
(except as noted).
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after the swelling tests. Regardless of the
observed discrepancies among the three methods of
test, the data obtained from thêse test methods
indicate a similar trend of variation in percentage
of swell as a resul-t of a deviation in severaL
factors, incJ-uding initial water content and dry
density. For this reason, the discussion of the
findings that follows refers onl-y to the data
obtained fron test nethod 1.

The effect of the variation in initial water
content on percentage of swell is shown in Figure
6. The data shov¿n in this figure were obtained frorn
tests on specimens that had almost the same dry
density before the swelling tests. As expected, an
increase in the initial water content of the
specimens results in a decrease in the suctions of
these specimens and therefore a corresponding
decrease in Èhe percentage of sweI1. The figure
also indicates that specimens prepared by static
compaction show a consistently higher percêntage of
swell- than specimens prepared by kneading conpaction.

The general effect of initial dry density on the
percentage of swell in a soil is well recognized by
practicing engíneers. The specific relation between
initial dry density and percentage of swe1l has been
studied by a number of investigators, including
Vijayvergiya and Ghazzaly (16) and Brackley (fZ).
The limited data on this relation determined in this
study are shown in Figure 7. In general¡ an
increase in the dry density of specimens that have
sinilar initial water contents results in an
increase in both suction an¿l percentåge of swe1l.

fn view of the fact that percentage of swell
depends prinarily on the suction of the soil

300

SUCTION, KPA

specimens before the swelting tests, it is of
interest to study the relation between percentage of
swell and suction regardless of the cause of the
change in soil suction. To this end, all test data,
íncluding those shown in Figures 6 and 7, were used
in the preparation of Figure I to illustrate the
general relation betweên percentage of swell and
ínítial soil suction. Although the test results
shown in this figure arè inadequate for naking
definite conclusions, the graphic representations
appear to indicate that, for a given soil and for
specirnens prepared by a specific method of
compaction, there is a unique relation between the
variation in percentage of swell and the changes in
initial soil suction regardless of the cause for the
suction change (i.e., a change in the initial dry
density or a variation in the initial water
content). Furthermore, for specinens prepared by
either method of cornpaction, Figure I indicates that
the plotted line or curve representing the
experimental data tends to reach the origin of the
graph as shown by the thin dashed lines. This
relation is obviously ín compliance vrith the basic
principle that there wiIl be no swell attributable
to ¡noisture change if the initial ¡noisture conilition
of the soil is represêntèd by zero suction. The
analysis of swelling potentiat according to the
initial suction in the soi1, as shown in Figure I,
is believed to bè a useful approach in pursuing
laboratory investigations of the swelJ.ing
characteristics of expansive clays. This method of
study has been referred to in this paper as the
soil-suctíon approach.



60

Figure 8. Sust¡on versus percentage of swell as determ¡ned by method 1 tests
for specimens with different dry densities and water contents,
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CONCLUSIONS

On the basis of the experimental data and other
information presented above, the following general
conclusions can be made:

I. A pressure-plate apparatus and the procedures
for measuring the suction of soí1 specimens de-
veloped in this study were found to be satisfactory
for the direct deter¡nination of the suction of soil
specimens at the existing dry density and water con-
tent.

2. The use of static as well as kneading
conpaction for specimen preparation results in a

different soil structure or fabric of the compacted
specimens. This difference in soil fabric is
reflected in the measured soiL suctions and the
percentage of swell determined by the laboratory
experiments in this study. This findÍng indicates
that any difference in the soil fabric of expansive
clay formations nay be a signifícant factor that
affects the swelling characteristics of the clay
formations. In this respect' the measurenent of
soil suction would provide helpful infor¡nation in
the investigation of the voLune-change behavior of
expansive clays.

3. Although using soil water content as a major
variable in the evaluation of swelling potentiâl is
a convenient and practical approach, findings from
the laboratory investigations indicate that it is
very useful to include soil suction as an additional
variable for sirnilar purposes. This study verifies
that the soil-suction approach is invaluable ín the
analysis of experimental data and the determination
of the swelling characteristics of expansive clays.
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Soil-Moisture Properties of Subgrade Soils

DONALD J. JANSSEN AND BARBY J. DEMPSEY

So¡l mo¡sture and matric potential are discussed. The soil-moisture-characteris-
tics curve ¡s explâ¡ned, and lyp¡cal curves for a variety of soils are presented.
These curves are compared. and similarities and differences are emphasized.
Civil engineering uses of so¡l-mo¡sture-characterist¡cs curves are explained, and
examples of applications to eng¡neer¡ng pract¡ce are presented.

Moisture is of primary importance in the perfornance
of a pavement subgrade. The shear strength of soil
is very sensitive to change in rnoisture content.
Black (I) has shown California bearing ratio, vrhich
is a rneasure of relative shear strength, to be
inversely proportional to noisture content (see
Figure 1). Thus, the shear strength of a given
subgrade can be expected to vary as moisture content
changes with clinate.

Thonpson (2) found that thê dynarnic or resilient
rnoalulus of unsaturated soí1s is dependent on ¡nois-
ture content. As the moisture content increased,
the resilient modulus decreased and larger subgrade
deflect.ions that can cause premature pavement fail-
ure r¡rere observed. Again, moisture was shown to
have a detrinental effect on subgrade performance.

Moisture is a major factor in frost heaving.
Taber (3) states that the amount of frost heaving
that takes place is li¡nited by the supply of avail-
able water. This water can either be already
present in the soil or be drawn up from points below
the depth of freezing. However, the rate of erater
flow in an unsaturated soil is controlled by the un-
saturated hydraulic concluctivity, which decreases
substantially with a decrease in ¡noisture content
(4). Therefore, moisture content influences frost
heaving directly as rea¿liIy available water and in-
directly by affecting the unsaturated hydraulic con-
ductivity.

Just aF subgracle-strength properties are inpor-
tant inputs in pavenent design, so should moisture
content and noisture distribution be írnportant in-
puts in subgrade-strength evaluation. Although it
is generally known what the ¡noisture content of a
subgrade ís at conpaction, the field moisture con-
tent after a few years can be completely different.
Dempsey (5) and Janssen and Dempsey (6) have listed
numerous cases in which subgrade soils under in-ser-
vice pavements were at other than optimum moisture
content. It vras found that a significant nu¡nber of
soils r.rith high clay contents were well âbove opti-
mum moísture content.

Subgrade moisture content is a direct function of
clinate and seasonal fluctuations Ín the water table
(5). The determination of subgrade ¡noisture content
and subsequent subgrade strength for use in dlesign
appears to be very complex. A rational approach to
the problen of moisturè predictíon is needed if ex-
pectêal field moÍsture contents are to be in-
corporated into pavernent design.

STUDY OBJECTIVES

3. Compare soil-moisture-characteristics curves
for a sand, a silt, and a clay; and

4. Show how the soil-moisture-characteristics
curve can be used to esti¡nate soil strength and hy-
draulic properties.

MOISTURE POTENTIAL

ft is not surprising that the moisture content of a
compacted subgrade does not remain as compacted at
optinum moisture content. There are many energy
potentials ancl boundary conditions that are
responsible for water movement in a soil. Gravity
potential tries to pulI water down to the static
water IeveI, or water table. Opposing this
potential and trying to keep the wãter in the soil
is the surface tension or matric potential. The
gravity potentiâI being opposecl by the ¡natric
potentíal is shown by the following equation:

H= z+ h (l)

where

H = total soiL-moisture potential or total head,
2 = gravitation potential or position head, and
h = natric potential or pressure head.

l{hen H = 0, there is no moisÈure movement and
equilibrium exists. The matric potentíaI is then
equal to the negative of the gravity potential.

Ì4atric potential is often visualized as a suction
exerted by the soil to pull water up from the water
table. This suction is dependent on the soil pore
geometry or soil matrix--thus, the term matric
potential. The concept of matríc potential is
easier to understand if an analogy is made between
the pores in the soil and capillary tubes (see
Figure 2). !\later ín a narrow tube will rise above

Figure 1, CBR versus mo¡sture content at var¡ous dry densíties.
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oThis study \ras conducted to show how data on

soil-noisture characteristics can be iletermined and
useil ín pavenent soils evaluation. The specific
objectives were to

1. Define the concepts of matric potentiâ1 or
soil suction;

2. Describe the relation expressed by a soil-
moisture-characteristics curve i
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Figure 2. Capillary tubes show¡ng a¡r-water interfaces at d¡fferent rad¡i of
curvature.

MAGNIFIED

Figure 3. Typical soil-moisture-characteristics curve.
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It is the surface tension of the water acting on the
walls of the tube that is holding the water above
the free vrater leveI.

If soil samples at the free water level were
examined, they would be found to be effectively 100
percent saturãted. If the water table were lowered,
the degree of saturation would be founcl to
¿lecrease. This is according to Equation 2, which
indicates that the larger pores would not have
sufficient energy potential or suction to hold water
as the heíght above the water table increased.

SOIL-¡4OISTURE-CHARACTERISTICS CURVE

A graph showing decreasing degree of saturation or
r{rater content with Íncreasing matric potential is
very useful in pavement enginêering' where unsatu-
rated soil strength an¿l behavior are inportant.
Such a graph is called a soil-moisture-characteris-
tics curve. A convenient forn of the graph has
water content on the horizontal axis and the
Iogarithn of matric potential- on the vertical scale
(see Figure 3). Thê logarithmic scale for matric
potential is used to cover a larger range of suction
val-ues while sti1l providing good detail at low
values of suction. It should be noted that the
graph in Figure 3 consists of two curves: (a) a
drying or desorption curve and (b) a wetting or
sorption curve. Because of the complex nature of
soil pore structure' a different curve is obtained
depending on whether thê soil is being wetteil or
dried. This difference is known as hysteresis.
Varíous explanations for moisture hysterêsis can be
found in the literature (7). Generally' the drying
curve is sufficient for most civil engineering uses.

The relation expressed in a soil-noisture-char-
acteristics curve ís a soil property that is of
fundamental importance in the analysis of moisture
equilibrium and fl-ow behavior in soil. Physically,
the curve tells (at any given moisture content) how
nuch energy (per unit quantity of water rernoved) is
required to remove a snall quantity of water fron
the soil. ,Janssen ancl Dempsey (6), Hillel (7), Tay-
1or and Ashcroft (8), Kirkharn an¿l Powers (!), and
Rose (10) have presented detailetl explanations of
how water is held in soil, and Childs (!!) has con-
sidered in great detail the nechanisms by which
water is held in both swelling and nonswelling soils.

The soil-¡noisture-characteristics curve can also
be used to predict unsaturated hydraulic conduc-
tivity (4). Elzeftawy and Dempsey (12) have used
soil-¡noisture-characteristics data along with
measurements of sâturated hydraulic conductivities
(permeabilities) to predict unsaturated hydraulic
conductivities for highway soils. Although this can
be used for co¡nplex transient moisture nodeling,
there can also be simplified applications to civil
engineering problems (12).

croney and others []) have described the methods
used to determine the soil-¡noisture-characteristics
curve. Genera1ly, these rnethods consist of the
tensiometer method' the direct sucÈion metho¿l, the
pressure-plate ¡nethod, and the centrífuge method.
Usuallyr no single method can be used to cover the
entire range of ¡noisture tension. Thusr several
neasurement nethods nay be useil in actual practice.

Figure 4 shows a sirnple tyPe of tensiometer sys-
tem that can be used for the 1ow noisture-tensÍon
range [<I00 kPa (<I bar) ] . The apparatus shown
in Figure 4 consists of a porous plate with its
pores filled with water. The chanber beneath the
porous plate is fillecl with water ancl connected to a
flexible tube that is also filled with water. The
negative head or matric potential is equal to the
distance h between the soil sample and the outflow
end of the flexible tube in Figure 4. The soil-
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the free-water height until an equilibrium condition
is reached. The vrater ín the tube forms a meniscus
at the air-water interface that is approxinately
semicircular in shaPe and ís called the radius of
curväture. The smaller the railius of curvature, the
higher the water will rise in a cäpillary tube. A

similar meníscus anil radius of curvature can forvn ín
the vrater between soil particles. The height of
cäpillary rise can be descríbe¿l nathematically by
the following equation:

h= (2ocoso/7*gr) (2)

where

h = height of capillary rise,
o = surface tensíon of water,
a = contact angle between the wall of the tube

and the surface of the gtaterr
Yvr = unit weight of water,
g = acceleration of gravity, ancl
r = radius of the tube.

I
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Figure 4, Tens¡ometer system.

Figure 5. Testing cell with pressure coupling.

Figure 6. Testing-cell setup,

ûIçt I' t t'-l:.1 1' lrlr-{

noisturè-characteristics curve is determined from
the relation between the water content of thê soil
sanple and the nagnitude of the negâtive pressure
head of the water.

Figure 5 shows a practical ì-aboratory testing
cell that holds a sample r,reighíng about l-00 g.
Pressure rather than suction is applied to the
sanìP1e through a connecting tube on the top of the
cell. The pressure is controlled by a regulator and
measured with a mercury manoneter. This cel1 can be
used for pressures up to 100 kPa (1 bar). A large
number of cells can be put in a relatively small
amount of space (sèe Figure 6). A pressure-p1ate
systen is used for the high prèssure range--i.e., up
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to 1500 kPa (I5 bars). A detailed description of
the testing procedure may be found elsewhere (g).

A useful- sinplification occurs when the soil suc-
tion or matric potential is given ln units of water
head. A suction of 20 cm (0.6 ft) witl lift a
column of water 20 cm above a free water surface.
Therefore, the suction on the noisture-characteris-
tics curve can be equated to the distance above a
water table for equilibríum conditions. In addi-
tion, by use of the soil-moisture-characteristics
curve, it is possible to estimate the equilibrium
moisture content at various positions above the
water table.

COMPARISON OF CURVES

A comparison of typical soil-rnoisture-characteris-
tics curves for a sand, a silt, and a clay--shown in
Figures 7, 8, and 9, respectivel-y--indicate inter-
esting differences. In Figure 7, the sand Iat a
density of L774 kg/nt (110 Ib/fL3 ) I shows a
definite decrease in ¡noisture content over the low
matric-suction rangè, and it has a tendency to ap-
proach a constant moisture content at the higher
suction valuês. It should be noted that the total
change in moisture content over the suction range is
large and a moísture content of less than 5 percent
is reached at about 400 cm (13.1 ft) of head. The
sand loses water readíly at the lower suction values
because of its greater percentage of larger pore
si zes .

fn Figure 8, a Hosmer silt soil Iclassification
A-4, with a density of 1530 kgrlrn3 (94.9 \blft3)l
shows a tendency to re¡nain near the saturation nois-
ture content until a suction head of about 100 cm
(3.3 ft) is reached. The silty soil then shows a
rather large decrease ín moisture content as the
suction increases beyond 1000 crn (32.8 ft) of head.

The Bluford clay soil in Figure 9 [classifica-
tion A-7-6, with a density of 1705 kg/m" (105.7
Lb/fÚ | I tenils to display a gradual and uniforÍt
decrease in moisture content as the matric suction
increases. It is thê distribution of pore sizes in
a soil that is responsible for the shape of the
soil-moisture-characteristics curves noted for the
dífferent soil types.

It is important to note that the silty soil in
Figure I and the clayey soil in Figure 9 do 'not
reach optimum moisture content until a matric suc-
tion greater than 1000 cm (32.8 ft) is reached.
Therefore, for equilibriu¡n conditions, when there is
no tendency for vertical water move¡nent, water con-
tents above optimurn should be expected in Hosrner and
Bluford soils when a shallow water table exists.

Thê shape of the soil-rnoisture-characteristics
curve is important in relatíon to the sensitivity of
a soil to changes in moisture content. It is ob-
served in Figure 8 that the suctíon of the Hosmer
silt soil decreases substantially with å s¡nall in-
crease in moisture content. The Bluford clay soit
shovrs less decrease in suction for a similar in-
crease in moisture content. Since strengths of un-
saturateal soils are directly related to matric suc-
tion, it vrould appear that strength changes in
Hosmer silt would be greater than those in Bluford
clay for si¡nilar changes in moisture content.

APPLICATIONS TO ENGINEERING PRACTICE

Thompson and Robnètt (l,f developed a relation for
determinÍng the resilient modulus of soil by using
volumetric water content in the following linear
regression equation:
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Figure 7. Soil-moisture-characteristics curve for Torpedo sand.
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Figure 8. Soil-moisture-character¡stics curve for Hosmer A silt.

Note: I cm = 0.39 in,
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vJhere

Eri = resilient nodulus (kíps/in2 ) ,
a and b = regression constants, and

0 = volunetric noisture content, given by

0 = *(taltà (4)

where

ç = gravirnetric moisture content,
v¿ = dry unit weight of soil-, and
yw = unit weight of erater.

For B- and C-horizon soils compacted to 95 percent
AÀSHTO T-99 density that have dry densities Iess
than or equal to 1600 kg/m' (I00 |b/ft3 | , a is
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Figure 9, Soil-moisture+haracter¡stic cr¡rve for Bluford B clây.

Note: I cm = O.39 ¡n.
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27.06 and b is -0.524. For B- ancl C-horizon soils
at 95 percent density that have dry densities
greater than 1600 kg/mt , a is 18.18 and b is
-0.404 (14) .

By using Equation 3 and the soil-¡noisture-char-
acteristics curve, it is possible to estimate the
resilient modulus of subgrade soils in the field for
equilibriun ¡noisture conditions. Thê procedure is
denonstrated in the following examples.

Example I

The resilíent tnodulus of a Hoyelton B subgrade soil
compacted aE 1442 kg/mz (90 1b,/ft3) is to be de-
ter¡nined. The lllinois Department of Transportation
Soils Manual (lå) indicates that the wâter table
varies from 30 to 92 cm (I-3 ft) from the surface
during the year. The soil-noisture-characterístics
curve in Figure 10 for Hoyelton B soil [classifica-
tion A-7-6, with a densi.ty of 1442 kg/ms (89.4
1b,/ft3 ) I shows that the equilibrium moisture con-
tênt for a rnatric suction of 30 cm (1 ft) is 30.5
percent. By putting the appropriate data into Equa-
tion 3, the following resilient nodulus is ob-
tained! Erí = 27.06 - 0.524 (30.5) (90/62.4) = a.O
kips/inz.

Example 2

It mäy be of interest to cleterrnine the effect of
lowering the depth of the water table to 122 cm (4
ft) on the resilient modul-us of Hoyelton B by use of
deeper ditches. For a matric suction of ]-22 cn, the
equilibriun ¡noisture content is 28.0 percent and the
resilient rnodulus is as follows: Eri = 27.06 -
0.524 (28.0) 190/62.a¡ = 5.9 kips/ in2. The re-
silient modulus is increased about 48 percent by
lowering the water table 92 cn (3 ft).

Example 3

Elliot B and Hoyelton B soils are to be considered
for use as borrow material for subgrade construc-
tÍon. Both soíls are expected to require drying to
reduce the rnoisture content to optinu¡n. It is de-
sired to determine which soil vri11 dry to optimum
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Figure 10, Soil-moisture+haracter¡st¡cs curve for Hoyelton B so¡1.
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moisture content. the quickest for
Fron Darcyrs law,

q = -K(o)vH

where

q = moisture flux¡
K(0) = hydraulic conductivityr which is a func-

tion of moisture contenti ancl
VH = hydraulic head gradient, which nay in-

cluile both matric suction antl gravitational
components.

It is shown that the flux (q) is a function of
the unsaturated hydraulic conductivity tK (0 ) I and
the energy gradient (VH). ff it is assumeil that
both soíLs will display sinilar energy gradients
through the aggregate particles as pulverization oc-
curs, then the ¡noisture flux or drying rate will be
directly proportional to the hydraulic con¿luctivity,
which varies as water content decreases. If the
soils are at optimum ¡noisture content plus 5 percent
at the stârt of the drying process, the average
¡nolsture content when the soils are 50 percent dried
would be optimun plus 2.5 percent. For Hoyelton B
in Figure I0, this is 23.2 percent; for Elliot B in
Figure 1l [classification A-7-5, with a density of
1605 kg./ms (99.5 rb/ft3 ) l, it ís 22.4 percent.

Figures L2 and t3 show hyclraulic conductivity
versus noisture content for these two soils. Frorn
these graphs it can be seen that the unsaturated
conductivity for Hoyelton B at a moisture content of
23.2 percent is 2 x J-0'12 cm/s¡ for Elliot B at a
moisture content of 22.4 percent, the hydraulic con-
ductivity is 1 x 10-e cnls. As (I x 10-")/(2 x
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field compaction. Figure 12. Hydraulic-conductivity curve for Hoyelton B soil.
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Figure 13. Hydraulic-conductivity curve for Ell¡ot B soil.
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10-¡2¡ = 5¡¡, then Ellíot B would be expected to
have a moisture flux about 500 times greater than
that for Hoyelton B and would be expected to dry
considerably faster.

A aletaited descriptÍon of the engineering
properties for the soils used ín this PaPer, along
with soil-moisture-characteristics curves for other
soils, may be found elsewhere (6).

CONCLUSIONS

From the results of this studyr the folJ-owíng
conclusions äre Presented!

t. The perfor¡nance of a pavenent subgrade de-
pends greatly on subgrade noisture content because
of íts influence on subgrade strength. By using the
soil-moisture-characteristics curve for the partic-
ular soil and knowing the depth to the water table,
the equilibrium moisture content of the soil can be
predicted.

2. The soil-noisture-characteristics curve can
be helpful in identifying soils that are susceptible
to large changes in noisture content as a result of
changing boundary conditions.

3. The soil-¡noisture-characteristics curve can
be used to predict unsaturated hydraulic conduc-
tivity as a function of ¡noisture content, which is
useful in preclictions of transient moisture content
and frost susceptibility and in evaluations of sub-
grade compaction.

4. The soil-¡noisture-characteristics curve pro-
vides inportant infornation about ¡noisture held in
the soil and ís an i¡nportant aid in the evaluation
of soil ancl material strength for the clesign of
pave¡nent systerns.
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Volume Changes in Compacted Clays and Shales on

Saturation
R.A. ABEYESEKERA AND C.W. LOVELL

The m¡dwestern Un¡ted States has only a l¡mited quant¡ty of so-called swelling
soils. However, substanf¡al volume changes may occur in the compacted clay
and shale embankments ofthe area as they become saturated in the service en-
vironment, Since these deformat¡ons are likely to be the greatest these em-
bankments wilÍ ever exper¡ence, their prediction and control are of consider-
able pract¡cal ¡nterest, To a¡d ¡n the accompl¡shment of this important eng¡.
neering ob¡ective, the results of an extens¡ve study of these volume changes for
laboratory-compacted clays and shales are reported (the study is being extended
to f¡eld-compacted clays). Saturat¡on was accomplished under high back pres-
sures, for e¡ther tr¡ax¡al or consolidation samples, and conf¡nement s¡mulated
various embankment pos¡tions. The volume changes that resulted could be
either increases (swell) or decreases (settlement), depending on the level of
confinement and the compact¡on variables. From such test¡ng, statistically
valid prediction equations were derived in terms of (a) the compacted density
or vo¡d rat¡o, (b) the water content or degree of saturation, and (c) the confin-
ing pressure. These equations show how the volume changes on saturat¡on
can be controlled by appropr¡ately alter¡ng the deta¡ls of the compaction speci-
fication.

Compacted cJ-ays and shales are used in large
guantities in the construction of earth enbankments
and other fill-s. Ensuring the stability of these
structures against a slope failure ís always of
najor concern, and in nost cases it is the sole
criterion taken into consideration in actual design,
which is unfortunate.

The compressibitity and swelling characteristics
of compacted soils ancl shales, particuLarly over the
long term, must also bè taken into considerãtion in
the design phase. These volume changes are
dependent on the compaction variables--e.9.' water
content, dry density, method of compaction, and soil
and/ox shâIe type--and on the confining pressure
under which the fill absorbs vrater. A soil or shale
compacted to a high density and confined under a
relatively low pressure will tend to swell on
saturation. On the other hand, a low-density soil
or shale under a rel-atively high confining pressure
will tend to compress on saturation. Under certain
conditions, a soil or shal-e may not change ín volume
at all on saturation.

Accordingly, it is clear that it is extremely
difficult, if not impossible, to desígn an earth
fill to avoid volune changes in the cornpleted
structure. ?he nost one can do is to place the fill
in such a condition that the cumulative effects of
the differential volune changes are within
"acceptable" limits. To achieve no volu¡ne change on
saturation, one would have to vary the as-compacted
condition of the soil or shale over the depth and
width of the fill-. Although this unconventional
approach is theoretically possible, it is extrenely
difficult to achieve in practice.

This paper cliscusses the volume-change character-
istics of two troublesome fill materials: a highly
plastic clay from St. Croix, rndiana, and a medium-

hard, nondurable shale from the Nevr Providence for-
mation in Indiana. Statistically derived prediction
equations are given in terms of (a) cornpacted den-
sity or void ratio, (b) water conhent or degree of
saturation, and (c) confining pressure for fully
saturated samples. These equations show hovl volume
changes on saturation can be estinated and used in
the design phase to control the cumulative effects
of soil or shale co¡npression and swelling in an
earth fiII.

LITERÀTURE REVIEVI

Swelling Potential

Various systems have been advanced to define the
sweJ-ling potential of soiIs. These systems are
båsed on intrinsic soil properties as well as the
properties of soil in a conpacted state.

Ladd and Lambe (1) suggested a rating system
called potential volu¡ne change, which varied
linearJ-y with the percentage of heave under a
surcharge of 9.5 kPa (200 ]-bf./fÚ), the ptasticity
index of the soil, the water content of the soil at
100 percent relative humidity, and the calculated
percentage of volume change resulting fron drying a
saturated sample fro¡n the field moisture eguivalent
(ASTM D426-39) to the shrinkage limit.

Seed and others (!) defined swelling potential as
"percentage swell of a laterally confined sample on
soaking under [7 kPa] 1 psi surcharge after being
compacted to maxi¡nun density ät optinun moisture
content in the standard AASHO conpaction test. n

They found that the swelling potential is a function
of thé actÍvity of the soil and the percentage of
clay size, and they defined the activity of the soil
as the rate of change of the plasticity index with
clay content rather than the ratío of the plasticity
index to the clay content (3).

Kassif and Baker (4) stated that, for a
quantitative evaluation of the amount of heave under
field conditions, the whole range of volurne change
under various surcharges is required. They
therefore defined swelling potential as the integral
of the swell-pressure curve for the range of
surcharges representing field conditions.

Kassif and others (5r p. 218) and Krazynski (6)
have drawn attention to the numerous and widely
different rnethods that have been proposed and used
for testing and classifying expensive soil-s.

Swelling Behavior

The swelling behavior of partially saturated soils
has been studied extensively l]-,4-231. The factors
that influence swell magnitucle include type and
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amount of clay mineralsi as-compacted condition of
the soil represented by its dry density and moisture
contenti the structure of the soil, which varies
with the compaction methodt che¡nical properties of
the pore fluid; osmotic pressurei temperaturei
permeability of the soil-; stress historyt confining
pressurei alternate cycles of wetting and drying;
time interval between compaction and exposure to
free wateri time allowed for swelling; anil soil
suction.

The kaotin group of clay minerals, which have
fixed lattice structures, exhibit only a small
degree of hydration and swell. On the other hand,
the montmoriLlonite group, which has expanding
lattice structures, exhibits a high degree of
hydration and swell.

Soils compacted dry of optitnurn tend to swell more
Èhan soils compacted wet of optimum. The soil in
the former condition is considered to have a
flocculated structure, v¡hèreas that in the latter
condition is considered to have a díspersed (more
oriented) structure. rt has also been observed that
swelt íncreases with increasing as-compacted dry
density and decreasing as-compacted water content.

Tbê method of conpaction has been found to have
an influence on the structure of the soil and its
swelling characteristics. Static cornpaction tends
to produce a flocculated structure' whereas kneading
cornpaction tends to produce a dispersed or more
oriented structure. Seed and others (25) compared
the amounts of swelI for samples of a sandy clay
compacted dry and wet of optimurn by static and
kneading conpaction. They observed that samples
conpacted dry of optimum by the two methods of
compaction have similar swelling characteristics but
that, for sarnples compacted wet of optimum,
statically compacted sanples exhibited the greater
swe1l associated with more flocculated structures.

It has been observed that the maximum past
pressure to vrhich the soil has been subjected has an
effect on its swell under a reduced load. Seed and
others (241 have indicated that the effect of the
prestrêss is to reduce the ärnount of swe11 under the
s¡naller load.

The time rate of swelling is influence¿l by the
nethod of compaction. It has been observed that a

sandy clay compacted by static action tends to swell
at a faster rate than soils compacted by a kneading
action (2).

Baker and Kassif (7') derived mathe¡natical
relations for the increase of swell pressure with
time for partially saturated clays. They showed
that the dissipation function is similar to that of
the consol-i¿lation process. Their theory is in
agreenent with the typical s shape of the curve of
swell pressure versus logarithn of time, which has
been experimenÈally shown time and again.

Kassif and Shalom (15) found that the swell
pressure and the change in suction on wetting of a
¡nont¡norillonitic clay were approximately equal for
sa¡nples cornpacted wet of. optimun that were not
atlowed to change in volu¡ne. However, for sanples
conpacted dry of optinum, the swell pressure was

equal to only a fraction of the change in suction.
Kassif and Shalom also found that the swelling
pressure reached about 95 percent of its ¡naximu¡n
value after a ¡noisture intake of only one-third of
that required to saturate the sample' for a wide
range of densities.

Kassif and others (-U-) found that the initial
suction at a constant dry density decreased at a

decreasing rate with increasing compacted moisture
content. The swell-pressure relation was hyperbolic
at l-ow suction changes and tended to beco¡ne linear
at high suction changes. The percentage swell
increased with increasing suction change and, beyond
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a threshold suction change, the rate of change of
swell with change in suction was independent of the
initial water content of the c1ay.

DESCRIPTION OF MATERIALS

T\À'o matêrials highly susceptible to volume change in
conpacted embankments were selected for study: St.
Croix clay and New Providence shâIe.

St. Croix Clay

The St. Croix cl-ay used in the studies was obtained
from the IN-37 relocatíon project in Perry County,
fndiana, and is described below:

St. Croix cJ-ay is mediu¡n gray-brown at its natural
moisture content and is classified as a fat clay
(CH) according to the Unified Classification Sys-
tem. The predoninant clay mineral present was found
Èo be kaolinite. Smal1 traces of montmorilloníte
were also observed in the X-ray diffraction analyses.

NevJ Providence Shale

The New Providence shale used in the studies was
sanpled from a road excavation on I-265 in Floyd
County in south-cêntral Indiana. The geological
description of the shale reported by the fndiana
State Highway Commission (ISHC) was as fol-Iolls:
èra, Paleozoic; period, Carboniferous; epoch,
Mississippian; series, Valmeyeran (Osage) i group,
Bordeni formation, New Providencei age, 24L nilIion
to 261- ¡nii-Iion years.

The shale is of a tight gray color, is medium
hard, and has a "massive" category of fissility. It
is classified as "soillike" according to the
cl-assification system of Deo (25). In terms of soil
classification' it is a sitty clay (cL). Its soil
classification and properties are summarized below:

Category

Soil classification
Unified
AASHTO

Index properties (t)
Liquid limit
Plastic limit
Plasticity index
Shrinkage limit

Specifíc Aravity
Natural ¡noisture content (t)
Clay-size fraction (<2 un) (t)

Category

Soil classification
unr t lecl
AASHTO

Index properties (t)
Liquid limit
Plastic limit
Plastícity index
Shrinkage linit

Specific gravity
Natural moisture content (t)
clay size fraction (<2 um) (8)

Value

CH
A-7 -6

53
2t
32
I2
2.80
20
44

VaIue

CL
A-4-10

31
2L
10

2,78
6
2L

The New Providence shale is composed of quartz,
kaolinite, and illite. Small traces of chlorite and
vermiculite may also be present, but montnorillonite
is not present.

EXPERIMENTAL PROCEDURES

The California-type kneading cornpactor was used to
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cornpact the St. Croix clay and the New providence
shale because it simulates field compaction ¡nore
cl-osely than either impact or static compaction.
The diarneter of the compacted sanple vras 101.6 mm (4
in). Except for the triaxial specÍmens of New
Providence shale, kneading foot pressures r{'ere
chosen to simulate dry-of-optimum, at-opti¡num, and
$ret-of-optinum conditions from impact compaction
tests at three energy levels. For the triaxial
specinens of New Providence shale, three kneading
conpaction pressures were used. The samples of very
Iow densÍty were merely lightly hand tampecl by using
a standard Proctor hammer.

Thin-wal-1ed stainless steel sampling tubes vrere
used to obtain oedometer and triaxial specimens of
St. Croix clay (Iow-density triaxial specimens were
trimrned from the compacted sa¡nples). For New
Providence sha1e, the as-compacted dianeter was
used. The approximate di¡nensj.ons of the test
specimens are given below (1 ¡nrn = 0.039 in):

Oedo¡neterSpecimens Triaxialspecimens
Diarneter Height Dianeter Height

Material (mm) (mm) (mm) (mm)

St. Croix
clay 63.5 25.4 35.6 76.2

New Provi-
dence
shale L01.6 38.1 101.6 219.4

In the oedometer test, the specinens vrere first
loaded and, after equilibrium deformations were
reached, they were back pressure saturated. In the
triaxial tests, the specimens were back pressure
saturated under a 1o$, effective stress and then
consolidated to the required effective stress. More
detailed descriptions of the test procedures used in
the studies are avail-abl"e elsewhere (8,]-3,26,271.

VOLI]ME-CHANGE CHAR.ACTERISTICS

St. Croix Clay

The volune-change characteristics on saturation of
compâcted specirnens of St. Croix clay are taken from
DiBernardo (8) for sarnples loaded one-dinensionally
in a consolidation ring and from Johnson (!3) for
sanples loaded in a triaxial cell-.

One-Dimensional Volume Changes

DiBernardo (8) found that the percentâge of
change on saturation could be expressed
following equation (R2 = 0.86) !

^V/Vo 
= 25.47 - 0.812w - 0.0048 P"

where

volume
by the

(r)

Av = volume change from the as-conpacted to the
fully saturated condition under a surcharge
1oad,

Vo = as-compâcted volume,
w = as-compacted water content (t), ancl

Pc = noninal compaction pressure (kpa).

Negative values of AV/V. denote swelling, and
positivê values denote compression. The
as-compacted void ratio or density corresponding to
a given ¡noísture content and compaction pressurê can
be obtained from the relevant moisture-density
compaction curve.

The leve1 of surcharge also affects the nultitude
of volume change that wilL take place on saturation,
although this para¡neter does not appear explicitly
in the regression equation for volu¡ne change. The
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effect of sustained load on saturation is shown in
Figures 1-3 (8).

Consider, for example, sanples that have an
initial void ratio of approximatety 0.8 (Figure 1).
Under sustained loads of 160, 320, and 480 kpa (23,
46, and 70 l-bf/ín2), volume change on saturation
was positive (collapse) ancl a¡¡ounted to 0.f6, 11.6,
and 12.4 percent, respectively. ff vre consider a
set of samples all under the sane sustained load, we
find that the volume change on saturation generå11_y
varies fron negative (swe1l) to positive (collapse)
values as the initial void ratio increases. This
trend of volu¡ne change with initial void ratio is
monotonic only for a sustained load Õf 320 kpa. The
observed variations from sinple trends are probably
attributable to differences in as-compacted water
content or degree of saturation and perhaps the
compaction prèstress induced in samples that have
the same initial void ratio (8).

When the voicl ratio just before soaking is
plotted against the percentage of volume change on
soaking, thè spread in the data points is very much
reduced (Figure 3). Here, AV/V. is defined as
Ael(l + e1)' where Ae = change in void ratio
caused exclusively by soaking and e1 = void ratio
just prior to soaking under a sustained surcharge.

Triaxial Volume Changes

Johnson (13) saturated triaxial specimens under
effectíve confining pressures that ranged fron 68 to
278 kPa (10-40 lbf/i\21. The volune change frorn
the as-cornpåcted to the saturated-consolidated
condition is shown in Figure 4 (13). For a given
consolidation pressure the volu¡ne change varied from
a net swell to a net compression, nore or less
monotonical-Iy, as the initial void ratio increased.
The final void ratio was found to decrease almost
linearly with the logarithm of the consolidation
pressure for saturated specinens. Figure 5 (13)
shows the resul-ts for specimens compacted dry of
optimum (D), at optimum (O), and wet of optimum (¡{)
for three energy tevels : modifieil proctor (M),
standard Proctor (S), and low-energy proctor (L).

Johnson (Ë) developed the following nodel for
percentage of volume change on saturation and
consolidation (R2 = 0.95):

^v/vo 
= 28.48 - 0.000 013 6 p62 + 0.0077 Sr VoJ Q)

where

AV/Vo = estimated volune change (t),
pd = as-compacted ¿lry density (kg/mt ) ,
Si = initial clegree of saturation (t), and

o.' = isotropic consoliclation pressure (kpa).

Positive values of AV/V. denote compression, and
negative values denote swell. Figure 6 Gi) shows
the variation in percentage of vol-ume change with
dry density for three values of consolidation
pressure but for samples that have the same degree
of saturation. In Figure 7 (13), the consolídation
pressure is held constant, and the variation of
volume change wíth dry density is shown for three
degrees of saturation.

Nèw Providence Shale

The volume-change characteristics on saturation of
compacted specimens of New Providence shale are
taken fron ¡fitsman (271 for specirnens loaded
one-dimensionally in a consolidation ring and from
Abeyesekera 126l fot cylindrical specirnens loaded in
a triaxía1 cell.
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Figure l. Volume-change character¡st¡cs of oedometer specimens of St. Croix
clay.

(-)swell n(rl3O)
(-)collopæ

Note: I kPa = 0.145 lbf/in2.

o(.to.8) ^('57)a(.3.9)
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o(+0.16) o(-11.6)
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Figure 2. Volume change of oedometer specimens of St. Croix clay as a func-
tion of ¡nitial void ratio.

Symbolopplied lood:O - 160, tr -320,

Ä-480 KPo

Figure 3. Volume change of oedometer specimens of St. Cro¡x clay as a func-
t¡on of void ratio before saturation,

Symbol opplied lood:O-16o,tr -32O,

a-480 KPo

Figure 4. Contours of percentage of volume change caused by saturat¡on and

consol¡dation of tr¡axial spec¡mens of St. Croix clay.
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Consolldollon pressure,rc ( KPo )

Note: t kPa = 0.145 lbf/in2.
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Figure 5, F¡nal vo¡d rat¡o versus logarithm of consolidat¡on pressure for tr¡axial
spec¡mens of St. Croix clay,
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Figure 6. Prediction of percentage of volume change caused by saturation and
consol¡dation for an ¡nitial saturation of 80 percent for triaxial specimens of
St. Croix clay.

one-Dimensional volume changes

wits¡nan (271 found that the percentage of volume
change on saturation could bè expressed by the
following equation (R2 = 0.80):

av/vo = 3.06 - 0.985 eoPo% + 0.000 85 wPo (3)

where

eo = as-comPacted void ratio,
w = as-compacte¿l water content (t)' and

Po = aPPlied vertical pressure prior to and during
saturation (kPa).

Positive values of Av/vo denote swellíng, and
negative values denote compression.

The magnitudes of the coefficients of the vari-
able terms in the no¿lel are such that the positive
term never exceeds the negative tern for the range
of values of êo, w' and Po investigated. The
swell decreases or the volune reduction increases
with increasing void ratio or decreasing water con-
tent. Figure I (!3) shows variation of volurne
change on saturatíon as a function of the vertical
pressure for a constant ¡{ater content of l-0 percent
and three void ratios. fn Figure 9 (13), the void

ê
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Figure 7. Pred¡ction of percentage of volume chanç caused by saturation and
consol¡dation at a consol¡dation pressure of 170 kpa for tr¡ax¡al specimens of
St. Croix clay.

7I

Figure 9. Effect of moisture content on volume.change model as constant void
rat¡o of 0.40 for triaxial specimens of St. Cro¡x clay.
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Figure 10. Contours of percentage of volume change caused by saturation and
consolidation of triaxial specimens of New Providence shale.
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was deve]"oped for the triaxíal specimens of
compacted shale with the following result:

( v/v")100 = -93.2975 + 91.4634 x 10-6 7d2 - 18.3896

x l0'3si\ÆJ @)

The R2 for this equation is 0.77, and positive
values denote sv¡e1l whereas negative values denote
comPression.

When the nodel developed by tr¡itsman Øl for
one-dimensional volume change (Equätion -) is
appLied to triaxial specimens of the sa¡ne shale, the
equation is
(AV/V")100=-89.1132- 10.3783 x l0-3 eo1/Ç

+ 56.7273 x tO-s wpo, (5)

For this equation, positive values denote swell and
negative values denote conpression; however, the
R2 value is Iow at 0.56.

fn order to arrive at an improved ¡nodel for
triaxial specimens of shale, Abèyesekerâ performed a
stepwise regression and obtained the following
equation, for which R2 = 0.80:
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Figure 8. Effect of void ratio on volume-change model at a constant moisture
content of 10 percent for triax¡al spec¡mens of St. Croix clay.
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ratio is held constant and the curves represent
three hrater contents. The table below gives the
range ín values of the variables for which the
volume-change mo¿le1 is valid:

r4r (t )

10.4-16.7
8.8-I5.5
5. t-10.5

1600 t700
Dry densily,po(Kglm3)

eo

0.s3-0.42
0 . 48-0.4 0
0.34-0.29

r800

Po (kPa)

58-58 0
58-580
58-58 0

Extrapolating beyond these combinations of variables
is not reco¡n¡nended.

Triaxial Vo1ume Changes

Thê volume-change characteristics of triaxial
specinens of compacted shale on saturation r¡ras
studied by Abeyesekera (26). For each consolidation
pressure the percentage of volume change r,¡as plotÈed
against the as-compacted void ratio and curves
estitnated to fit the data as closety as possible.
FEom these curves, sets of values for âs-conpacted
void ratio and consolidation pressure corresponding
to a given volume change were obtaineil. Figure I0
(26) shows contours of percentage of volume change
in terms of these variables.

The ¡nodel used by ,fohnson (I3) for triaxial
specimens of co¡npacted St. Croix clay (Equation 2)

Ài/v.=(3.06-o.e8su"diîooooes I

\ wP')/lPo 
I

| ,.=oo 
i

Not€: 1 kPa = 0.145 lbf/inz.
I

aÛlv.=(3.06 - o.sBs e"Èjïo.oooeó
wP.)/lOO I

rl

t\
1 kPa = O.145 lbllin2.



7¿=G.7*/(l+eo)

and

S¡ = Grw/eo

where Gs = specific gravity
unit weight of water' it will

^V/V. 
= f(eo, w, o"')

(6u)

(6b)

of solids and yw =
be seen that

72

(AV/V.) 100 = -90.111 + 15.12t3 x 10-5 762 - 81.3027

x 10-2 logroo"'+ 60.4135 x 10's w o.' - 12.9882

x l0'2SiV%' + 64.4015 x 10-251log o"'-26.0065

x 10-3 7¿ + 48.6056 x |O'a eo1/ã"' - 23.3252 x 10-2 S¡ (6)

The variables eo and eo log oa' were found to be in-
significant at the 95 percent confidence level.
S ince
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The first tero terns of Equation 6, ''( dz and 1og
ac', account for the major effects. Thesê terms
give R2 = 0.78 and, when the rernaining terms are
also incl-uded, the value of R2 increases only
slightly to 0.80. Thus Av/vo is essential-ly
controlled by (1 + eo)-2 and 10910 ocr.

SUMMARY

The volume-change characheristics on saturation of
conpacted st. Croix clay and New Providence shale
were found to depend on the as-conpacted condition
of the material as well as the confining pressure.
Since the effective stress acting on a partially
saturated specimen is difficult to define' it was
not used to explain volune changes on saturation.
Rather, these changes were explained in tèrms of the
dry density or void ratio, the water content or
degrêe of saturation, and thê surcharge pressure for
oedorneter specinens (or the isotropic confining
pressure for triaxial specimens).

All observed volume changes were correlated with
the previously tisted independent variables¡ and
statistically val-id correlation equations r/tere
developed. Because the state of stress in an
embankment is anisotropic, the volume changes in the
field will not be the sa¡ne as those observed in this
study for isotropically consolidated triaxial
specinens. In addition, because the state of strain
in an embankment is anisotropic and lateral
movements do take place, the vertical strains in the
field will not be the sane as those observed in this
study for oedoneter specimens. Even sor the
equations can be quite helpful in predicting the
relative anounts of vol-ume change for ernbankments in
service as well as in showing how these volume
changes can be controlled through changes in
compaction specif ication.
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Char acterization of Exp an sive Soils
R. GORDON McKEEN AND DEBORAJ. HAMBERG

Most expansive soils encountered in engineering problems are at a degree of
saturat¡on below 100 percent. Knowledge of the moisture condition of such
so¡ls is best obta¡ned by measuring soil suct¡on. So¡l suction can be deter-
mined routinely by us¡ng either the thermocouple psychrometer or filter-paper
methods. The volume response can be characterized by obtain¡ng a volume-
change measurement along with a determ¡nation of suction change. This mea-
sure of soil response is called the suct¡on compression index and is a funda.
mental property of unsaturated fine,grained soils. An empirical method of es-
t¡mating the suction compression index from index tests ¡s provided. The so¡l
st¡ffness, or the reduct¡on in swell behavior caused by loads, must also be ac-
counted for in making heave predictions. A nondímensional equation is pre-
sented that was developed by regression techniques from a large number of
data found in the technical literature. The equation provides a tool for reduc-
¡ng the volumetric response of expansive soils as applied loads are increased,
The use of th¡s ¡nformation in predicting heave is illustrated.

Expansive soils undergo volune changes when their
moisture condition varies. Designing transportation
facilities for expansive-soil areas requires
consideration of the vol-ume changes that are likely
to occur. Several decades of research on this
probfen have produced the tools of ,'expansive soil
mechanics". Mitchell (l) recentl-y presented three
fundamental soil characteristics that nust be
considered in design: soil response to 1oad, soil
response to moisture changes, and the diffusivity of
water moving in the soil. Techniques for obtaining
these properties are available. This paper
describes techniques for characterizing the moisture
and load response of natural expansive soils.

SOIL SUCTION

Soil suction is a ¡nacroscopic property of soil that
indicates the intensity with which a soil witl
attract water. Suction results from (a) the
interplay of attraction and repulsion forces of
charged clay particles and polar r4'ater nolecules,
(b) surface tênsion forces of wâter, (c) solution
potentials caused by dissolved ions, and (d)
density. A distinction ¡nusÈ be drawn bethreen
pore-water tension and suction: Tènsion applies to

Dec.1972.
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Strength Characteristics of a Compacted Shale.
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May 1978.
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the actual pressure state of the pore watêri suction
is total head, which includes pore-vrater pressure,
osmotic pressure, and adsorptive pressure.

In engineering problens, suction is considered to
be composed of matrix and osnotic suction
components, and their sum is ter¡ned thê total
suction. Matrix suction ís the negative gage
pressure that, through a porous membrane, will hold
soil lvater in equilibrium wíth the same soil r¡ater
within a soil sample. Matrix suction is the result
of surface adsorptíon and capillary forces. Osmotic
or solute suctíon is a negative gage pressure that
will hold pure hrater in equilibrium with soil_ water
through a nembrane that a1lows only water molecules
to pass. Osrnotic suction results from variation in
ion concentratíon in the pore fluid.

Two independent stress variables have been used
to describe the state of stress in unsaturated
soils. The preferable stress-state variables åre
(o - u.) and (uu - u*), where o = total
stress, u" = pore-aír pressure, and uw = pore-
water pressure, The term (o - uu) ís cal-led the
total stress term and (u, - u*) is called thè
matrix suction term. This combinãtion of stress-
state variables is nost satisfactory because the
effects of environmental variables can readily be
separatêd ín terns of stress changes. This approach
âssumes that ua is approximately atmospheric and
the osmotic conponent of suction re¡nains constant.
These assumptions are adequate for nany engineering
problens.

SUCTION MEASUREMENT

Thermocouple Psychrometers

À psychrometer is defined as essentially two si¡nilar
thernometers, one of which has a bulb that is kept
wet so that the resulting evaporative cooling nakes
iÈ register a lower temperature than the dry one;
the difference between the readings represents a
measure of the dryness of the atmosphere. The
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difference between the tr.¡o readings is called the
wet-bulb depression. For a known wet-bulb
depression and dry-bulb temperature' the ratio of
the water vapor pressure in the air to that of pure
free water at the same temperature and pressure cãn
be computed. This ratio is the relative hunidity.

In 1951r Spanner (2) demonstrated the use of a
psychrometer based on two principles of
thermoelectricity. The sensing junction was reduced
in size to eliminate the requirement for
ventilation. Cooling was acconplished by means of
the Pel-tier effect' which cools the thernocouple
with a snall electric current. When the tenperature
drops below the dew poínt, water vapor condenses.
As the hrater vapor evaporates' the Seebeck effect
produces a measurable electric current.

Several limitations were noted. These included
(a) a ¡naximum cooling of about I.8oc Verbrugge (3),
(b) heating of the reference junction during Peltier
cooling of the sensing junction, and (c) temperature
gradients betvreen the sensing and reference
junctions. Thus, the relation between the measured
wet-bul-b depression and the water-vapor pressure is
affected by a number of factors. In a theoretical
study, Rawlins (4) listed these as (a) radii of wet
junction, equíIibrium chanber, and thernocouple
wire; (b) thermal- conductivities of wire and air;
(c) diffusivity of watêr vapor in air; (d) latent
heat of vaporization of water i (e) saturation
specific hunidity; (f) temperaturei and (g) Peltier
and Seebeck coefficients of the netals used.

Although the theoretical treatment has provided
insights into the psychrometer responsê to vari.ous
design factors, they are of minor interest in actual
application. The conplexities are overcome through
calibration of the instruments, fotlowed by cautious
attention to measurenènt conditions.

Two types of instruments have been in comnon
use. one uses the Peltier effect to condense water
on the sensing junction (21. The other method
requires manual placement of a water drop at the
sensing junction (5).

The Peltier method is more appropriate for
engineering problerns. However' it can be used in
two different modes of operation. The first is the
previously described technique used by Spanner' the
psychonetric mode. Another technique uses an
electric circuit to periodically cool the sensing
junction and thus ¡naintain the water condensed on i!
and produce a constant output. This is the
hygrometric node of operation. This technique
offers no advantage in routine soil-suction
measurements but can be used where continuous
rnonitoring is required. The Peltier psychrometer
operated in the psychrometric node is thus the best
instrunent for use in routine engineering
neasurenents.

The present state of the art of psychrorneter usè
is based on calibration. Norrnally, the output is
ptotted versus water potential by naking
neasurements in salt solutions of known
concentrations. Typical calibration data for
several conditions are shown in Figures 1 and 2.

Since both water potential anil psychroneter
output vary with temperature, it is necessary to
calibrate at various temperatures for usê in
nonisothermal environments. Meyn and White (6)
proposed a calibration model that accounts for
temperature:

y=b6X6+brXr +b2xr2+h1x2+b4x22+bsxrx2 (1)

¡vher e

Y = erater potential (bars),
X0 = dummy variable = l¡
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Xl = electromotive-force output of
psychrometer (uV),

x2 = temperature ("c), and
b0-b5 = regression constants.

Si¡nilar modeLs have been developed by Slack (Zl,
Riggle (8), and McKeen (9). Some of the results
given in Table 1.

It is inportant to note that the model is valid
for measure¡nents made in exactly the same manner as
the caLibrations.

Filter Paper

Another nethod developed for determining suction
uses filter paper as a passive sensor. In work at
the University of Copenhagen, Hansen (Àgl used

Figure 1. Calibration var¡at¡on w¡th cooling time,
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blotting paper as a carrier for sugar solutions.
Strips r.rere saturated with different solutions and
exposed to soils in closed containers. The one with
the Least noisture change at equilibrium was
interpreted as being nearest the stress level of the
soil-. Stocker (11) improved accurâcy by using more
solutions. cradnann (!Z) then calibrated the paper
for water content versus moisture stress. when
equilibrated with soil sampl-es, the blotting-paper
vrater content yielded a direct estimat,e of suction.
Gardner (l_3_) used an ash-free quantitative filter
paper calibrated for water content versus suction as
the passive sensor. From this technique cäme the
present nethod in wide use by the U.S. Geological-
Survey (14,15). Evaluations by McKeen (f6) and
Johnson (17) have indicated that the method is
suitable for studies of expansive soils.

Various papers and calibration techniques have
been used in studies of soil moisture. Pâpers can
be equilibrated with soil samples at known suction,
suspended above salt or acid solutions, or
equilibrated on a pressure plate or pressure
membranê for calibration. The nethod used is
normally dependent on the suction range of
interest. McQueen and MÍller (14) found that a
two-part model best fit their calibration data.
Figure 3 shows the filter-paper calibration data of
McQueen and Mi1ler. The upper portion represents
water adsorbed to the paper fibers, and the lower
portion shows the water held in capillary spaces
wíthin the paper. A similar relãtion was obtained
by McKeen (16). Once a paper is calibrated, disks
from the same lot are sealed inside moisture cans
with the soil samples of interest for a period of

Table 1. Regression models for determin¡ng temperature for psychrometer
calibrat¡on,

Variable Constânt
Meyn and

nigde (q) White (6) McKeen (9)
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seven days. Temperature fluctuations must be
reduced during the equilibration period. After
equilibration, the filter papers are removed and
their water contents are determined. Soil suction
is obtained by using the calibration relation. By
also drying the soil sample, the moisture-suction
relation can be determined. ff volune change is
measured as it dries, an estimate of the suction
compression index can be obtained as we1l.

SUCTION COMPRESSION INDEX

A fundamental property of expansive soils is the
volumetric rêsponse of the soil to suction changes.
This property has been called the suction
conpression index (SCI) (18; 19, p. II9), the
instability index (I,201, and soil modulus with
respect to suction change (2I,22). In this paper,
the SCI is defined as follows:

zr,=- [(^v/vr)/log(h¡/h1)] (2)

where

yh = suction compression index,
AV/Vi = voLume change with respect to

initial volume, and
h¡'hi = final and initial values of suction

(arithmêtic units).
The determination of the SCI requires the

neasuremènt of a volume change and the suction
change that occurred simultaneously, as shown by
Equation 2. Since there are several methods of
making such neasurements, there are several methods
of determining the SCI. The most reasonable methods
invoLve a single suction deternination on soil
sampl-es as they are re¡noved from the study site.
Methods were presented in the previous section for
making thêse measurêments. The next step is to
cause the soil to change volume by wetting or drying
it.

Wetting of the soil mãy be accomplished by
inundating a sanpl-e in a conventional oedometer
ring. several properties of expansive soils must be
recognizeal in order to determine the SCI. An
extensive laboratory stucly (19) and other work in
the literature by Compton (4) and Escario (Ul
Índicate that changes in soil volume as a result of
suction changes between levels of 0 and 33 kPa (2.5

Moisture content of fi'lter paper
(percent of dry weight)

xo
x1
xJ
x2
xz2
XrXz
R2

u0
bl
b2
b3
b4
bs

2.292
-4.138

-0.05 57

õ.l uo
0.97 6

0.t062 -16.4704
-4.6283 -4.0883
0.077I t.67 69

-0.0076 0
-0.0075 -0.0413
0.1036 0.0728
0.962 0.963

Figure 3. Summary of calibration data.
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pF) (pF = l-og to base 10 of pressure ín centimeters
of wâter) are not significant. Thus, for purposes
of computing the SCI, h¡ (the final suction of the
soil) should be assuned to equal 33 kPa. Together
with the measured swell, an SCI value can be
deterrnined. If these measurements are made with no
load, the effect of actual l-oads must be considered
in the evaluation. The oedometer has the advantage
of including an easy nethod of applying vãrious
loads to the soil sanple during swell. However, the
restriction of lateral strain may differ markedly
from that in the real soil.

Another method of wetting the soil is the
procedure developed by the Soil Conservation Service
(SCS) for the coefficient of linear extensibilíty
(COLE) test. In this casê, clods of natural soil
are coated with a plastic resin and thên permittêd
to wet up. Volume measurements are nade by
suspending the plastic-coated clod in water. This
mêthod does not permit the application of rnechanical
loads. Thê plastic coating has been shown to reduce
volurnetric activity (19) .

Another approach is to dry a soíI fro¡n its
natural state. This cannot be done with a sarnple
confined in an oedometer ring, but it is very easily
done by using soil clods and the COLE technigue of
volume measuremênt. Changes in soil volume cease
when the soil reaches the shrinkage limit. The
conveni.ence of this approach lies in the fact thât
the shrinkage linit for clay soils is at about 330
MPa (5.5 pF) (19). A single suction measurement on
the natural soil sanple, followed by a volume
measurement at natural moisture and the oven-dry
conditíonr is required. No loads can be símulated
when this technique is used. A load-correction
procedure is required.

The SCI can also be deter¡nined by using a chart
method we have developed from data in the
literature. Data published by SCS were used as a
source for coLE, percentage clay, and cation
exchange capacity (CEC) for a large number of
samples (25, 9. 383¡ 26, p. 637¡ 27, p. 337). By
using a clay rnineralogical classification systêm
reported by Pearring Gg) and HoIt (29), a chart was
produced that gives SCI values without requíring
suctÍon tests. The Pearring-Holt systen classified
soils into rnineralogical groups according to
enpirical relations anong mineralogy, plasticíty
index (PI), cEc, and clay content. A chart was
developed that segregated mineralogícal groups
according to clay activity (Ac) and cation exchange
activity (CEAC), where Ac = PI + percentage clay
and CEAC = CEC i Percêntage cIaY.

The new chart we developed carried this idea a
step further by ¡neans of correlations found between
COLE and mineralogícal groups. About 200 sanples
were used to develop the necessary regressions.
Data r,rere plotted on the CEAc-Ac chart.
Boundaries were then established by using rnineralogy
percentages, particularly the amount of smectite.
Five "regionsrr were esÈablíshed, ranging from pure
smectite to none. Table 2 gives the nineralogical
makeup of the regions.

Once the regions vrere identified, the SCI for
soils in each region was studied. Linear
regressions were calculated for SCI and the
percentage clay in each region. À11 coefficients of
determination were above 0.9. The SCI values for a
pure clay are shown in the chart in Figure 4. To
obtain a value for a reaL soil, the chart value is
deter¡nined by plotting CEAC versus Ac and
multiplying the number obtained by the clay content
as a decirnal: For èxãnp1e, clay content = 52
percentr PI = 51 percenti CEC = 3I.7 meq,/100 gr Ac =
0.981t CEAc = 0.610; and SCI = 0.52 (0.163)
-0.085.
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CIay content, PI, and CEC must be obtained by
testing. Then Ac and CEA. are computed. In the
example, the values of 0.901 and 0.610 are then
plotted in Figure 4. This yields a value of -0.163
for a soil conposed of 100 percent clay. The actual
vâ1ue for this soil is obtained by multiplying
-0.163 by the clay content, 0.52, which yietds
-0.085 for 1¡.

SOIL STIFFNESS

When a mechanical load is applied to a soil element,
the volumetric behavior of the soil is altered. As
loads are increased, thê ânount of swe1l obtainable
over a given suction change is reduced. This
behavior can be rêpresented ín several ways. Here,
the recom¡nendation is the following nondimensional
eguatÍon:

So/S¡ = -0.0s 12(p) + 2.4794(Ð2 - 6.3843e)3 + 4.9361(p)4 (3)

where

Sn = swel1 under the applied load Ps,
S0 = swell under no load,
P = percentage of swell prêssure renoved,
p = I - (pslp6),

P" = applied 1oad, and
P0 = load required for zero swell (swe1l

pressure ) .

This fourth-degree polynomial regression equation
was found to fit (R = 0.97) data fron several
sources where swe1l under varying foads was reported
(23,3q-33). It is a pureLy enpirical equation, but

Table 2. Composition of mineralogical regions.

Percentage of Clay Fraction

Region Smectite Illite Kaolinite Vermiculite

I
2
3a
3b
4a
4b
5a
5b

>50
>50
25-50
5-50
Tr-1 0

N
N

N
'fr-25
l0-25
5-25
5-25
10-25
'lt-25
N

N
Tr-25
5-10
Tr-25
5-50
5-50
5-50
10-25

N
N
N
N
N
N
Tr-25
<5

Note; N = none; Tr = trace <5 percent,

Figure 4. Chart for prediction of 1n.
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Figure 5. Sust¡on data from field experiment.

Suctjon, kPa

I 000

Ju ly

l,lay

Suction, pF

Table 3. Heave ælculation.

it is in agreenent with substantial amounts of data
in the literature (lgl. In order to use this
method, the swell- under no load and the swell
pressure of the soil must be known. An
approximation to the swel-I pressure nay be obtained
from data reported from potential-volume-change
tests by the Federal Housing Administration (34).
The prediction is made as follows!

Po=-13.8+6.46(PI)

wherê P0 = swell pressure (kPa).

HEAVE PREDICTIONS

The use of the techniques described above is
illustrated here by using data fron heave
observations on an uncovered soil profile. Suction
data are shown in Figure 5. Soil data are as
follows: PI = 51 percent, CEC = 32 meg,/100 g, clay
content = 53 percent, "t = ]-922 kg/n" (120
Ib/fL3l r Ac = 0.962, and CEA. = 0.604.

The SCI can bê neasured or deternined directly
from these data and the chart in Figure 4. From the
chart we obtain 'fh = -0.163, and correcting for
clay content we have -0.0864. For present purposes,
the soil is divided into layers 0.5 m (1.65 ft)
thick. The heave-calculation data are given in
Table 3. Swell pressure can be measured or
estimâted as follows:

Po = -13.8 + 6.s(PI) = 315 tPa (5)

Now the Th = -0.0864 can be reduced for the
appropriate loads. Rêwriting Equation 3,

lr'ohr' = So/Ss (6)

where yhp is the value of SCI corrected for the
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overburden load present. Additional loads resulting
from construction can al-so be accounted for in this
manner. As Table 3 indicates, calculations arê made
for each layer and the result is expressed as a
total volune change in the profile. Measured heave
(-0.073 n) indicates that about 80 percent of the
predicted voLume change occurred in the vertical
direction. The ratio of vertical elevation change
in the profile to the total volume change is called
the lateral restraint factor (f). In the present
example, f = (0.073/0.1041 = 0.70. At this timê,
there are no guidelines by which to evaluate the
lateral restraint factor t it must be evaluated
through experience. Its value varies between 1.0
and 0.33 theoretically. Therefore, this evaluatÍon
is an irnportant part of expansive-soil mechanics.

STJMMARY AND CONCLUSIONS

The evolution of expansive-soí1 mechanics has
reached the point of providing sone analytic tools
for assessing soil behavior. The description of
these methods given in this paper is intended to
explain them in the context of routine use. In
doing so, simplification is required. Nevertheless,
the methods presented are quite reliabl-e when
sufficient sanpling is conducted.

Furthêr development of our understanding of the
equiJ-ibrium conditions beneath structures and
lateral restraint in soil profiles is sorely
needed. These aspects of in situ soil behavior are
irnportant and must be carefull-y evaluated in ã11
analysis problems. At this time, only experienced
engineers have the insights required to assess these
characteristics. In this rêsearch, no further
comparison of measured and predicted results was
made because of lack of information concerning
actual lateral restraint.
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Pavement Roughness on

M.O. VELASCO AND R.L. LYTTON

Expansive Clays

The roughness patterns of pavements on expansive-clay subgrades were mea-
sured by using the General Motors prof¡lometer on 20 sect¡ons of pavement in
Texas. The roughness patterns are analyzed by means of two methods: the

Fast Fourier Transform and a techn¡que that reproduces a rod-and-level suruey.

The analysis shows that the roughness of expansive clays can be viewed as a

spectrum of sine wave amplitudes that vary directly with their corresponding
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wave lengths. The spectra for each pavement section are fitted by an equation
that has two constants: a coeff¡c¡ent and a power, The values of these two
constants are found by regression analysís to depend on the flexural stiffness
of the pavement, t¡me, climate, and several phys¡cochemical so¡l properties.
An equation that can pred¡ct loss of pavement serviceability index was also
determined by regression analys¡s to depend on the same pavement, climate,
and soil properties. An example of the use of th¡s equat¡on in the pred¡ction
of the performance of a pavement on expans¡ve clay is given, and its impl¡ca-
t¡ons for pavement des¡gn are discussed.

The practical consequences of pavenent roughness
caused by expansive clay are loss of riding comfort
and reducÈion in pavenent service life.

The genesis of the waves observed on these pave-
nents can be understood by studying a common land-
form thât develops in some clinatic areas that have
expansive c1ays. This undul-ating surface, char-
acterized by a pattern of mounds and depressions,
has been called "gilgai". Beckmann and others (!l
have studied several types of this landform and
factors that influence their genesis. In addition,
Lytton and others (2) have described the stages of
development of norrnal gilgai in their study of two
gilgai fielcls in Texas. These authors conclude that
the cracking fabric of the soil is the principal
factor in the appearance and behavior of the gil-
gaied landform and that the crâck spacing of the
soil alepends on its mineralogy. When a roadway is
constructed on a soil that has the potential to
develop gilgai, its cracking pattern will usually
rernain beneath the roadway. If water has access to
the soil nass, differential move¡nents nay take place
and then pavenent roughness will appear. For ex-
amp1e, in the study of the two Texas gilgai fields
cited above, pavement roughness was also neasured on
pavement sections adjacent to the fields. Statisti-
cal analyses of these data showed that the prob-
ability density functions of the pavenent r{ave-
lengths were similar to those determined in the
gilgaí fieldsr which indicated that the sane rough-
ness patterns $¡ere developing beneath the pavement
(2') .

It is clear that the first steps in dealing with
the complexity of pavenenÈ design on expansive soils
are to collect consistent measures of pavenent
roughness ând characterize the¡n in a useful manner.
The results of the analysis of pavenent roughness on
20 roadway sections located in nine different areas
of central Texas are reported in this paper.

Centrâ1 Texas belongs to the Atlantic and GuIf
Coastal Plain physiographic province, rrrhich is
underlain by a sequence of se¿limentary rocks and
nonfithified sedi¡nents. In central Texas, this
sequence contains sone highly expansive argillaceous
rocks (3). SoíIs included in the Vertisot order are
also abundant in this area. The cIí¡nate varies
widely, as indicated by the range of mean Thorn-
thwaite Moisture Index values: normally between 20
and -20.

Study of the measured pavement roughness by using
Fast Fourier Transforms (FFTS) reveals that the
overall patterns of roughness can be characterized
as a function of only two parameters: a coefficient
c and a power n. The development of empirical
nodels to predict the values of these two paraneters
as a function of the characteristics of the pave-
ment, time, cJ-inate, and several physicochenical
soil properties leads to a better understancling of
the factors that influence the appearance of rough-
ness. As a basis for a desígn procedure, the te¡o
parameters are correlated with the reduction in the
serviceabÍlity index. An analysís of the do¡nínant
wavelengths present ín the roughness patterns shoyrs
that there are several such wavelengths that are
conmon to all pavements.
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CHARACTERIZATION OF ROUGHNESS

The ceneral Motors profilo¡neter was used to ¡neasure
the profiJ-es of the 20 pavenent sections. Road
profiles for both right and left wheel paths were
converted to digital form and stored on nagnetic
tapes. In this study, a segnent of the available
profile in each section has been analyzed by using
the FFT. Basically, the FEI decomposes the road
profile into a faniLy of sinusoidal functions at
discrete frequencies. A conplete description of
this ¡nathematical tool- can be found in the Iitera-
ture (!,!). For this study, an F¡II computer progra¡n
vras designed to perform the following operations in
each profile:

1. Sanple the profile at equally spaced intervals
of 0.82 ft (0.25 m);

2. Take 512 of those data samples, which repre-
sent a length of 419.84 ft (128 n);

3. Apply the FFT algorithm to that length, ob-
taining the tlistribution of one-ha1f the amplitude
values (A/2', of sinusoids at the following fre-
quencies:

f =i1419.84 j=2,3,4,. . .,s11 (l)

r¡here f is in cycles per foott
4. Repeat operations 2 and 3 for l0 consecutive

lengths, with the first points of each separated by
164 ft (50 m), so that the 10 lengths cover 1896 ft
(578 m) of the road profile (in a few secÈions, the
availabl-e profile was less than 1896 ft long, and
for these a smaller number of lengths with a minor
separation were considered); and

5. Average the distributions of A/2 values calcu-
Lated for the different lengths and print out the
results.

Besides having an easily understandable physical
neaning, these mean spectra of A/2 over the fre-
quency domain are a very useful representation of
the ¡neasured roughness of the pavenent sections (see
Figure 1). Furthernore, the shapes of the spectra
that were obtained strongly suggested that they may
be fítted by curves defined by the following general
equation:

Al2 = cïa (2)

where A is the anplitude (in inches) of a sinusoid
with frequency f and c and n are paraneters.

ff one takes logarithns of both sides of the
equation, it becomes the general equation of a
straight line with slope egual to -n and intercept
equal to log c. Thus, tinear regression analysis
was used, for the measured A/2 versus f spectrum in
each roadgray segment, to deternine the corresponding
n and 1og c values. À11 of the R2 values were
above 0.90. The values of the parameters completely
characterize the pattern of roughness in each pave-
ment section. In Figures 2 and 3, the straight
lines that represent the roughness spectra for the
right and left wheel paths of the different pavement
sections are shoern, ¡{ith }ravelength instead of
frequency in the abscissa axis. The relation be-
tv¡een wavelength (f ) and frequency (f) is

^ 
= I/f. For a specific roadway segment, it can

be seen frorn these two figures that the roughness
spectra of the right and left wheel paths are very
si¡nilar. Nevertheless, for most of the sections the
spectrum of the right wheel path indicates a
slightly greater roughness (greater amplitudes over
the v¡avelength domain) than in the left vrheel path.
This point can be roughly illustrated by calcuJ-ating
the average of the straight lines presented in
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Figure 2 and conparing it with the average of those
in Figure 3. This comparison is shown in Figure 4.
The fact that rnore roughness general.ly develops in
the right wheel path seems reasonabler since the
right wheel path is closer to the edge of the pave-

Figure 1, Frequency domain of amplitude values (Buckholts 1 test sestion),

o o.o25 0.050 0.075 otoo 0.125

FREOUENCY, f , IN CYCLES /FOOT

Figure 2, Roughness spectra for r¡ght wheel path.
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mentr where greaÈer variations in soil ¡noisture are
likely to occur.

It appears that c and n are not only conple-
nentary parameters of the sa¡ne phenonenon but are
also not truly independent. To analyze this possi-
bility, the 1og c values have been plotted versus
the correspondent n values for the right wheel path
of all of the roadway sections. Figure 5 shows a
general tendency of the absolute value of n to
decrease when the log c value increases. Further-
nore, in several- roadway sections in the San Antonio
area, roughness was measureil on different dates.
The correspondent 1og c and n values on different
dates for each section are fitted by straight lines
with the sane slope. The general equation of these
straight lines is

logc=logct+2.02n

where log c1 is the intercept in the log c versus
n p1ot. If it is assumed that Equation 3 holds true
also for the rest of the roaclway sections (where
roughness measures on different dates are not avail-
able), it becomes evident that 1og c and n are not
independent. Moreover, the intercept (J.og c1) in
Equation 3 is probably relaled to some of the fac-
tors causing roughness that do not vary with ti¡ne,
such as soil properties.

Do¡ninant wavelengths

Lytton and others (2) and McKeen (6) have suggested
that the pavement-roughness spectra on expansive
soils tend to show some dominant eravelengths.
Although the influence of these wavelengths will be
reflectetl in the values of log c and n, it is also
interesting to distinguish then specifically.

A sinple assumption is ¡nade that the ¡neasured
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Figure 3. Roughness spectra for left wheel path. WAVELENGTH, IN METERS
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Figure 4. Comparison between roughness spectra for r¡ght and left wheel paths, Figure 5. Log c versus n for right wheel path.
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values of A/2 for the dominant wavelengths will
appear as peaks above the fitted curves in the
frequency-domain plots (Figure I). Based on this
assumption, the values of the doninant wavelengths
have been estinated for the right vrheel path of the
different roadway segments and are given in Tabl-e

n

1. Even though the roadway sections have different
characteristics, it appears that sone of the doni-
nant-r¡avelength values are the same for a signifi-
cant number of sections. To illustrate this point,
a bar graph was prepared that groups aI1 the values
included in Table 1 into 3-ft (1-¡n) intervals and
calculates the percentage of dominant eravelengths in
each interval wit.h respect to the toÈal nunber of
values (see Figure 6). It âppears that donínant

I
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Table 1, Wavelengths of s¡nuso¡ds with
peak amplitude for right wheel path,
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Section Dominant Wavelengthsa (ft)

Huntsville
I
2

Ben Arnold
1

1

3
Buckholts

1

2
Fai¡field

1

I
smithville

IA
1B

Snook I
Old San Antonio Road

1

a

3
Thrall I
San Antonio

41 0-1
37
9G.5
9G3

9
8

ll
ll

22 52
52

52

:,

52

io
30 42
28 38

13 t6
t4 17

42
38

i,

42
84

105

105

-tot

105
105

105

:'

12

¿b

30
20-32
-2635

89
- l0
- l0

17

12 _i, 60

t2 20
ão 4t

5238

t05

t05
105

t05

Note: I ft = 0.3 m.
aF.om FFT analyses.

Figure 6. Distr¡but¡on of dominanl
wavelengths from FFT analysis,

vravelengths are rnore frequent in the following
intervals: 9-I2 ft (3-4 m) , 27-30 ft (8-9 m), 36-42
ft (1I-I3 m), 51-54 ft (16-U m) r and 102-105 ft
(31-32 m).

It should be pointed out that the describeil
technique (referred to here as technique A) for
estimatíng do¡ninant yravelengths has two drawbacks:

1. Since they are based on results of an FFT
analysis, the estimated values represent sínusoidal
components of the pavenent roughness but not actual
waves present in the road profile.

2. Given the characteristics of the input (sam-
pling interval and nunber of sarnples) chosen in this
study for the FFT analysis, the output is a dístri-
bution of sinusoids at discrete frequencies sep-
arated by 0.0024 cycles/ft (0.0079 cycles,/m). with
this frequency interval, actual short waves in the
road profile will be distríbuted over several fre-
quencies (and their possible anplitude peaks shad-

30

WAVELENGTH, IN FEET

owed) whiler on the other hand, the "resolutionn in
the lower frequency region is poor.

Because of these ilifficulties' it is convenient
to use another approach (tèchnique B) Èhat conPle-
ments the analysis of doninant wavelengths. This
has been done by iletermining, directly on the road
profiles' the wavelength probability clensity func-
tions. A computer program with a special filter
that copies the effect of a field survey (21 vras
used. The progran scans through the profilometer
data, fínds the high points, and rneasures the hori-
zontal distance between them. By using this infor-
mation for each pavenent section, the sectionrs
probability density functions of wavelength for both
the right and left wheel paths can be calculated.
One of these graphs is shown in Figure 7. It is
assumed that dominant wavelengths wiII appear as
relative maximums in the probability density func-
tions. The values of the nost noticeable rnaximums

WAVELENGTH, IN METERS
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in the probability density functions for the right
wheel path are gíven in Table 2. Again, it seems
that sone of these values are the sane for a siq-
nificant nunber of roadway sections. To enhance
this point, a bar graph was prepared that considers
all of the values presented in Table 2 and calcu-
lates the percentage of dominant wavelengths in each
3-ft (1-n) interval with respect to the total number
of values (see Figure 8). It appears that dominant
ir'avelengths are most probable in the following
intervals: 9-12 ft (3-4 m) , 2I-24 ft (6-7 m), 30-33
ft (9-l-0 m) , and 45-48 ft (14-15 m).

A comparison between the results obtained from
the two techniques used to disÈinguish dominant
wavelengths is given below (I ft = 0.3 m):

Technique DominantWavelengths (ft)
A 9-12 27-30 36-42 sI-54 102-10s
B 9-r2 2L-24 30-33 45-48

À general concLusion might be drawn from these
results: Pavement roughness on expansive soils in
central Texas seems to have domínant wavelengths of
around 10 ft (3 m). Furthernore, these lo-ft waves
also see¡n to combine, giving do¡ninant waves with

Figure 7. Probab¡l¡ty dens¡ty function of wavelength (Buckholts 1 test section).

WAVELENGTH, IN METERS

69t2t5t82t

30 40 50

WAVELENGTH, IN FEET

Figure 8. Distr¡bution of dom¡nant wavelengths
f rom probability density funct¡ons.
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length multiples of 10 ftr especially around 30 and
50 ft (9 and 15 m).

PREDICTION OF ROUGHNESS

It has been shown in this paper that pavement rough-
ness can be described as a function of only tvro
paratneters, c and n. Several investigators have
also noted this fact (5,7). Thus, the prediction of
the paraneters c and n is equivalent to the preilic-
tion of thê pattern of roughness.

It is assumed that the flexural stiffness of thê
pavement, climate, tirne, and properties of the
subgrade soils interrelate in the developnent of
pavement roughness. Inforrnation about these factors

Table 2. Most probable wavelengths for right wheel path.

Section Dominant ì,Vavelengthsa (ft)

Huntsville
I
?.

B¡n Arnold
t
2
3

Buckholts
1

2
Fairfield

I
2

Smithville
IA
1B

Snook I
Old San Antonio Road

I
2
3

Thrall I
San Antonio

41G.1
37
9Gs
90-3

16.5 22.5
- 22.5 31.5

- 22.5
- 22.5
16.5 28.5

3 1.5

I 0.5
I 0.5

10.5
10.5
r 0.5

I 0.5
t0.s

46.5

:"
46.5
37.5

tsz
UoÉ
H
2

";oz
U
E
É
looo
Lo
L
J
õ
6o
G
c

10.5 19.5
- 13.5

10.5 19.5
10.5
10.5 19.5

10.5
1 0.5 I 9.5
10.5
- 13.5

- 49.5
40.5 70.5

- 37.5'_ :o' :u'
22.5 31.5 46.5
- 31.5
22.5
28.5 - 46.5

9.0 16.5 25.5 34.5
10.5 3 1.5 58.5
10.5 19.5 52.5
10.5-28.s-55.5

Ê,u6t9
z6
¿2
É3
ol¡¡r-à
¡¡¡ II
Fl-2bÍ
F=zo
l¡¡ ôo
ñä
Â,

Note: I ft = 0.3 m.
aRelative maximums in probability density functions

WAVELENGTH, IN METERS

t2 t4 16 t8 20 22

30 36 42 4a 54 60 66 ?2 ?A 84 90 96 toz tæ

NOTE

This tigurc ho¡ ba€n preporcd
coñtld€ring lhô ralolivs morinum¡
ot th. Þrobobllity drn.¡ly tunclionr
lor oll lho roodwoy 3acl¡on3

WAVELENGTH I I¡I FEEI



84

was collected for the different roadway sections.
The stÍffness of a pavement depenCls on the type

of materials and the depths of the surface and base
courses. The fact that pave¡nents are multilayered
systems that have different materials conplicates
their direct conparison. To overcome this probLent
a sirnple approach was used: determining for each
pave¡nent its neffective depthrt, a homogeneous quan-
tity related to stiffness (the greater the depth,
the stiffer the pavement). To define this quantity,
the following process was used!

1. The values of the ¡nodulus of elasticity were
assumed for the different materials involved.
Asphalt concrete was the ¡naterial chosen as a basis

Figure 9. Pavement structure,

I inch (cm)

Figure 10. Equivalent pavement configuration based on moduli-of-elasticity
ratios.

Es/to' in inches (cm)
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for subsequent conparisons. The assumed ¡noduLi of
elasticity are (a) for asphalt concrete (86),
200 000 J-bf/in2 (1400 MPa) r (b) for base (86),
30 000 l-bf/ín2 (210 MPa); ând (c) for surface
materials (Es), as given betovr (l l-bf/in2
0.007 MPa):

Material E" (lbflin2 )

Asphalt concrete 200 000
Concrete 3 000 000
Double bitumínous treatment 100 000

2. Given a pavement structure I in (2.5 c¡n) wide
(see Figure 91, an equivalent configuration is
defined based on the moduli-of-elasticity ratios
EslEb and nø/t\. The di¡nensions of thÍs
hypothetical configuration are shown in Figure 10.

3. The moment of inertia (I) for the equivalent
configuration is calculated. Finally, the "effec-
tive depth" (in inches) is defined as

DEPrH =iac2t Ð/1 in

The calculated effective depths for the different
pavenent sections are presented in Table 3.

The mean Thornthwaite Moisture Index (TH) values
for a 2O-year period in the ilifferent counties where
the pavement sections are located have been recorded
and considered as environmental indicators. More-
over, the ranges of the TH values for the sa¡ne
2O-year period have been recorded and considered as
rough indicators of climate variability in the
different areas.

In additÍon, the dâtes of construction and sub-
sequent repair (if any) of the pavenents are knov¡n.
This infor¡nation is neeiled in the analysis of rough-
ness as a time-dependent problem.

The subgracle soils in 13 sections belong to the
Vertisol order. Alfisols underlie the renaining 7

roadway seg¡nents. AlL of these soils have been
evaluated by soil scientists as having a high or
very high shrink-swel-l- potential. Soil såmples were
taken adjacent to thê roadway segments at depths of

(4)

I 
o = ,rrfa.u depth, in inches(cm)

I 
I = Uase depth, in inches (cm)

t

1 a=surfacedepth,
t ln inches(cm )

| ¡=uaseaep*r,

I 
in inches(cm)

E6lEo, ìnches

Table 3. Calculated effect¡ve
depth of pavement test
sections.

Moduli-of-Elasticity
Ratio

Section Type of Pavement

Depth (in)

Base Surface Er,/Eo E /Eo
Effective
Depth (in)

Huntsville
I
2

Ben Arnold
1

2
3

Buckholts
1

2
Fairfield

1

2
Smithville

IA
1B

Snook 1

Old San Antonio Road
I
2
3

Thrall 1

San Antonio
4lG.l
37
90-5
9G3

Concrete
Concrete

Asphalt concrete
Asphalt concrete
Asphalt concrete

Asphalt concrete
Asphalt concrete

Concrete
Concrete

Asphalt concrete
Asphalt concrete
Asphalt concrete

Double bituminous treatment
Double bituminous treatment
Double bituminous treatment
Asphalt concrete

Asphalt concrete
Concrete
Asphâlt concrete
Asphalt concrete

8
8

t4
t4
t4

t6
16

6
6

24

7

6
6
6

13

2t
8

32
23

0.l5
0. l5

0.15
0.15
0.15

0.l5
0.15

0.15
0.15

0.1 5
0.15
0. l5

0. l5
0.l s
0.15
0.15

0.15
0.15
0.15
0.1 5

0.5
0.5
0.5
I

20.5
20.5

10.9
10.9
10.9

I 1.5
11.5

20.2
20.2

15.6
15.6
5.4

4.0
4.0
4.0

1l.l

l5
15

1

I
1

I
I

t5
15

I
I
I

8
8

2.3

2.3

1.6
1.6

8
8

L2
1.2
l.l
0.6
0.6
0.6
3.1

20.5
20.9
t7 .7

I
l5

I
I

Note: I in = 2.5 cm.
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Table 4. Results of soils tests for roadway segments.
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Section

aPercentage smaller thâ¡ 0.002 mm.

1,2, and 3 ft (0.3' 0.6' ând 0.9 ¡n). the following
tests wèrè perforned: (a) Atterberg lirnits, (b)
deter¡nination of percentage clay (grain size less
than 0.002 mm), (c) cation exchange capacity (CEC)'
and (d) exchange sodium percentage (EsP). The
average test results for each roadway segnent are
given in Tablê 4, except for san Antonio 90-3, where
samples of the natural soils were not taken. Know-
ing the plasticity inclex (PI), cEC, and percentage
clay of a soil, its activity (PI i Percentage
clay) and cation exchange activity (CEC å Percent-
age clay) can be calculated. The chart developed by
McKeen (!) allows the estimation of the coefficient
of l-inear extensibility (COLE) of a soil- as a func-
tion of these two quantities. The chart is shown in
Figure 11.

Prediction Models

Empirical models to predict c and n (for both the
right and left wheeJ. paths) have been derived by
considering 10 possible independent variables3

DEPTH = effective clepth of pavenent (in),
TH = mean value of Thornthwaite !4oisture Index

for a 2O-year period,
RANGE = range of values of Thornthwaite Moisture

Index for a 2O-year period,
TIME = time since construction or last rehabili-

tatíon before the roughness was ¡neasured
(years) ,

CLAY = percentage clay (grain size less than
0.002 mn),

AC = activity (PIICLAY),
cEc = catíon exchange capacity (¡neq/100 g),

CEÀC = cation exchange activity (CEC/CLAY),
COLE = coefficient of linêar extensibility, and

ESP = exchange sodiurn percentage.

To deter¡nine the prediction noclels¡ the SELECT

regression program (8) has been used. Given sets of
values for the dependent variãb1e y and the
independent variables xl, x2, r.., xn, the
program uses a linear regression technique to find

Figure 11. Chart for COLE pred¡ct¡on,

o.4 0.6 0.8 t.o

AcTlvlTY. A-= PI
7o CloY

nodels using n, n - 1, n - 2, and so on alown to I
indepen- dent variables. In this case, 17 sets of
values were input to the SELECT regression because
three sections were eliminated fron the
regressions: San Antonio 410-I, where it was not
possible to estimate the effective depth; San
Antonio 90-3, which is on fitl; an¿l San Antonio
90-5, where the subgrade was ponded prior to
construction.

Si¡nplícity, high nultiple correlatíon, and physi-
cal meaning have been the criteria followed to
choose the best ¡nodels to predict the pararneters c
and n. These empirical prediction nodels are as
folLows: For the left wheel path,

c = 0.0008 DEPTH-r.o7TIMEo.30AC-1.04ESpo.re (R, = 0.78) (5)

n = - 1.06 DEPTHo.13 CEC-o. t t atO"o.:z(TH + 35)0.1ó RÁNGE-o.30

(R2 = o.s6) (6)

For the right wheel path,

c = 0.0004 DEpTH_o.8rTIME0.4eAC_r.20ESp0.r2 (R, = 0.77) (j)

n= _O.79 DEPTH0.0eCEC-0.r6CLAY0.40RANGE_0.1ó (R2 = 0.83) (S)

To interpret these equations properly, it should
be noted that an increase in the c value represents
a proportíonal increase in ampJ-itude for alL thê
wavelengths in the roughness spectrum. Àn increase
in the absolute value of n represents a propor-
tionally higher amplitude increase of the long
$ravelengths than of the short waveJ-engths. Besides,
n and c are not truly independent. With these facts

Percentage Liquid
Claya Limit

CEC
(meq/l00e) ESP (%)P1

Huntsville

Arnold

27
50

65
69
66

60
53

40
47

57
69
57

58
50
66
50

53
49
48

79
51

10.0
3.0
0.9

16. I
6.0

5.0
4.0

2.3
9.7
0.5

0.6
0.5
0.7
0.6

15.3
4.2

16.3

33 15 25
7t 49 46

82 51 74
88 54 6r
75 45 64

45
46

68
84
71

6.0
2.0

Buckholts
I
2

Fai¡field
1

2
Smithville

IA
iB

Snook I
Old Sãn Antonio

Road
I
2

Thrall I
San Antonio

41 0-l

90-5

50 48
35 44

t-ol o
3l$

n

U
O
j
E

Þu
U
(9
z
ox
l¡J

-ó
tr
o

58
57
80
53

26 39
27 38

44 52
56 54
44 58

38 50
35 46
50 74
28 74

42 43
38 56
50 68

72
62
86

NOlE
Th. CoLE Elu6 droü d là¡. chorl
ora ûl o cloy contaôt ol l0O pat6nt.
Fo. iaol lollr lhax yolua¡ on radocad

by mulliplllng b, lha clot coñlad o¡
d daciñô1.
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Figure 12. Sensit¡v¡ty of Sl-reduct¡on model to CLAY and DEPTH variables
(San Antonio 90-5 test sectionl,

TIME , IN YEARS

456

in ¡nind, several observations about the predictiôn
models can be made:

I. DEPTH influences the development of rough-
ness. An increase in DEPTH causes an appreciable
decrease in the c values and a ¡ninor increase in the
absolute values of n. As a result,, the stiffer the
pave¡nent, the less roughness will develop, es-
pecially with the shorter ¡{avelengths.

2. Roughness increases with time.
3. Às RÀNGE increases, the absolute value of n

decreases. This fact seems to indicate that clinatê
variability enhances the relative importance of the
short wavelengths with respect to the long wave-
lenq ths.

4. TH is included only in the ¡nodel for the
pararneter n in the left nheel path. This probably
indicates that the long-term average clinate, which
corresponds to equilibriurn conditions, has a greater
influence on the roughness developed in the center
of the pavement than that at the borders.

5. The influence of the soil properties in the
¡nodels is reflected through the variables EsP, Ac,
CEC, and CLAY. As ESP increases, roughness in-
creases. The other three soil variables are noÈ
truly independent. Their effects should be con-
sídered as a group. Nevertheless, it appears that a
higher clay content causes high roughness, es-
pecially in the long waves. On the other hand, CEC

and AC (with minor influence) appear to have the
opposite effect. Thus, the models shovr the conpli-
cation of the physícoehemical phenomena that take
place in the development of roughness, which cannot
be explainecl only as a function of a single soil
property.

6. The values of the paraneter n are probably
related to the soil crack spacíng.

correlåtion hrith Serviceabilítv In¿lex

various highway departments tlecide to rehabilitate a
road when the serviceabitity index (SI) drops below
2.5-3.0. Then the prediction of the SI decrease
with time is a critical aspect in the definition of
the optimum strategy to follow in order to ninimize
the overall cost of the expected life of the road.
Lu and others (9) have developed a ¡nethotlology and
presented rnodels to predict serviceability loss of
flexible pavements as a result of fatigue, svrelling
antl shrinkage, ånd thermal cracking.

A simpler approach to estimation of the reduction
in the SI (ASI) is presented here, base¿l on the
correLation between ASI and the paraneters c and n
for the right wheel path' which in turn can be
predicted by using the ¡nodels given as Equations 5-8.
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In eight roadway sections, the values of the SI
are known. MuItiple regression analysis has been
perforned to obtain the following equation:

LSt= 26'75.41 ct.oelnl'7.62 (R2 = 0.73) (9)

As expected, ASI increases as c or I n I in-
creases. Moreover, the right-wheel-path prediction
model-s for c and n can be substituted in Equatíon
9. The obtained equation is then

ASI = 0.087 DEPTH-o.20TIME0.s3ESpo.13CEC-1.22

x CLAY3.osAC-1.3r RANGE-1.22 (1 0)

Although riding quality depenils on other factors
besides the roughness of the right wheel path,
Equation 10 permits approximate prediction of the
decrease in SI as a function of the characteristics
of the pavenent, time, subgrade soil properties, and
cli¡nate. Thusr the eguâtion can be used as the
basis of a design procedure. If. one knor.¡s thè
c1i¡nate and subgrade soil properties, it is possible
to estimate (by trial and error) the combination of
base anil surface thicknesses neecled to maintain the
sI above a specific value for a specific length of
tine after construction.

Finally, to show the sensitivity of the Sl-reduc-
tion rnodel to the values of the DEPTH and CLÀY
variables, three curves are shown in Figure 12. One
of the curves has been calculate¿l by using the
actual values of the variables for the San Antonio
90-5 section and by assuming that the SI tvas equal
to 4.25 at the end of construction. The second
curve has been determined by varying only the value
of CLAY (CLAY = 60 instead of 48 percent) and the
third curve by changíng the values of CLAY and DEPTH

ICLAY = 60 percent and DEPTII = 15 in (38.1 cm)
instead ot 20.9 in (53.I cm)1. It cån be observed
in Figure 12 that Èhe variable CLAY has an appre-
ciable effect on the reduction of the SI Ìrhereas the
variable DEPTH has a less important influence.

CONCLUSIONS

1. The FFT ¡nethod, used to study the road pro-
files in the frequency domai-n, is a powerful ana-
lytic tool.

2. Pavement roughness along each wheel path can
be characterized as a function of only two paran-
eters, c and n.

3. The parameters c and n are not independent.
4. Dominant waves in the pavenents studied are

approximately I0 ft (3 m) 1on9. Furthermore, these
10-ft waves seen to combine, giving also dominant
waves with length ¡nultiples of 10 ft, especiafly
around 30 and 50 ft (9 and 15 m).

5. EmpirÍcal models for preclicting c and n have
been developed. These models indicate how the
stiffness of the pavement, time, climate, and sev-
eral physicochemical soil properties interrelate ín
the development of pavement roughness. Percentage
c1ay, tine, effective depth of the pavement, anal ESP

appear to be the more influential variables in the
developnent of roughness.

6. The values of the parameters c and n for the
right wheel pâth have been correlated with reduction
in SI. This correlaÈion and the prediction nodels
for c and n also mâke it possibl-e to estinate the
reduction in SI.

7. The methotlology presented in this study has
practical applications in the design of pavements on
expansive soils. A conputer prograrn can be designed
to calculate the combinatíon of base and surface
thicknesses needed to naintain the SI above a spe-
cific value for a specific length of time after
construction.

cEc
CLAY OEPTH ESP meq/ AC

% rncÞs % t99!! _
_ 4A 2O.9 t6 3 68 t.æ 62.6

---- 60 2O.9 16 3 6a l.& 626

-.- 60 15 163 68 lO4 626
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8. The prediction ¡nodels have been obtained fron
data collected on pavenent sections in cut and at
grade with no protective measures to reduce svrell-
ing. On the other hand, research is now under way
on some test sections where ponding was conducted
prior to construction or vertical ¡noisture barriers
have been implemented. The models can help in the
evaluation of these ¡neasures by comparing the actual
roughness developed with that predicted. In the
future, when more data are available, the nodels can
be improved to account for the effects of protective
neasures, pretreatments, presence of fi11, or re-
bound of deep excavations.
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Deep-Vertical-Fabric Moisture Barriers in Swelling Soils

MALCOLM L. STEINBERG

A deep-vert¡cal-fabric moisture barrier has been placed on two Texas highways
that have been severely damaged by swelling-soil subgrade, Prev¡ous test¡ng
of a ponding section has ¡nd¡cated the depth of the zone of activity. By devel-
op¡ng additional mechan¡sms and making maximum use of prior developments,
the Texas State Department of Highways and Public Transportation is us¡ng
fabric on two San Antonio freeway rehabilitat¡on pro¡ects: an 0,8-km (0.5-

mile) test section on lnterstate Highway Loop 410 and a 3.2-km (2-mile) sec-

t¡on of l-37, DuPont EVA-coated Typar T063 fabric has been placed 2.4 m
(8 ft) ¡nto the zone of activity. The goal is to m¡n¡m¡ze destruct¡ve pavement
movements over expansive clays by minimizing moisture change. Testing in-
cludes mo¡sture-sensor readings, profilometer measurements computer con-
verted to serviceability indexes, photologging, elevat¡on readings, and pave-

ment surface inventor¡es. There are no reportable results for the recently com-
pleted l-37 project. However, after a two-year testing span on Loop 410, profil-
ometer serviceability indexes and other favorable measurements ind¡cate a bet-
ter riding surface on the fabr¡c-protected lanes than on the adjacent control
section. The results are viewed with guarded optimism.

Expansive soils are estimated to cause between fl7
and $9 bíI1íon,/year in damages in the United States
(1, p. 596). More than half of these damages are to
transportation facilities, highways, railroads, air-
ports, pipelines, canals, and sidewalks (2).

The problems of swelling soils are worldwide.
Expansíve soils occur in Australia, South Africa,
South America, rndia, Israel, Poland' Canada, and in
the United States' where they occur from border to
border and coast to coast.

These soits have spawned many tests, reports,
papers' internatíonal conferences, neetings, and
cures. One of the more cornplete literature reviews
was part of a study done by the U.S. Army Engineer

v'¡aterways Experiment Statíon (WES) for the Federal-
Highway Administration (FHWA) (3).

Texas has its share of swelling soils. Like many
other agencies, universities, and consultants, the
Texas State Department of Highways and Public
Transportation (TSDHPT) has tried many cures and
methods and has reported on then (4). The depart-
ment has continued to work cooperatively with Texas
A&M University, the Texas Transportation Institute
(TTI), the University of Texas, the Center for
Transportation Research, FHWA, and the wES projecÈ
to seek solutions to this problem.

Another significant contribution of the WES study
was the development of national and regional naps
that show the relative occurrence of swelling soils
(5). These are inval-uabl-e data. They must be
viewed, however, vrith an awareness that they provide
generalized information rãther than a rigíd rul"e.
For example, if one examines the WES map of Texas,
the E1 Paso area in the far western corner is noted
as being lightly impacted by swelling soils (see
Figure 1). Yet, in one residential development in
this area, more than 100 homes were severely damaged
as a result of expansive soiJ-s. These builders and
buyers did not feel "lightly inpacted"l

Tests with the deep-vertical-fabric moisture bar-
rier (DVFI'4B) are being conducted by TSDHPT, in coop-
eration with Texas A&M University and TTI, in the
San Antonio area of south-central Texas (see Figure
21. The city is in Bexar County, 200 km (125 miles)
fron the GuIf of Mexico. Since meteorologic and
geologic conditions are so cJ-osely related to the
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Figure 1. Swelling-soil areas in Texas (from WES study). Figure 3. Bexar County geology.
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Figure 2. San Antonio/Bexar County DVFMB test sites.
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activity of swelling soils (predominantly clays in
this area), San Antoniors subtropical climatic zone
is of significance. Tt averages a daily ¡naximum
temperature between 30o and 35oC (87o - 90oF) from
June through September. Between November and March,
it sustains nininun readings of l0oC (40oF). The
record hígh and 1or{ are 42oC (107oF) in August 1909
and -32oC (8oF) in .Tanuary 1949, respectively.

on a yearly average, on If6 days the temperature
is 32oc (90'F) or above' and on 21 days the minimum
is 0oc (32oF) or below. July 1980 broke all pre-
vious records for average monthly temperatures in
San Antonio. The average temperature during the
rnonth was 31oC (88oF), compared with the previous
high of 30"c (87oF), and average afternoon highs
were 38oC (99.9oF).

Yearly prêcipitation avêrages 70 cm (25 in).
Between 1892 and L979, 14 years had drought periods
that varied from 42 to 74 months. Rains are nost
likely in August and November and least likely in
February, April, June, or JuIy. In JuIy 1980, rain-
fall totaled 0.06 cm (0.26 in).

ceologically, Bexar County Iies in two rnajor
provinces. The northwestern part is on the Edwards
plateau--usualIy hard limestone formations of the
cretaceous age with surface elevations up to 450 m

(1500 ft) above sea l-evel-. The Edwards plateau is
sèparateal from the Gulf Coastal Plains by the Ba1-
cones fault, an escarpment that passes through the
county in a northeast-southwest direction' defining
the arears rêgional dip and its large faults. To
the south are the softer c1ays, sandy clays, and
sand deposits in the Midway, wilcox Hills, Carrizo,
and Gulf series (see Figure 3). The clays are fre-

AUSTIN - TARRANT ASSOCIATION

HOUSTON BLACK. HOUSTON ASSOCIATION

LEWISVILLE .HOUSTON BL ACK,
IERRACE, ASSOCIATION
VENUS - FRIO-TRINITY ASSOCIATION

SAN ANTONIO - CROCKEff ASSOCIATION

HOCKLEY. WEBB. CROCKETT ASSOCIAÎION

EUFAULA ASSOCIATION

quently montmorillionites, iIlites, and bentonites.
Elevations in the southern part of the county range
from 150 to l-80 m (500-600 ft). Stream terrace de-
posits cover much of the Gulf Coastal Plains and are
usually of the Tertiary and Cretaceous ages. The
county has 12 significant qeological faults (6).

The WES map of Texas indicates that Bexar County
has active expansive soi1s. An examination of the
county map prepared by the Soil Conservation Ser-
vice, however, emphasizês their diversity ín the San
Antonio area (see Figure 4) (6). This nonunifor-
nity, as opposed to the desired hornogeneity, should
be remembered throughout these operations.

Earlier TSDHPT testing on US-90 in southhrestern
San Antonio involved pondÍng an expansive-clay sub-
grade. Water vras held in dikes about 1 m (3.3 ft)
high for 30 days to cause the clay to swell prior to

Figure 4. General soil map of San Antonio and Bexar County.
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Figure 5. Subsurface profile of lnterstate Highway Loop 410, Valley Hi Drive.
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Table 1. Atterburg l¡mits at selected sensor locations.

Hole No. Depth (m) Liquid Limit Plasticity Index

Note:1m=3.3ft.

pavement placenent. Observations over afmost a de-
cade indicated the "zone of activity¡r to be 2.4-3.1
n (8-I0 ft) deep. Maximun moisture changes and el"e-
vation test-rod movenents occur there. Beneath this
zone. these changes appear minimal. Pavenent sur-
face maintenance was less over the pondecl areas than
in the adjacent control section (7).

LOOP 410

Description of Test

The first Texas highway test of deep vertical fabric
as a noisture barrier was located on Interstate
Highway Loop 410 in the vall-ey Hi Drive Interchange
area in southwestern San Antonio. The questions to
be answered included could the fabric be placed anil
would it do any good. If it hèlped' significant
energy and dollar savings on maintaining transPorta-
tion facilities could be achieved.

In this area, I,oop 410 crosses an intermediate
physiographic area' the Blacklands prairie. It is
in bhe Taylor and Navarro group, Iying between the
Edwards to the north and the GuIf Coastal Plains to
the south. The soils are the Houston Black and the
Houston Àssociation--deep calcareous, gravelly clays
(see Figure 5). Their surface layers are usually
bl-ack to grayish brown, about 35 cn (14 in) thick'
with 8-15 percent gravel in the upper horizonsi the
depth in some profiles is 50-100 cm (20-40 in).
There is a gradual change to a yellow-to-gray cal-

Table 2. Moisture contents by depth of sensor placement.

Moisture Content (/a)

42
46
42
46
43
38
43
43
48
44
38
36
4T
29
28
33

70
74
72
79
76
68
73
71
72
70
74
70
71
56
50
6t

0.6
t.5
2.4
0.6
2.4
1.5
2.4
0.6
1.5
2.4
1.5
2.4
0.6
2.4
1.5
2.4

Hole No. 0.6-m Depth 1.5-m Depth 2.4-m Depth

1

2
3
4
5
6
7
8
9

l0
1l
T2

l3
t4
15

l6
l7
l8

8.6
27.6
30.5
24.1

7.7
32.5
32.7
28.2
t2.8

30.8
t5.4
,)q q

33.7
34.1
23.9
_a

â

3 1.3
28.6
_a

2'7.7
28.7
_a

28.3
30.4
28.4
29.3
30.8
29.7
29.1
26.9
-a

25.1
_^
a

28.9
¿b-o
27.8
27.2
29.6
29.3
28.7
32.2
29.2
28.8
29.7
30.8
26.5
30.4
23.6
3t.2
_Ã

21.7

Note: lm=3.3ft.
âNot reported.

careous clay subsoil 75 crTr (30 in) thick. It has
medium-sized peds of natural aggregate that are an-
gular and blocky and have shiny surfaces. Small,
rounded quartzite gravel occurs in the surface 1ay-
ers. These clays are firm when moist and very
sticky and plastic when wet. Atterberg limits, from
sa¡nples taken when the sensor test holes werê
drilled, indicated liquid limits from 50 to 79,
plastícity indexes from 28 to 48, and ¡noisture
contents from 7.7 to 34.1 percent (see Tables I and
2).

This Loop 410 section, built in 1960, is a four-
lane divided highway constructed on 40 cm (16 in) of
foundatíon course, 20 cm (8 in) of flexible base,
and 7.5 cm (3 in) of type A and 5 cm (2 in) of type
C hot-mix ãsphaltic concrete (ITMAC) pavements. Both
the northbound and southbound rnain lanes have two
3.6-m (f2-ft) driving lanes,3.9-m (IO-ft) outside
shoulders, and 1.2-m (4-ft) inside shoulders sepa-
rated by a 13.2-¡n (44-ft) grassed median. Access
roads paralleI the main Lanes (see Figure 6).

Since the constructÍon of the Loop 410 section,
swellÍng-soil-s activity has been reflected in this
area in repeatêd asphaltic concrete level-ups, fol-
lowed by more pavenent distortions, more 1eve1-ups,
"heater planner" work, irregularity ín the curb pro-
files, and attemped pressure injection of lime.

NATURAL GROUND (1960)
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Figure 6. Typical section of Loop 410.
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When rehabilitation plans were being considereil
for Loop 410, TSDHPT decided to try so¡nething dif-
ferent. The WES projectrs Expansive Soils Technical
Advisory Group, looking at potential cures for the
clay problem, examined South Dakotars limited suc-
cesses with the shallow-fabric moisture barrier
(8). The decision was made to try placing the fab-
ric through the zone of activity, as observe¿l on the
ponding project a few miles to the west. (It seems
possible that this DVF¡48 nay provide a basis for
examination of the frost-heave problem.)

The Loop 410 rehabilitation contract awarded in
June 1978 was 24.4 km (15.2 niles) Iong. It in-
cluded an asphalt seal coat, 3.1 cm (I.25 in) of
type C H!,IAC as a level-up, to be followed by 1.8 cm
(0.75 in) of type D HMAC. The level-up actuåIly
placed varied from 2.5 to 30 cm (1-12 in). This
Iow-bid lN3.8 million contract included a 0.8-km
(0.S-mile) test section for the DVFMB.

The fabric was placed along the northbound 1ane.
DuPont Typar (sty1e T063) coated with ethylene-vinyl
acetate (EVA) v¡as specified and used. A spun
bounded poJ.ypropylene with the EVA coating is 15.5
mits thick anil weighs 34 g/m2 17.5 oz/yd2). The
DuPont fabric was placed 2.4 Ír (8 ft) deep at the
edges of the outside and inside shoulders. Instal-
lation included tâcking 0.6 m (2 ft) of the fabric
to the pavecl shoulder with asphalt emulsion. The
Ð¡par is delivered in rolls 300 cm (117 in) wide.
The dia¡neter of each ro11 is 27 cn (]-0.75 in), and
that of the core is 7.5 cm (3 in). A sand backfill
was selected as being easily placeil and cornpacted in
a narrow trench.

ConstructÍon problems presente¿l thenselves. The
contractor's initial attempt to place the material
in December 1978 was not successful. À smalI, rub-
ber-tired, tractor-type backhoe with outriggers and
a D14 caterpillar maintainer with a special attach-
ment for fabric placenent were used. The maintainer
carried the fabric ro11 horizontally and was able to
rotate the rnaterial into the vertical position for
trench placenent. Unfortunately, it never placed
any fabric on the project. After 6 m (20 ft) was
excavated to a 3-m (10-ft) depth, a slide occurred
that fil"led the trench (the clay contained consiiler-
able gravel). This serves as a reminder that site
soils are frequently not uniform and the unexpected
can always occur.

A second effort was nade by a subcontractor on
February l-9, L979. A larger crawler-tyPe John Deere
690-8 backhoe with a 0.6-n (2-ft) bucket was used.
A Deere 920-930 front-end loader place¿l the sand
backfitl and loaded the excavated ¡naterial on dunp
trucks to be hauled to a waste síte. On the first
dây, 36 n (120 ft) of excavation had been co¡npleted
when a slide occurred. À slidíng steel shoring that
used a 0.6-cm (0.25-in) platè that held the fabric
ro11 vertically and was pulled by the backhoe was
used to solve the problen. Placement' including the
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cutting and filling of a 0.9-m (3-ft) wide trench
2.7 m (9 ft) deep, averagecl 105-120 m/dây (350-400
fl/daVl. Fabric placement was completed on March
28, 1979. rhe $66lm (t2o/f.tl bid price reputedly
did not cover costs.

After fabric placementr TSDHPT personnel placed
moisture sensors inside and outside the protected
area of the northbound lane and the adjacent south-
bountl-lane control section on May 30 and 31 and June
28, 1979. Holes 30 cn (12 in) in diameter were
drilled 2.4 m (8 ft) ¿leep by using a Texona Rotary
rig at 18 locations--16 along the northbound main
lane anil two along the southbound control section
(see Figure 7). In the fabric sections' the holes
were located 0.9 n (3 ft) on either side of the
material.

Two or three of the 46 Soil Test rnoisture cell
(MC 374) sensors erere placed at each location at
depths ranging from 0.6 to 2.4 m (2-8 ft). The
wires of the sensors were then extended, and the
hole was backfilled. Slots for the wires were sawed
in the pavement. The sensor wires were gathered in
plâstic bags at control sites drilled 0.9 ¡n (3 ft)
deep. A section of 20-c¡n (8-in) polyvinylchloritle
pipe provided a housing for the wire recovery and
for reading with a Soil Test ohrnmeter (model 305 B).

The sensors are 2.5 cm x 5 cm x 22 gauge (I in x
2 in x 22 gauge). They have tv¡o stainless steel
plates separated by a processed fíberglass pad that
attracts moisture to the fiber surfaces. The mois-
ture accumulates until an energy equilibrium is
reached between the fibers and the soil' which
reduces the electrical resistance of the fiberglass
material between the plates. The resistance reading
was made with a battery-operated, 9o-cycle, Ac-type
meter. The sensors were calibrated at TTI in a po-
tassiun chloride solution so as to relate resistance
(in oh¡ns) to suction. These efforts were felt to be
unsuccessful since they yielded nonuniform results.

Postconstruction problems have also appeared.
The backhoe trench was 0.9 m (3 ft) wide. Tr.ro trac-
tor-trailer trucks and a trailer house have sunk
into the shoulderrs soft sand. "Soft-shoulder"
signs were used to no avail.

Observations

Moisture-sensor readings, cross sections, roadway
surface inventories, and photologging have been con-
ducted, and regular testing schedules are planned.

For moisture-sensor readings, the wires from the
sensors are attached to the ohmmeter and resistivity
is recorded. The higher the reading, the greater
are the resistance and the suction. This reflects a
reduction in the moisture content of the soil sam-
pled or a drying condition conpared with the in-
itial, possibly saturated, situations.

Readings were taken in May, June, August, and
November of 1979 and in June ãnd JuIy of 1980. The
subgrade was generally in a wet condition when the
sensors were placed in 1979. In a wet condition,
ohmmeter readings register IittIe resistance to the
passage of the current. As drying occurs' ohruneter
resistance readings increase (seè Table 3).

The May 30. 1979, readings followed sensor place-
ment in holes that could be drilled fron the pave-
ment because the shoulder subgrade was too wet from
recènt rains to support the equipment. The readings
indicated fairly high values, a reflection of suc-
tion conditions, which indícated that the sensors
had not yet been saturated by the surrounding soil.

All May 31 readings for the sensors placed the
previous day decreased. The sensors were absorbing
the moisture of the soil around then, and the read-
ings reflected less suction and a higher moisture
content. Sensors newl-y placed that day showed sini-
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Figure 7. Senso¡ locations for Loop 410.
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Table 3. Ohmmeter readings on l'410,
Ohms (000s)

I 9801979

8/l s
Hole So¡sor Depth
No. No, (m) s/30 s13t 6128

Southbound Lane

64
44

40 600
0 1500
0 1500
5 1000

0
0

63
0
5

1l

00"
004
004
004
00â
004

260 20
289

280 10
120 0
300 0
165 0

01
02
03
04
05
06

800 11
4s9

220 0
350 0

250
175 0
200 6

00
280 0
425 0

150 0
800 80

00
00

2.1
1.5
0.6
2.2
0.9
0.6

Northbound Lane

00
00
02r
00
02
00
00
00
00
00
00
0 240
0 l0
00
00
09
00
00
00
00
5 1500
0 1500

t2 1500
02
00
42
0 300
00
00
00
0 350
o4
00

1500 5s
00
32
00
00
00
049

50000
45 0 1500
000
000
000
000

4700
5000
70 0a 10

150 0â 0
130 0a 0

0040
0040
0040
0d0
0040
0040
0040

38040
196 0a 1500
300 0a 7
450 0' 0

50840
004 1

0040
0044
0040
0040
0043

282 0a 0
720â0

775 0a 0
60000
450 0a 40

000
0042
0040
0000
000

260 0a 6

07
08
09b
10b
11b
t2b
l3
14
15
16
17
l8b
19b
20b
?lb
22b
23b
24
25
26
27
28
29
30b
31b
32b

34b
35b
Jô
5t
38
39
40
4tb
42b
43b
44b
45
46

2.4
0.6
2.1
0.6
2.1
0.6
2.1
0.6
2.4
1.5
0.6
1.5
1.2
0.6
2.1
1,5
0.6
2.4
1.5
0.6
2.4
1.5
0.6
1.8
0.9
0.6
2.1
1.2
0.6
2.4
1.5
0.6
2.4
0.6
2.1
0.6
2.1
0.6
2.4
0.6

3

4

5

6

7

0
0
0
0
0
0

10

11

t¿

13

t4

l5

l6

T7

l8

Note:1m=3,3ft.
aAssumed. bsensor rot outslde fabric.
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lar ohn readings and indications of high moisture
content.

After a drying period, the portable rig was able
to drill the rest of the test-hole sites on ,fune 28,
1979. These newly placed sensors were all located
along the northbound lane outside of the fabric-pro-
tected subgrade. The significant ohmmeter readings
obtained reflected the dry placemenb condition of
the sensors and delay in absorbing soil noisture.

The August 15, 1979, observations followed a
rainy spel1. All- sensors that r,rere read indicated
no resistívity values, a high-noisture condition.
The Novembex L979 and June 1980 observations were
regularly scheduled. The July 1980 observations
followed a month of record-breaking high tempera-
tures.

The unprotected southbound lane showed a higher
percentage of increased resistivity readings than
the fiber-protected northbound 1ane. This is
attributabl-e to possible subgrade drying fron the
in- itial saturated condition. Sensors outside the
fab- ric along the northbound lane also reflected
less drying than the sensors along the unprotected
L anes .

The ohruneter observations are summarized below:

Sensors Showing Increased
Resistivity (t)
November .Iune JuIy
1979 r9qo 19Io

50 66 100

Location
Southbound lane

( unprotected )

Northbound lane
Tnside fabric
(protected)
Outside fabric
(unprotected)

This summary shows increasing resistivity in the
southbound lane. By Juty 1980' 100 percent of the
sensors in that tane indicated resistance readings
wherêas 35-45 percent of the sensors in the north-
bound lane showed resistance readings.

The movenent of r,¡ater through a pavenent is a

problem to be considered (9,10). Use of rubberized
asphatt on the I-37 project rnay reduce the in-
trusion, or loss, of ¡noisture from above the sub-
g rade .

were the moisture variatíons reflected in reduced
pavement movements? These movements vJêre measured
in two ways: by readings with a profilometerr coÍl-
puterized to a serviceability index (SI), and by
taking elevations over time with a level and a rod.

On the profilomêter index, 5.0 is the perfect'
smooth-riding pavement. As the ride becomes
rougher¡ the readings become lower and the sIs de-
crease. The profiloneter readings are taken for the
inside and outside lanes of both the northbound and
southbound l-anes. The readings were taken in .fune
1979, November 1979, and August 1980. Thê best mean

reading--an Sr of 4.I2--was taken in June 1979 on
the protected northbound outside lane. The compar-
able reading for the southbound lane was 4.07.

The later readings, in November 1979 and August
1980, reflect continued "better" SIs on the pro*
tected northboun¿l lane: The readings for this lane
vrere 4.00 and 3.83 compared wÍth readings for the
unprotected lanes of 3.66 and 3.34. The increased
roughness of the unprotected southbound lane is much
more pronouncêd than that of thè protected lane.

The mean SIs are given below:

June Novernber August
Lane L979 1979 1980
Northbound

(protected) 4.12 4.00

Transportation Research Record 790

June November August
Lane 1979 1979 1980
Southbound

(control) 4.07 3.66 3.34

In the second method of neasurement, field read-
ings of pavement elevations were taken at the north-
bound and southbound-lane centerlines and crown
points at the stations and their midpoints in June
of. 1979 and 1980. If one averages the changes, dis-
regarding the signs of a plus or ninus variation'
l-ittle variation between the pavenents is indi-
cated. The southbound lane had average variations
of 0.92t 1.22, anâ 1.53 cm (0.037, 0.046' and 0.055
ft) at left crown, centerline' anal right croh'n, re-
spectively; average variations for the northbound
lane were L.23, I.22, and 1.25 c¡n (0.047r 0.046, and
0.049 ft), respectively. The protected lane \'/as
showing a l-ittle more averaged pavenent movement'
but the "unprotected" southbound lane had greater
variations (see Table 4). The variations are mini-
mal and not decisive at this time.

Movenents were measured at 55 stations and, of
the 165 total readings on the northbound and south-
bound lanes, only 116 were in the 0- to 1.5-cm (0.0-
to 0.04-ft) range. The naximum change was 7.6 cm
(0.25 ft) (there were only three readings in that
range), and there were only 9 and 13 reãdings be-
tween 4.9 and 6.1 cn (0.1-0.20 ft).

Photologging was done in JuIy 1980. Pictures
were taken with a Nikkon canera mounted on a frame
2.4 m (8 ft) above the pavement. The frame was on a
trailêr pulled by a sedan. A PhotograPh was taken
every 2.4 m, and these were later projected on a

screen and the areas of pavement cracking were com-
puted.

The photologging reflected pronounced dif-
ferences. The northbound' protected pavement had
cracking in 0.01-0.07 percent of its surface arear
and thè southbound lane had cracking in 0.24-0.73
percent of its surface area.

The visual- pavement inventory was also conducted
in July 1980. The majority of the cracking seemed
Èo be taking place over the outsidè shoulder of the
northbound lane over the sand-backfilled trench. No

significant crack patterns have become apparent in
the riding lane (see Figure 8).

The fabríc was placed on the Loop 4I0 project at
a rate of 105-120 n/day (350-400 ft/Aayl and was
completed on March 28, \979. The entire project was
finished on July I9t 1979. There was concern about
the rate and the cost of placement, partly because
expectations were higher and also because the con-
tractor voiced the sentiment that the $66,/¡n (ç20/tr.)
received on the Loop 410 project did not cover t.he
cost.

Trenching-Machine Test

The use of a trenching machine in place of a backhoe
had been suggested. An area equipment supplier of-
fered its Vermeer 600 for. use in a free demonstra-
tion, clairning that it would place 1515 ¡nlday (5000
ft,zday) in a pure clay to a depth of 2.4 rn (8 ft).
A test section was chosen on I-37 about 1.6 kn (L
mile) south of Loop 13 in southeast San Antonio.
The supplier built a spècia1 boon attachnent to hold
a ro11 of the Typar EVA fabric vertically, 2.4 m

into the trench. A steel-plate sliding shoring was
used with a boom-pivoted frame. The roll was held
in a vertical position in the trench, an¿l the na-
terial spread out behind it as the machine ad-
vanced. A narrower trench width than the backhoe
provided--30 cn (l ft)--was maintained. The first
afternoonr s trial averaged 0.6-0.9 n/min (2.3
ft/min). The second dayrs average increased to

45

35

10

l5

20

35

3.83
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0.9-1.05 tnlnin (3-3.5 ftlmin) in a clay that had
considerable gravel. A slide 6 n (20 ft) 1ong, with
a 20- to 25-cm (10- to 12-in) vertical roadway
shoulder drop, occurred about 6 ¡n behínd the machine
on the second day. Fabric placement was not in-
peded. Representatives providing the demonstration
felt that in a clay wíthout gravêI they could ex-
cavate 2.4 m in depth at a rate of 1.8 n/nín (6 ft/
min), for a fo-h-workday rate of l-080 m (3600 ft),
considerably bêtter than the backhoe provided.

r-37

The Largest placement of a deep vertical moisture
barrier on a Texas highway has recently been com-
pleted on I-37 in San Antonio (see Figure 9). North
of the trenching test, the project area has been
experiencing a substantial swelling-clay movenent
since its construction 12 years ago. The novements
have been reflected in severe distortions in the
riding surface, ¡nedian guardrail, and curbs and some
slope slides.

These I-37 sections are generally in very active
clays of the Houston Black series. Their plasticity
indexes average 54 and their liquid limits 86.

In the contract area, I-37 is an eight-lane
divided highhray. The ¡nain 1ânes are separated by a
sodded median 8.4-10.8 m (28-36 ft) wide that has a
0.9-n (3-ft) concrete median ditch and a steel
¡nedian barrier guardrail. Each Lane is 3.6 m (12
ft) wide and has a 3.0-m (10-ft) outside and a 1.8-m
(6-ft) inside shoulder.

The main lanes were constructed on 15 cm (6 ín)
of lime-stabl-ilized subgrade, 20 cm (8 in) of
cenent-stabílized base, and 20 cm of concrete

Table 4. Changes ¡n pavement elevat¡on.

Number of Readings

Southbound Lane Northbound Lane

93

pavement. The vertical- alignment of the main lanes
varies fron a 6-m (20-ft) embankment to a 6.6-m
(22-1.t) excavation below natural ground. The clays
have caused repeated asphaltic concrete level-ups,
heater planner work, and construction of retaining
walls to contain the slicles. The present
rehabilitation contract includes a rubberized
asphalt seal coat, asphaltic concrete level-ups, and
finish course and reconstruction of the neëlian to
provide positive drainage fro¡n a built-up section
with a concrete jersey-type median barrier. It also
includes placement of a DuPont Typar T063 EvA-coated
waterproof DVFMB placed 2.4 ¡n (8 ft) deep in trench-
es outside the shoulders of the northbound and
southbound lanes. A l-S-cm (6-in) perforated under-
drain pipe is placed in some areas outside of the
fabric. The fabric trench is backfill-ed with
gravel, and the top 0.9 n (3 ft) is ce¡nent stabi-
lized. The project contract called for the place-
ment of 19 000 n2 (23 753 ydz ) of the fabric.

À testing schedule has begun v¡ith the first pro-
filo¡neter run prior to contract hrork. The profilo-
meter tests will be suppfemented by the use of psy-
chrometêrs (Moisture Control- Systems series 6000)
for moisture readings both inside and outside the
fabric-protected sections and by cross sections,
roadway surfacê inventoríes, and photologging. The
area monitored will be within the contract Ii¡níts as
r.¡ell as adjacent sections to serve as control e1e-
nents.

The contract bids were opened on October 26,
1979. The low-bid price for the fabric work was
$25/nz (fi2l/ya2 ¡ . This conpared not unfavorably
with the $66/n (620/ft) bid for this work on Loop
410 two years previously. The successful low bídder
and contractor, Houston Bridge Conpany, engaged as a
subcontractor for the placement work of the fabric
Utilities Consolialated, fnc. (UCI), the same organi-
zation that did the Loop 410 work.

This time, UCI used a Parsonrs 500 trenching ma-
chine e¡ith a special attachnent to nove the ex-
cavated ¡naterial directly from the trencher to a
dump truck. The boon of the trenching machine was
fitted with a sliding shoring to hold the Typar rotl
vertically in the excavation and unroll- it as the
machine progressed. A portable paving machine
batched the one-sack cenent-stabilized base that
topped the trenchrs gravel backfill.

UCI began placing the DVFMB on February 4, 1980,
and completed it on May 2I; 1980. On their best
day, they placed 147 m (485 ft) of fabric. Soil
conditions, several locations in sandstone rock and

Change
(cm)

Left Right
C¡own Centerline Crown

Left
Crown Centerline

Right
Crown

0.G1.5
1.8-3.0
3.3-4.6
4.9-6.0
6.3-7.6
>7.9

37 40 39
845
665
445
0ll
000

44 37 35
3 10 8

648
144
100
000

Note: 1 cm = 0,39 iû.

Figure L Pavement surface inventory for Loop 410.
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Figure 9. Existing and proposed sections of l-37.

boulders, utilitiesr drainage structuresr and pos-
sibly the psychological effect of trying to meet the
goal of I07-I20 m/day (350-400 ft,zday) all retarded
productivity. Thère was little downtime due to
weather conditions or machinery breakdown. UCI
averaged 106.75 m,/day (350 ft,/day), no better than
the production on Loop 410.

The subcontractor has saicl that if the specifica-
tions for the backfill- were less rigid the work
could be done for perhaps $50,/m ($15 or ûI6/fl).
This would represent a considerable cost reduction.
A pl-anned placement on US-90 in southwest San
Antonio vriÌl provide an additional- opportunity to
make the performance of this work more economical.

CONCLUSIONS

The DVFMB holds promíse as a possible solution to
the problem of swelling soil or expansive clay.
Moisture barriers may provide energy an¿l dollar
savings for transportation facilities including
roadways, railwaysr runways, canals, and other
structures built in swelling soi1s. The Loop 410
highway section on which the DuPont Typar T063
EvA-coated fabric was used as the deep barrier has
shown better riding qualities (as measured by ser-
viceability indexes) and l-ess pavement cracking (as
revealed in photologgíng tests). The moisture sen-
sors also indicated greater changes on the control
section than in the Typar-protected subgrade. Re-
sul-ts to date show that the fabric can be placed'
and its inpacts continue to be assessed with guarded
optimi sm.
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