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PREFACE

This report describes Phase I of a three-phase investigation funded
by the Department of Transpoertation, Federal Highway Administration
(FHWA), under Intra-Government Purchase Order No. 4-1-0196. Contract
manager was Mr. D. G. Fohs, Matefials Division, FHWA.

The work was conducted during the period July 197k-June 1975 by the
Soils and Pavements laboratory (S&PL), U. 5. Army Fngineer Waterways
Experiment Station (WES), Vicksburg, Miss., Mr. W. E. Stromm, Jr., was
project coordinator. Messrs. Strohm and J. H. Shamburger and Drs. D. M.
Patrick and R. J. Lutton prepared the report. The investigation was
accomplished under the direct supervision of Mr, D. C. Banks, Chief,
Engineering Geology and Rock Mechanics Division, S&PL, and under the
general supervision of Mr., J. P, Sale, Chief, S&PL.

Mineralogical examinations and their interpretation for a study of
shale variablility were provided by Mr. G, 3. Wong, IEngineering Scilences
Division (ESD), Concrete Laboratory, WES. Mr. A. D. Buck, ESD, provided
mineralogical examinations and their interpretation for a study of shale
samples from an embankment in Clifton Forge, Va.

Personnel of the State highway organizations of California, Colo-
rado, Indiana, Oklahoma, Ohic, Oregon, Kentucky, Missouri, Montana,
North Carclina, North Dakota, New York, Pennsylvania, Tennessee, Utah,
Virginia, and West Virginia provided valuable infeormation for the study
and assistance in obtaining shale samples.

Director of the WES during the conduct of this study and the prep-
aration of the report was COL G. H. Hilt, CE. Technical Director was
Mr. ¥. R. Brown.
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.NOTICE

This document is disseminated under the sponsorship
of the Department of Transporation in the interest of

information exchange. The United States Government
assumes no liability for its contents or use thereof.

The contents of this report reflect the views of the

U.S. Army Engineer Waterways Experiment Station

which is responsible for the facts and the accuracy of the
.data presented herein. The contents do not necessarily re-
flect the official views or policy of-the Department of
Transportation. This report does not constitute a standard,
specification, or regulation.

- The United States Government does not endorse products or
manufacturers. Trade or manufacturers' names appear herein
only because they are con51dered essential to the object of this
document. :

FHWA DISTRIBUTION NOTICE

Sufficient copies of this report are being distributed by FHWA
bulletin to provide a minimum o two copies to each regional office,
one copy to each division office, and two copies to each State hlghway
agency. Direct distribution is bemg made to the d1v181on

offices. :
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CONVERSION FACTORS, U. S. CUSTOMARY TO METRIC (SI)

UNITS OF MEASUREMENT

U. 8. customary units of measurement used in this report can be con-

verted to metric (SI) units as follows:

Multiply By Tc Obtain

Angstroms 0.0000001 (10'7) millimetres

inches 2.5k centimetres

feet 0.3048 metres

miles {U. 8. statute) 1.609344 kilometres

square inches 0.00064516 square metres

square feet 0.09290304 square metres

cubic feet 0.02831685 cubic metres

cubic yards 0.7645549 cubic metres

grams 0.001 kilocgrams

pounds (mass) 0.453592k kilograms

tons (2000 pounds) 90T.1847 kilograms

pounds {mass) per cubic 16.018L6 kilograms per cubic
foot metre

pounds {mass) per cubic 0.59327631 kilograms per cubic
yard metre

pounds (force) L. hL82o2p newtons

pounds (force) per 689L . 757 pascals
square inch

pounds {force) per 4, 882L28 kilograms per saquare
square foot metre

miles per hour 1.6093L4k kilometres per hour

degrees (angle) 0.01745329 radians

Fahrenheit degrees

5/9

Celsius degrees or
Kelvins*

¥ To obtain Celsius (C) temperature readings from Fahrenheit (F) read-

ings, use the following formula: € = {(5/9)(F - 32).

Kelvin (K) readings, use: X = (5/9)(F - 32) + 273.15.

To obtain



I. INTRODUCTION

Background

Construction of the modern interstate highway system has required
large, high embankments using economically available materials from
adjacent cuts or nearby borrow sources. Because of the widespread dis-
tribution of shale,¥ it has been necessary to use this material for em-
bankments in many locales. This practice has led to numerous problems
caused by excessive settlements and slope failures of large embankments.
While these problems have occurred in a number of States (Chapman and
Wood, 1975), the more severe problems have occurred in the East Central
States where the climate is humid. Failure repair is often very expen-
sive, amounting to nearly $2 million on one project (DiMillic and Haugen,
197h4).

The underlying cause of the problems appears to be detrimental
changes in the properties of certain shales with time after construction
of the embankment. Some shales have the appearance and properties of
sound rock upon excavation but detericrate during or after placement
into weak clay or silt of low shear strength. When shale chunks are
placed as rock fill, their deterioration can cause large settlements,
blockage of seepage, and eventual slope failure. Other shales, often
interbedded with limestcone, tend to degrade when excavated. However,
when compacted as soil fill, the larger shale and limestone pieces can
prevent adequate compaction. These shales can deteriorate further and
soften to form a weak clay or silt of low shear strength. The problems
associated with shale are complicated by variations in the stratigraphy

and lithological characteristics of weak sedimentary rocks, the climate

¥ The term "shale,'" whenever used in this report, includes all weak
sedimentary rocks such as claystones, siltstones, mudstones, etc.
The terms "argillaceous rcck'" and "mudrock" are alsc used as a gen-
eral term for these types of rock, However, the term "shale" is used
almost exclusively in highway literature and is therefore used as a
general name throughout this report for simplicity except in discuss-
ing classifications used by others (Part IV).



and groundwater conditions, and the weather and construction conditions.

All of the States concerned have recognized the problems in using
shale in embankments. A number of Staies have delineated problem shale
formations and have developed special design features and specification
provisions for use with compacted shale embankments. Several States
have also adopted the use of field test strips in selecting compaction
reguirements for shales. In many States, shale is required to be com-
pacted as scll £ill in the absence of proven criterin for classifyling
shale durability. A recent study at Purdue University (Dec, 1972) for
the Indiana State Highway Commission has led to the development of pre-
liminary classification criteria based on laboratcry tests. These cri-
teria are currently being used by the State of Indiana.

Although progress is being made in limited areas, the state of the
art is still not well defined; there remain a number of unsolved prob-
lems. The basic causes responsible for the deterioration of shales in
embankments in different locales have not been defined. BSuitable cri-
teria and tests, related to the basic causes, are needed to distinguish
durable shales from those that will deteriorate with time in the embank-
ment. Information 1is needed on the distribution and characteristics of
problem shales and their probable natural variability and range of
properties.

Comprehensive guidance is required on the methodology for field in-
vestigation, design, and construction of compacted shale embankments.
The required information includes (a) determination of strength and com-
pressibility properties, both for end-of-constructicn and long-term con-
ditions; (b) field compaction specifications and compaction control
techniques; (c) pretreatment techniques and compaction equipment reqguire-
ments; (d) methods of design and analysis; and (e) selection of appro-
priate design features.

Of more immediate concern is the need for suitable methods of eval-
uating existing embankments which are exhibiting signs of distress.

Some embankments are settling excessively. In the past, continuing
settlement has led to 1arge‘slope failures in some embankments, while in

others the settlement has stopped and no further distress has occurred.



The likelihood of failure, the types of remedial measures neecded, and
when and where they should be employed are paramount problems. The
presence of large pieces of hard rcck virtually precludes obtaining
suitable undisturbed samples. Improved methods are needed to evaluate
in situ density, permeability, shear strength, and compressibility.
Guidance is needed on appropriate instrumentation for monitoring defor-
mations, groundwater conditions, and pore water pressures and for
determining changes with time.

The repair of embankment falilures usually involves removal of all
or a part of the slide material, installation of drainage measures, and
reconstruction using flatter slopes and/or berms or retaining structures.
Criteria and guidance on applicability of these remedial measures and
other less expensive-methods of stabilization are needed.

The needs ocutlined above led to the initiation of this study which
is being conducted by the U. S. Army Engineer Waterways Experiment Sta-
tion (WES) over a 4-yr period. The first year was devoted to the imme-
diate needs, which are dealt with in this volume and in a second com-

panion volume.

Bagic Objectives

The baéic objectives of the research effort are:

a. Identificaticn of factors responsible for the deterioration of
compacted shales.

t. Development of techniques to evaluate the stability of existing
compacted shale embankments.

¢. Development of remedial treatments for existing distressed com-
pacted shale embankments.

d. Development of design eriteria and construction control tech-
niques for compacted shale embankments.
Objective & was accomplished under Phase I and concurrently objectives
b and ¢ were accomplished under Phase 1I during the first year (FY T75)
to meet the critical needs established by the Federal Highway Adminis-
tration (FHWA). Objective d will be accomplished under Phase IIT and

covers many of the fasks required to successfully complete the research



needs identified by the FHWA. Initiation of Phase III is contingent on
the results of Phases I and II and the approval of the FHWA.

Scope of Study

The scope cf this study is summarized in Table 1. The study ex-

cludes the following:

a. ©Settlement and stability problems originating in the foundation
materials beneath embankments.

b. Stability problems originating in cut slopes.

¢. Deterioration of ccmpacted shale arising from frost action.

Approach

Phase I. Pertinent information in the literature was reviewed on
classification criteria; location, areal extent, geology, and stratig-
raphy of variocus shale formations exposed in the United 3States; compac-
tion and performance of shale mixtures in embanlments; strength and com-
pressibility data; and intrinsic and extrinsic factors assccilated with
problem shales.

Concurrently, State and Federal agencies were contacted and visited
to develop current information on the above-listed items and to identify
sources of problems encountered in compacticn of shale embankments and
the current practices for design investigation, construction, mainte-
nance, and remedial treatment of compacted shale embankments. Avallable
information was sought on classification and material properties, phys-
ical and chemical tests, sampling and testing procedures for in situ
shales and compacted shale mixtures, and construction control procedures
and tests.

Information from the literature and field visits was used to es-
tablish a basis for identifying physical and/or chemical parameters af-
fecting the detericration of shales. Parameters considered to be
important were mineral associations, particle degradation, clay content

and sensitivity, pore water composition, and chemical alterations (e.g.,



‘sarngeal u8Tsap BUTLO9TAS €
"sIsATBUB £9T7TQ¥}Ss 8y} JulmIojiad 'g

“BYEP 1§37 WOIL
saagammaed A317TQTss8xdwod puw Y3gustys UFTSap ayjy PuiuIuwissag T

{HUTAOTTOJ 9U3 J0J KB0TOPOY3SW PIPUsmmOIFI puUs SouspInd paTTEAp
apraozd 07 SY¥S5P3 IPYQ0 JO S3iNSad ISUBPUOI PUB ‘SENTEAD ‘MDIADY

H ¥s8g

rsateys Jo sadky quaiajyTp jo uolgoedwoos 103
qusudinbs uorqsedmod pue senbruyoay juamymarqaad Jo Spuly JUIIFITP
JO SSAUaAT403Jj@ 3y} SulUIZJUOD SUOIZHPUIMODST 2)BW DPUB 21BNTBAY

D ¥selL

*qUAID{UBQWA 3Y3 UT 2IN3XTW aTeys pazdedwos ayy utr sarorsded usyy
J3718Ws A7 [BI3uUBlsSqns o248 usutoads LL03BIoQBT 3Y1 ur sayorjged ayr -z

TquIUn{UeqUS Y3} UT aJIniXtw 3[BYs p9128dwod syl jo 98yj3 sa38W
-1xoadde uswrdads £I03®JIOQB[ 9Y3 JO UOTANQTIISTP IZTS-UTBLP oYL T

.uaya pasn aq 01 aJge Isay], -ABojopoylswm ToL3uod uUoTyomd

-wo2 paTj B OSTH PUW saJIngxiw aT8YS JOJ SUOTYBO(JToads uoTyoBdWOD
ploTJ 03 sanbruydaj uorqoudmos puw woriwasdsdd Ar0qwroqu( ayzr Surgel
-odBajx@ Jog asn 03 AFOTOpPoOYl3wW ® PUSUMOD3I pud ‘ajwurEAad ‘doTaaag

d A58

-d1a3s g3se3 pIaTy ® UT IO
L109m10quT auy ul Iay3ils paidudwoo puw paledasd suswTsads Loy SIANIXTIW
ateys pajoedmos 103 sarqaadoad A317iqrsssadwod puw yjdualils wiaj—Juoy
913 31BNTHAS A[2AT393T4uenb 04 $3527 pPUSWWOIIL pus ‘ajwnyBAaa ‘doTasag

d Assg

“3A0QE
1-q uT padoTasap AFoTopoyjsul 94ENTBA2 03 §1s33 pIalj 39Npua) -z

-sdyags 3591 UL
pa3oedwod SaaMAXIW aTBYS ay3 jo A3171qIssaadwoo pue yjdusils IS
UO199NIISUCI-JO-PpUs a3} JO uoTlentuwa® Joj AFoTopoysaum ® dorarsd T

q As9

S QUIWUBQWS Y3 UT AINIXTW 3Teys pa3oeduod ayy ur sartotyded usyg
Ja1reus A7TBlIUB]SqONS 9J® uswioeds KI03BIOQBET UL UT saTordred Ayl 2

‘jusuN{uBqUR Y3 UT ainjXiw aTeYs pa198dmod ayy jo 38Uy Sajew
-txoaddde uawtdads £107wI0qQBT 8Yq JO UOTINQTIISTP 9z1s-uleld ayl T

1uays pasn aq 03
81w @say] '2INXTW I[RYS psqoedwod 8UYF JO UOTITPUOI UOTIINIFSUOI-JO
-pua 3yl J0j salInixru aT8YS palosduwod jo sdrjdadoad A3rTrqrssaadmod
pus y3BusIys 1malys JO UOT}RUTUIS)SP J0J anbruyosag Butysal L1o3mICqET
® pus ‘fFoTopoyirsw uoIjoedwoo Aiojwroqey ® ‘AfoTopoyisu uoljmImdaad
uswtoads A1oywioqe] 91urIidordde uw pusummoosd puw ‘ajuntEae ‘doTaasq

0 ¥s®l

(penurqued) ITI ASYHd

"§3IN9XTW STBYS JOJ SUOT3821Jrsads uorjondwoo Bururwlqo Jog sanbruysay
Se uwayl I71uWNTPAI PUB §3583 BuTasTxe anoxdwt IO s3589 ¥apur mou dorsasQ

(G

‘suorqeITJTIads uotrgondwod
3o uotjeredaid pur wyEp uFTISIp JUIID{UBqUWS FUTUTERQO JoF WRAD
—oxd Burrdwes s{wys 97u81Idoadd® 2y3 pusumoIaX pua “aqEnTEA’ ‘doraas(

v Aseg,
(QLET-9LET Xd)

SANOINHIAL TOUINOD
NOIIONYISNOD ONV VIMALIHD NDISAT 4O INIFWIOTAARQ - III ESVHd

“53USUDUBqUWa FUTSTXS JO 53UPWIESI} [RIPIWSI I0J SpPOY}Iu
@38TIdozdde pusmmodal puw s0uUaTsadXs STQETIBAE 33UNTHAS Plw AsTaaY

T XSuL

- squUaUUBRQUS
aTays p23oudwos Furystws JO A3T17TqE3S SU3 FUTIENTEAS 0] SPOYlauwW
a9eTadordde pusumodal puw 2oUsTaadxs STQBITRAB 27ENTBA® DUW MITAIH

v Wseg

(2 -ToA ‘GLET xd)
SINDODINVEWT ONTLSING 40
INARIVIET TVITaWTd OGNV NOILV(IVAZ ALITIHVIS — 11 ZSVAd

*squaun{uwqus 03 smwaTqoxd pasned aABY 38U Sa¥m 2TF0T09d juaIdIJIp JO
SaTeys jo s3Tun 214dweISTqRI3s JO saTjradord 21surdjuT Jo A3TTIqBIIEA
Twin3wu arquqodd ay3 surTmwrajap 03 Apngs AJ03BI0QuRT PUB PIITJ WIOJIDJ

3 Ase]

rswat1qoxd ayy Buisned
§40308] 95943 JO SUOTQVPUIQUOD PU® SIO}OBJ OTSUTALIX? PUB 2TSUTIY
-uT ay3 JO UOII®PITPA PU® UCT3BOIJTuapr Assutwy[eld ystidmoooy

' SUSLXUBqUR
p23omduos ur swaTqead PISNBD 2AFY 9EHG SaTRUS JO s2131TP00T oTydead
-0a® orztoeds sy3 puw situn oTydeadtieiqs ‘or1doT02d ayl Kytauspl 1

EEG

s SquamyUBqUa aTBYS pa3o8dwod Jo QUamgESIg Tvlpswed puw ‘soumu
-9jUTHE ‘uoT3InI3sU0d ‘uBrsap IIW-8YI-JO-938¥3S oy} *BUIQTIOSIP S8
TTom s® ‘Fuissnastp pum warqodd ayy Jo saoanos ayy FuthJriuspt jo

asodand sy3 J0] pPaIajunolus uaaq savY swatqord aisym sEsIs ul UOTL
-5NI45u0d LBMYBTY Y1TA PauIdouod S3TIualde aqwqg puw (BISpag 208Iu0)  °¢

*54UAIUBQEY UT S3INIXTW 2T8Us paidedmod Jo ajuwmiogiad
pur uoryoudwod o3 juaurirad sprodar puw 9dngEISITT FUTISTXD ADTadY T

FEGEA
_ (3 "ToA "GLET Xd)

STIVHS IdLOYJWOI 40 NOTLVHOIHILIA
FHL ¥0Jd ITAISNOJSIH SHOLIVA A0 NOTLVITJTINAQI — I HSVHd

saTnpayos pus Apnas yoawasal jo adosg -1 ITA®L




change of pyrite to iron oxides and combination of sulfur into sulfates
with volume change, swelling, and weakening of the shale}.

Selected unweathered samples of problem and nonproblem shales
collected during field trips and by courtesy of several States were
examined as part of the variability study to aid in the development of
meaningful parameters and to evaluate selected laboratory tests for
determining deterioration susceptibility. Examinations included tests
for natural water content, mineralogy (determinination of gross mineral
constituents), hardness, and slaking durability.

In studying the probable natural variability of intrinsic prop-
erties, unweathered samples were obtained from a range of stratigraphic
units in formations covering five geological ages located in Indiana,
Ohio, Kentucky, Tennessee, and Virginia. The variability of character-
istics was studied on the basis of laboratory deterioration tests, and
the results were compared with embankmeni performance in the areas
sampled.

Data on natural water content, degree of weathering, and effects of
hydrologic cycles and climatic zZones as well as construction practices
were considered in an attempt to identify extrinsic factors contributing
to compacted shale embankment problems.

Phases II and JII. The approach for Phase IT and Phase III is

described in Appendix A. The results of Phase II are presented in

Volume 2.

Scope of Report

This volume presents the results of work accomplished under Phase L.
An important feature of the overall study, the collection of‘information
from literature searches and contacts with State and Federal agencies,
is briefly described first. An overview of the cccurrence of shale
covering the 16 States included in the study and several other adjacent
States: is- presented on five secticnal maps and is followed by a summary

= e

format'ons con51dered as a problem by 12 States. The occurrence

O *:v\JL ‘.\t\w( ‘r

of these problem shales~bs,shown on individual State maps. Information




obtained on the types of problems with highway shale embankments and
possible causes is discussed, and current highway practices are
summarized.

Corps of Engineers experijience with compacted shales used in earth
and rock-fill dams applicable to highway embankments is described next
and includes data on material properties and shear strength. A brief
review of experience by the U. 8. Bureau of Reclamation (USBR) is also
given.

A review of shale classification and compcosition, factors contrib-
uting to degradation, and laboratory examination and testing are then
reviewed. This review is followed by the results of the study of natu-~
ral variability of shales collected from locations covering five geolo-
gical age groups. The results of laboratory tests to determine the
degree of susceptibility to deterioration using several different test
procedures are presented, and the variability of the formations studied

is discussed.



IT. DATA COLLECTION

Task A of Phase I consisted principally of collecting and reviewing
literature and unpublished reports pertinent to the constructicn and
performance of compacted shale embankments and contacting Federal and
State agencies concerned with highway construction that have had experi-
ence in this arca. The purposes were to determine the occurrence of
problems and possible causes and to identify current procedures for de-
sign investigation, construction, maintenance, and remedial treatment cf
compacted shale embankments.

The initial effort of identifying the types of information and data
to be collected was accomplished through a joint effort of the task
leaders in Phases I and IT and other personnel associated with the proj-
ect. This effort resulted in the checklist of desired information pre-
sented in Appendix B. The literature search was not restricted to any
geographical areas; however, the contacts with Federal and State agen-
cies were generally restricted to those physically located in the 16 se-
lected States shown in Figure 1 or having responsibilities within these

States.

Literature Search

The literature search was accomplished by examining the rescurces
at the Technical Information Center (TIC) at WES and by obtaining pro-
fessional searches from Government agencies, private organizations, and
educational institutions with retrieval capabilities from data banks.
Key words used for the search were selected prinecipally from the publi-
cation, "Subject Headings for Engineering."

TIC. The subject card index was examined and about 150 references
were located. Volumes for 1964-1973 of the Engineering Index were
searched and 45 entries were identified for examination. The annual
publication, "Applied Science and Technology Index," was alsc reviewed
for pertinent publications. Volumes for 196L-1973 were examined and

15 articles were selected for review.
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Professional searches. Professional searches were made through

five organizations: (a) Highway Research Information Service (HRIS),
(b) National Technical Information Service (NTIS), (c) American Geoclogi-
cal Institute (ACI), (&) Defense Documentation Center (DDC), and (e) In-
formation Science Computer Center (ISCC). The search by HRIS listed

85 reports and 15 were identified for review. A printout of 100 arti-
cles with abstracts was received from NTIS of which 20 were indexed.

The AGI data search is entitled GEOREF and 396 references were reviewed
from this source of which only 35 were applicable to this study. The
DDC search resulted in a listing of 15 references of which only 2 were
selected for review. The ISCC, located at the University of Georgia,
makes searches by calendar year. A search was reguested for 1 year
(1972) to check the potential of this source. References identified by
this trial search were not applicable to the study and no additional
searches were requested.

A list of publications from the U. S. Geological Survey (USGS) and
the State geological surveys of the 16 States was obtained and reviewed.
Because of the data content in these publications {such as mineral re-
sources, groundwater, detailed geological quadrangle maps, =tc.), only a

limited number were reviewed.

Personal Contacts

The initial contacts were made with FHWA regional offices by tele-
phone to obtain recommendations for contacts with the State highway de-
partments. The regional offices recommended personnel for direct con-
tact within the State highway departments and in some cases requested
that their offices be notified after séheduled visits to the States had
been finalized. Personal contacts with State highway department repre-
sentatives of Indiana, Ohic, Tennessee, and Kentucky were made during
the Sixth Annual Southeastern Highway S0il Engineering Conference in
Covington, Ky, on 16-19 September 1974. The highway departments for the
other selected States (Figure 1) were visited during August-October 197h,

except. for North Carolina. The highway department representatives for

10



North Carolina stated that only a small amount of shale had been encoun-
tered during highway construction and compacted shale embankments were
not a problem. At the recommendation of FHWA Region 1 Gffice, the

New York State Department of Transportation was visited because New York
had constructed numerous shale embankments with no apparent problems.

Copies of the checklist and the statement of work for the overall
study were forwarded to each of the highway departments prior to the
visits. Meetings with highway personnel were informal, and complete co-
cperation was received from all the highway departments. The number of
highway department personnel attending the meetings varied from two to
eight. The time spent at each highway department varied from 1/2 to
1-1/2 days depending on the complexity of the problems with compacted
shale embankments and the extent of avallable information. Field trips
were made during several of the visits. Data ccllected during the
visits and through subsequent telephone calls and letters included stan-
dard specifications and special provisions, manuals, design standards,
and reports on specific projects in addition to the information from
personal discusslons. A memorandum for record was prepared after each
visit.

Other organizations contacted (see Table 2) were gquestioned as to
their experience with design and construction practices using shale as
embankment material. The USGS and State geological surveys are not en-
gaged in construction, but were contacted to defermine their knowledge
of shale characteristies and types of information available. Purdue
University was visited to obtain current information on compacted shale
embankment research being conducted under a Joint Highway Research Proj-

ect for the Indiana State Highway Commission.

Data Review

All referenced material located, either through searches or per-
sonal contacts, was given a cursory examination and identified as
"useful" cr "not useful" to the study. The categorizing of the material
was accomplished by reading an abstract or by reviewing the actual

material.
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The referenced materials reviewed included manuals, specifications,
design standards, technical articles, research reports, and conference
papers. Although most of these were published, many unpublished papers
and reports were collected. Bome of the more pertinent geclcgical re-
ports were also obtained.

Over 850 references were reviewed in this task, and annctations
were prepared on those determined useful to the study. Biblicgraphic
cards were made for all materials received. These cards were cataloged
by key word or subject and cross-indexed by State and author. These
materials were available to all personnel participating in the various

study phases and tasks and are listed in the Bibliography.
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IITI. SHALE EMBANKMENTS

Shale Ocecurrence

An important feature of this study was to determine the general
occurrence of shales in the States being studied in relation to the dis-
tribution of problem shales. The geological maps available for the
States were variable in scale, level of detail, and coverage. Since the
most consistent source of the geoclogy for each State was the State geo-
logic maps, they were selected as the principal scurce for compiling a
shale cccurrence map. A scale of 1:3,000,000 was selected as the map-
ping base. This scale was considered large enough to give a convenient
overview of general shale occurrence, although it required rather gross
generalizations.

Each State geologic map portrays fcrmations, groups, and/or series
which are described in a legend on the map. Geologic rock-stratigraphic
units can vary in composition and may include multisoll and multirock
types, and this factor complicated or prohibited isclation of shale
units. Therefore, three mapping units were established for identifying
the occurrence of shale. These units are (a) shale predominates,

(b) shale subordinates, and (c) nomshale areas. The term "predominates"
means that more than 50 percent of the formation consists of shale, and
the term "subordinates" means that less than 50 percent of the formation
consists of shale. The term "nonshale” means that shale was absgent or
that the areal extent of the shale was too small to delineate at the
scale used for mapping. The selection of a formation for inclusion in
one of the above mapping units was based on the formation description in
the legend of the State geologic map. No detailed research was conducted
to categorize a formation. The formation descriptions varied between
State geclogic maps, and in scme instances a description on the State
geological map was inadequate to place a formaticn into a unit. Where
an inadequate description occurred, other data sources were consulted,

'

primarily the "Lexicon of Geologic Names of the United States,” pub-

lished by the USGS (Kercher, 1966 and 197C). Each State was mapped

1k



individually; when transferred to the base map, some inconsistencies
between mapping units along the State bcundaries were noted. These in-
consistencies were resolved using the best information available.

Five sectional maps present the general occurrence of shale within
the States studied: Oregon and California (Figure 2); Montana, Wyoming,
and South Dakota {Figure 3); Utah and Colorado {Figure 4); Missouri,
Oklahoma, and Arkansas {(Figure 5); Indiana, Ohio, Pennsylvania, Kentucky,
West Virginia, Virginia, Tennessee, and North Carolina (Figure 6). Ar-
kansas, and Wyoming were included because they were alternate States
designated by the FFHWA for possible inclusion in the overall study.
Where details about a specific area are needed, a more comprehensive map
should be consulted. TFor page-size presentation, the maps were reduced
in scale from 1:3,000,000 to approximately 1:5,000,000 for Figure 2 and
to 1:7,000,000 for Figures 3-6. These maps present a generalized pic-

ture of the presence of shale.

Problem Shales

Shales used for embankments during highway construction have pre-
sented problems in most of the 16 States selected for study. Three of
these States (North Carolina, Oregon, and Pennsylvania) have not ex-
perienced problems with compacted shale embankments that are attribut-
able to the embankments themselves. In Oregon, problems have involved
shale foundations. The variable extent and complexity of the problems
encountered in the other States are described in the section on types
of problems (page 43). In general, the States east of the Mississippi
River have had more problems with shales in embankments than those west
of the Mississippi River. The rock-stratigraphic units associated with
problem shales were identified by representatives of the States and
ranged from one formation or group (Utah, California, and Colorado) to

ten different Tormations (Oklahoma)}. These units are listed in Table 3¥

¥ Several other formations, identified as containing problem shales by
State highway personnel contacted during field trips for the variabil-
ity study, are not included here but are included in Part VIII, These
additional formations were not identified by the principal State high-
way representatives and it has not been possible to determine the se-
verity of problems associated with these additional shales.
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Figure 2. ©Shale occcurrence; Oregon and California.
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and a generalized description of important geological features is dis-
cussed in the following paragraphs.

Geologic descriptions. Problem shales vary in geoclogic age, physi-

cal and sedimentary characteristics, chemical composition, and types of
interbedded sedimentary rocks. Even these characteristicg within a
given formation can change within relatively short distances as indi-
cated by the variability study in Part VII. The rock-stratigraphic
units listed in Table 3 as problem shales are Cretaceous 6r older except
for the Fort Union (Paleocene) in Montana. A geological time chart is
presented in Table 4. The formations in California, Colorado, Montana,
South Dakota, and Utah are all Cretaceous in age except for the Fort
Unicn in Montana and the Franciscan in California (Jurassic and Cre-
taceous). Shales in the remaining States are Pennsylvanian or older ex-
cept for shales in the Washita group in Oklahoma which are Cretaceous.
Not cnly can the age of the formations be grouped geographically, but
the formational characteristics can be roughly separated in a similar
manner. The Cretacecus shales of the western United States are distinc-
tively different from the older formaticns of the eastern United States.
Bentonite or bentonitic layers occur in a high majority of shales in the
west. Other distinctions of the western shales are their swelling char-
acteristics which were not identified by the highway departments as
existing in formations in the east central States.

Because of the generalized descriptions of the formatlons on the
State geological maps, 2ll the formational characteristics at a specific
location encountered during highway construction may not be described.
Formations can change vertically and laterally which may result in dif-
ferent shale characteristics or rock types encountered at specific loca-
tions where a highway ¢rosses a formation.

The fine-grained rocks in problem formations are mostly identified
as shale; only a relatively few are identified as claystone, siltstone,
or mudstone. Shales are described as carbonaceous, calcareous, sili-
ceous, or micaceous although many are described by other terms such as
clay, sandy, fissile, and color. Other sedimentary rocks, principally

sandstone and limestone, are associated with the problem formaticns.
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Era

Cenozoic

Mesozolc

Paleozoic

Table L.

Period

Geological time chart.

Approximate Total

Age, years

Quaternary

Tertiary

Carboniferous

Recent

Pleistocene

/Pliccene

Miocene

< Oligocens

Eocene

\Paleocene

Cretaceous
Jurassic

Triassic

Permian

Pennsylvanian

Mississippian

Devonian

Silurian

Orcdovician

Cambrian
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1,800,000

P 65,000,000

136,000,000
190,000,000

225,000,000

280,000,000

345,000,000

L00,000,000
L30,000,000
500,000,000

570,000,000



Because of the variation in characteristics between problem formations,
no specific set of shale characteristics is common to embankment prob-
lems. A limited review of selected literature was made to cobtain de-
scriptions of the problem formations; in some cases highway department
representatives furnished some of the descriptions. The resulting gen-

eral descriptions are presented in Table 5.

Occurrence of Problem Shales

The occurrence of problem shale formations in the 13 States was
identified from the State geological maps and are presented by States in
Figures 7-19. No problem shales were indicated for Pennsylvania, North
Carclina, or Oregon. The Missouri Highway Department personnel identi-
fied the formations or groups in their State as "trcublescme” rather
than problem shales, ©BSome of the outlined areas on the maps include a
problem shale formation and a nonproblem shale formation because some of
the State geologic maps did not separate these formations. In these
cases, alkthough the entire area is shown as a single formation or group
(which actually includes two or more formations), embankment problems
have not necessarily been encountered throughout the outlined area.
However, when a highway is to be constructed within a problem formation
or group, potential problems should be anticipated and considered in de-
sign investigations.

During the survey for this study, it was particularly difficwlt to
obtain information on specific locations of troublesome shale embank-
ments. BSeveral highway department representatives indicated that this
information is not generally known, primarily because such information
is not reported to the central State office. For example, settlement
could occur and be taken care of routinely by the district maintenance
crews. However, any problem that could not be handled thrcugh routine
maintenance was reported to the material or scils enginéers.

As seen in the maps, the formations identified may cover a sizeable
portion of a State or be sc narrcw in width that they can be shown only

by a single line on the small-scale map. In a few instances a formation

2k
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Figure 7. Occurrence of problem shale formation, California.
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Figure 9. Occurrence of problem shale formations,
Indiana.
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Occurrence of troublesome shales (1, 2, and 3)
and problem shales (L and 5), Missouri.
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Figure 13, Occurrence of shales presenting problems in

the past, Ohio.
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Figure 17. Occurrence of problem shale, Utah.
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Figure 19. Occurrence of problem shales, West Virginia.
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was identified by a highway department by a new name which does not
appear on colder geclogical maps. Exact correlations or subdivisions
were therefore not possible in all instances. TFor example, when the
ocriginal map was compiled, a group or formation may have been identified;
but later geological studies resulted in subdivision of a group into two
or more formations or subdivision of a formation into members which were
given different names. Thus, it was not possible in this study to sepa-
rate the new formations from the older formations or groups. Hence, the
area portrayed on the occcurrence maps may be larger than that of the
actual problem shale formation.

The northern States (Montana, South Dakota, Missouri, Indiana,
Pennsylvania, and Ohio) are partly covered by glacial drift which has
masked part of the problem shale outerop. The thickness of the drift is
variable, and consequently the underiying shale may or may not be en-
countered during highway construction., The southern limit of the gla-

cial line is portrayed on the appropriate maps as a ticked line.

Types of Problems

Types of problems being experienced in the 13 States {3 States in-
dicated that shale’embankments were not presenting any problems) were
identified during the discussions held with representatives of the high-
way departments. GSummaries of these experiences are presented below. A
more detailed description‘of several problem embankments is presented in
Volume 2 (Bragg and Zeigler, 1975), in the sections on embankment prcb-
lems and remedial treatment. Although not all of the States identified
a problem, this part of the discussion includes the experiences of all
the states to indicate possible reascons for unsuccessful versus success—
ful performance of compacted shale embankments. Information cn current
practices is included where appropriate and summarized in the next sec-
tion for all 16 States.

California. Large embankments higher than 100 ft¥ were constructed

* A table of factors for converting U. S. customary units of measure-
ment to metric (SI) units is presented on page xii.
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at Jail Gulch, Pine Creek, and Squaw Creek in the late 1960's. Clay
shale materials were successfully incorporated, and these embankments
have not exhibited any distress. Generally, following the reguirement
for a high degree of compaction is cited as the reason for successful
performance of shaies in high embankments. Only two problem areas were
identified. One was on U. S. 80 near Lake Tahoe where silty material
was used iIn fills 50 to 100 ft high. Settlement occurred and cracks
extending parallel to the highway were observed in the shoulder area.
In a second area along the northern and mid-California coast, fills up
to 200 £t high using interbedded sandstone and shale exhibited some
cracking and slumping at the outer slope. These problems terminated
within a short time and were corrected by routine maintenance.

Colorado. Major problems experienced by the Colorado Highway De-
partment are with expansive soils. Minor settlements have occurred in
shale embankments, principally at bridge approaches. The latter are at-
tributed to inadequate compaction rather than to shale deterioration.

No failures have occurred in compacted shale embankments. Sliding in
foundations and cut slopes has required remedial measures.

Indiana. Indiana has experienced major problems with compacted
shale embankments, particularly along a 5-mile stretch of Interstate
Highway T4 (I-74) northwest of Cincinnati (DiMillio and Haugen, 1974).
The major problems are asscciated with instability of the slopes, set-
tlement, and longitudinal cracking, which in some cases results in
eventual slope failure with encroachment into the shoulder and roadway.
Three embankments in this 5-mile stretch failed and required major re-
paeirs; several other embankments in the same area are presently exhibit-
ing distress. These embankments were constructed with interbedded lime-
stone and shale during 196L4-1965., The failures developed as follows:

a. Settlement and spreading cf fill with a sag develecping in the
roadway 1 to 2 yr after construction.

b. Longitudinal cracking along or near pavement edges, ponding of
water in the sag, and possible separation of drainage conduits
facilitating infiltration of surface water into the fill.

Failure of the f£ill slope along the shoulder 6 to T yr after
construction with progressive sliding extending into the

e
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pavement lane from rotational slipping or translation of the
downhill fill section.

Causes of the problems were believed to be inadequate compaction,
excessive settlement, toe erosion, infiltration of surface water and
subsurface seepage, deterioration and softening of shale, and improper
benching beneath the fill. Investigations of existing fills by test
pits to measure in situ density and water content proved inadequate be-
cause of the variability and heterogeneity of the fill materials. These
characteristics cause major difficulties in trying to assess stablility.
A consulting engineering firm is under contract to investigate, evaluate,
and develop remedial measures where needed for several other fills in
the previously mentioned S5-mile stretch on I-Th. Shale deterioration or
degradation processes are discussed in Part V and a review of the falled
embankments is given in Volume 2 (Bragg and Zeigler, 1975).

A classification system based on three types of durability tests
(Wood and Deo, 1975) is presently being used to evaluate all shales dur-
ing the design investigations. Test strips are being used to develop
compaction procedures for fill construction on I-6L4 in southern Tndiana.

Kentucky. Compacted shale embankments have presented problems in
the form of settlement, cracking, and siope fajilure., OSettlements were
noted on I-T5 some 2 to 3 yr after construction and failures have been
occurring in the last year or two (i.e., some 10 years after construc-
tion). Unstable conditions and failures at several other locations have
been investigated and remedial measures recommended or implemented. The
failures occurred in the central, north central, and southern parts of
the State and are not limited to the Interstate Highway System. Settle-
ments have caused rough road surfaces reguiring weekly maintenance with
the rate of settlement increasing until a lane had to be closed because
of hazardous driving conditionse. Ancther problem embankment experienced
settlement followed by shoulder slumping and eventual failure. Reports
on embankment failures furnished by the Kentucky Department of Transpor-
tation and reviewed in the study of remedial treatments (Volume 2, Bragg
and Zeigler, 1975) indicated that many of the failures may have started

in the foundation.
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Bridge approach fills of shale-rock mixtures have been instrumented,
and 2 to 4 yr of data on settlement at the tops of the fills have been
collected. Hepeated profiles taken within 50 ft of the abutment indi-
cated initial heave then up to one foot of settlement. Experience has
indicated that slopes of 1V on 2H results in long-term deformation prob-
lems while slopes of 1V on LH are stable. However, there is no apparent
trend in deformation with respect to slope height. The relocation of
Kentucky Highway 15 at Carr Fork Lake specified rock fill, but shale was
mixed with the rock. Slopes of 1V on 2H were used and deformation oc-
curred which also affected the bridge abutments.

Missouri. Current problems with compacted shale embankments are
mainlty caused by swelling rzather than by deterioration of shale material.
Past fallures of 1V on 2H embankments and differential settlement of
highways in the Kansas City area may have been due to shale deteriora-
tion. However, these embankments were built in the 1950's and current
construction practices (summarized in Table 6) eliminate this type of
problem. In the current practices, shale is treated as a soil for com-
pacted fill, and acceptance or rejection criterion is based on the
liguid 1imit of the shale. This criterion and flatter side slopes have
apparently solved the problem.

Montana. Varistions in the performance of embankments in Montana
can be attributed to construction practices, and settlements have oc-
curred in some embankments. Distress usually occurs near the contact
between the fill and natural foundaticn at the cut section where settle-
ments on the order of 2 to 4 ft have occurred in extreme cases. Shear
failures have alsoc occurred in three embankments. The main contributor
to embankment settlements is the increase in water content. The quality
of the pavemenf influences the amount of water infiltrating into the em-
bankments. Problem areas were identified in the vicinity of Great Falls,
Bozeman, Reed Point, and Fort Benton. '

A practice cn some of the interstate construction has been to build
one lane first (e.g. westbound lane) and to construct the other lane
{eastbound lane) later. Prior to construction of the second lane, dis-

tress or failure in the original lane is studied and designs are
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revised for the second lane in distressed areas.

North Carolina. Representatives of the State highway department

stated that they had not experienced any problems with compacted shale
embankments. They also indicated that only a relatively small amount of
shale occurs in the State (Figure £). Where shale is encountered during
highway construction, it breaks down on handling and is compacted as
soil.

Ohio. ©Shale embankments constructed after 1963 are not exhibiting
any distress. This current situation is attributed to more rigid speci-
fications requiring shale to be placed as soil fill. Prior to 1963 ex-
cessive settlement was experienced in a 55-ft and a TO-ft embankment.
Both embankments were instrumented with settlement gages. Settlement of
the 55-ft-high embankment amounted to 2 to 3 in. per yr with 12 to 15 in.
occurring over a l0-yr span. The [0-ft-high embankment at another loca-
tion experienced a settlement of 26 in. over a 5-yr pericd. The large
settlements were attributed to the use of thick lifts and inadequate
compaction which produced a high percentage of voids (10 to 20 percent).
Cement grouting was used to stabilize the fills with some 1240 cu yd
being used on the TO0-ft-high fill.

Following the more rigid specifications, a shale-rock mixture
placed in 8-in. lifts and compacted with four coverages of a tamping
roller and two ccverages of a 50-ton rubber-tired roller performed ex-
cellently in a 40-ft-high f£ill. Although settlement measurements were
not made, no maintenance has been reguired. In another S55-ft-high fill
(with four settlement gages at the base of the fill and three at higher
elevations) experienced 7 in. of settlement in the foundation 6 months
after construction, but the embankment had settled only 1/4% to 1/2 in.
during this time. Eight to nine years later, total embankment settle-~
ment was only 2 to 4 in.

Special precautions are used near bridges for a distance of six
times the abutment height back from the abutment. Water content and
density control testing is required for each layer and soil type.

When rock is used for embankments, it is placed in 18-in. 1lifts

{(maximum) and rolled to the satisfaction of the project engineer.
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Shales are placed as soil in 8-in. lifts, and large rock fragmeﬂts are
broken down to 8 in. or removed. Reduction in strength has occurred in
some embankments.

Oklahoma. Stability is not a problem with embankments constructed
from shales in Oklahoma since the topography does not require high em-
bankments. Also, the low vclume of fill required for embankments allows
the use of conservative embankment designs, e.g. slopes of 1V on 3H.

After excavating a shale cut and subsequently placing and shaping
the embankment, some shales deteriorate. The deterioration is mani-
fested as undulations in the roadway., rutting, shoving, pcotholing, and
cracking of the rcadway surface. Experience has shown that in testing
for Atterberg limits, the plasticity index (PI) of such shales may be
near zero when first excavated. However, soon after construction, the
roadway deteriorates and scil samples from beneath the subgrade exhibit
PI's ranging from 15 to 25 or higher.

About 75 percent of the fills do not exhibit any deterioration
problems to a significant degree. The problems are mostly in areas of
L0 in. or greater rainfall in eastern Oklahoma.

Oregon. Compacted shale embankments in Oregon are not presenting
problems that the highway department persounnel could attribute only to
the embankment. Some failures have occurred which were identified as
foundation procblems. Failures have cccurred in cut slopes, and major
landslides have been experienced. GShale in Oregon used for highway con-
struction breaks down upon handling and is placed as soil fill rather
than rock f£ill. ©Bhale is often stockplled during wet weather and re-
handled later during placement; this practice may aid in breaking down
the shale.

- Pennsylvania. The Pennsylvania Department of Transportation re-

quires shale embankments to be compacted according to soll specifica-
tions; significant problems have not occurred in embankments. Occasion-
ally some effort is made to zone embankments. The coarsest material is
placed to the outside in the lower part of the embankment and the finer
material to the inside and the higher part of the embankment. A minor

embankment problem occurred about 15 yr ago in the north central part of
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the State where shale broke down during wet weather and muddy conditions
developed due to exposure of the material to wetting and drying.

South Dakota. Although most of the embankments in South Dakota are

less than 30 't high, some may reach 150 ft in height. Highway depart-
ment personnel indicated that embankment problems within the State can
be attributed principally to foundation ccnditions but that some settle-
ment occurs within embankments. Problems are being experienced on
bridge approaches across the Missouri River north of Pierre.

The majocr problem is with swelling shales and clays in emopankments
and foundations. About 2 to 3 yr are required for significant volume
changes to develop. A satisfactory method for maintaining a constant
water content in the embankments has not been found.

Tennessee, Two major problems are being experienced with shale
embankments, excluding foundation failures. These problems invclve
slope failures due to trapped water and steep slopes probably caused by
a rapid breakdown of clay shales to clays, and differential setilement
of the pavement structure. A basic cause of settlement is deterioration
of shale chunks resulting in fines filling the voids and causing the
£i11 material to retain water. Settlements of up to L ft have occurred
at the center of some fills with very little differential settlement of
the pavement structure. However, wavy surfaces have developed in the
roadway c¢n other fills. One sidehill fill indicating distress was in-
vestigated by a consulting engineering firm, and it was recommended that
the £ill be sampled every 6 months to determine reduction in strength.
S5lope indicatecrs at the shoulder showed movement in the lower 10 ft of
this 90-ft-high fill although no water was present in an observation
pipe. Sanmples, apparently of chunks on the order of 3 ft in size, indi-
cated that deterioration had occurred partway into the shale chunks.

Utah. The main problem in Utah with shale embankments involves the
swelling characteristics of the shale. ©Settlements have occurred in em-
bankments sections, but no significant problems have developed., The
expansive problems are concentrated at the cut-fill interface, where
heave occurs in the winter and sags occur in the summer. Sections of

Kentucky Highways 10 and 27 and I-T70 in the east central part of the
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State are in the Mancos shale where severe problems occur,

Virginia. ©One major problem with ccmpacted shale embankments was
indicated in Virginia. At Clifton Forge on I-6L, three embankments
placed during 1969-1971 are showing excessive settlement and lateral
movement. The severest condition is found in two TO0-ft-approach fills
for twin bridges over Commercial Avenue and Smith Creek. The fills are
of shale, blasted mainly from one cut, loaded, and hauled to the fill
sections, and spread by D-9 dozers in 2-ft (maximum) horizontal layers.
The layers were compacted with a tamping roller. The fill under the
bridge abutments has settled approximately 12 in. in 3 years and moved
laterally requiring the ends of the bridge tc be raised and the girders
to be shortened (about 10 in.). The natural ground under the fill
slopes steeply toward the bridege. An investigation of the fill has in-
cluded split spoon sampling, slcpe indicator readings, and settlement
observations. Mineralogical studies of the c¢lay fraction of split-spoon
samples from this fill are discussed in Part IX. The acidation and clay
weathering are believed to be important by the highway district geologist
in the deterioration process which also may be affected by infiltrating
deicing salts. Infiltration of rainfall and possibly subsurface seepage
from the adjacent cuts are cited as factors contributing to deteriora-
tion. No water was encountered in slope-indicator borings until the
foundation was reached. The other two embankments are located in the
same area and are showing similar distress to a lesser extent.

West Virginia. Settlement of embankments constructed ¢f shale was

identified at two locations in West Virginia. The first location in-
volves several fills east of Princeton along a section of U. 3. L60, a
divided highway completed in 1971. At one site, the fill in front of
twin bridge abutments on one side of a creck settled about 8 in., and
slcpe-indicator readings showed slight movement obliquely towards the
creek. Cracks 1/2 to 1 in. wide occurred in the fill surface under the
bridge.

Along the same highway further east of Princeton, four fills up to
200 ft high have settled at a relatively constant rate amounting to some

12 to 15 in. by 1974. The concrete pavement in the central portion of
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each f£i1]1 was replaced by asphalt pavement prior to opening the sectiocon
to traffic. The c¢central portions were overlaid twice during a 3-yr
period. A comprehensive subsurface investigation by the State highway
department was initiated in 1972. Beitlement data, slope-indicator
data, and geophysical logging data obtained periodically are being used
to monitor and evaluate the conditions of these fills.

These four fills ineclude a sidehill fill benched into unweathered
shale; a through f£ill (i.e. on a fairly flat foundation); a partial
sidehill fill; and a combination sidehill and through fill. The fills
were constructed using special provisions developed for shale materials.
Over 1,000,000 cu yd were placed in the four fills with one fill beilng
ccmpleted in approximately 20 days. Most fill material was classified
as hard shale or rock except for scme soil placed in the lower porticn
of one of the fills near the bottom of the long grade. Sleope-indicator
data from a boring on each side of one fill indicated that the downhill
side had deformed outward several inches over the lower itwo-thirds of
the £i111 height but that the other side had not deformed. Some weather-
ing and deterioration of the shale in the four fills are believed to be
occurring. Relatively high water levels exist in cased borings in the
fills near the bottom of the long grade.

The other location is at Wheeling where mine waste composed of
shales was used for an embankment that failed. The weathered materials

were quite wet, and prcbably had low strengths.

Current Highway Construction Procedures

A second major objective of Task A was to determine current highway
department practices for construction of shale embankments and the types
of remedial measures used within the States being studied. Current
practices were divided into three broad categories: (a) preconstruction,
(b) construction, and (c) remedial measures. Categories (a) and (D)
were subdivided to cover gpecific methods and procedures. The sources
of information used for ccompiling the current practices were standard
specifications, special provisions, construction manuals, material man-

uals, case studies, and personal communications with State highway
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department representatives. A summary of the current practices by
States is presented in Table 6. Variations in the practices are dis-

cussed in the following paragraphs.

Preconstruction Practices

Preconstruction surveys include the procedures that are followed to
identify the surface and subsurface conditions that will be encountered
during highway construction. For this discussion, these surveys were
separated into soil and geolegic investigations, subsurface explorations,
and laboratory tests. All State highway departments follow similar ap-
proaches with the type of field exploration, sampling, and testing vary-
ing somewhat between States. The complexity of terrain conditions
within a highway project also influences the amount of detail required
during the preconstruction survey. The results of preconstruction sur-
veys are presented in a report in a memorandum and are retained in the
project file.

Soils and geologic investigations. These investigations include

office studies and field surveys., During office studies, all pertinent
information and data are collected for the segment of highway to be con-
structed. Sources of information include available geological reports
published by the State geological surveys cr USGS, soil survey bulletins
published by the U. 3. S0il Conservation Service, and topographic maps
from the USGS. Other data generated by previous work in the area are
also reviewed. Air photo interpretation techniques are used by some
States to identify soil and rock conditions and assist in the field sur-
veys. After all pertinent data have been assembled, compiled, and re-
viewed, the field survey is initiated. The type of field data collected
varies with States and projects. The field surveys generally include a
reconnaissance along the planned center line for collection of appropri-
ate data and examination of rock exposures (streambanks, ete.) to de-
velop sections on subsurface geologic and soil conditions. When spac-
ings of berings or test pits are not standardized, the spacing may be
decided in the field or adjusted from those selected during the office

study of results of the center line reconnaissance.
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Field explorations. The boring program during preconstructicn

varies with the individual States. A few States have standardized spac-
ings ranging from 100 to 1000 ft along the center line; however, in most
States, the spacing is determined by the geologist and/or engineer after
appropriate information from the highway center line reconnaissance and
the project requirements have been considered. The depths of borings
are usually specified in terms cof either feet below ground surface, be-
low grade, or to rock.

Most ;f the highway departments have several types of drilling rigs.
The type of rig used is dependent upon the type of sampling that will
satisfy the soll test requiremenis. For example, auger borings are ade-
quate to obtain samples for grain-size analysis. Undisturbed samples
are taken in unconsolidated material for which shear strength or consol-
idation tests are required. Cores of various sizes are taken in rock
formations.

Geophysical techniques used in the preconstruction surveys by some
States are seismic refraction and/or resistivity. The surveys are not
routinely performed by all States having the capability.

Material tests. The States have a variety of physical soil testing

capabilities, and the types and number of tests performed depend on the
conditionsg determined for each project. The one exception is that soil
classifications (grain size and Atterberg limits) are determined for all
projects. The shales are broken down with a pulverizing apparatus or
manually to sizes feor which limits can be determined. The amount of
effort required to break the shale down depends on the hardness of the
shale (i.e., cementation, degree of consolidation, etc.). Other physi-
cal tests specified for project investigations tests include for water
content, density, slaking, specific gravity, swelling, absorption, com-
raction, durability, permeability, unconfined compression, direct shear,
triaxial compression, soundness, abrasion, bearing capacity, CBR, and
stabilometer. The types of tests performed by each State are indicated
in Table 6. Standard AASHTO test procedures are used in some States for
tests such as water content, specific gravity, and Atterberg limits.

However, most States have medified different AASHTO test methcds in
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different ways and have developed original procedures which are pub-
lished in some form of a materials test manual.

Chemical tests are performed by about half of the States, though
some of these States dc not perform them routinely. The types of chemi-
cal tests vary between States and include pH, sulfate content, chloride
content, organic content, iron content, insoluble residue, soluble salts,
and chemical slaking. The States that perform chemical tests and the
type(s) of test performed are identified in Table 6.

Acceptance or rejection criteria for placement of shale in an em-
bankment differ considerably between States. The term "acceptable”
means that the material is acceptable in its natural condition or ac-
ceptable after special treatment. The special treatment may be a reduc-
tion in 1ift thickness, water content control, density requirements and

"control, segregation, or placement of shale in a specified zone of the
embankment. Acceptance criterion varies from fairly rigid requirements
to a subjective judgment. Most of the States use laboratory and/or
field tests but do not define the criteria for acceptance or rejection.
The project engineer or geclogist makes the judgment for using shale in
some of the States. Indiana uses laboratory durability tests (Wood and
Deo, 1975) for accepting or rejecting shale for use as rock fill. Mis-
gsouri uses liquid 1imit values in rejecting shale or requiring special
treatment. Pennsylvania has requirements based on liguid limit and
density for rejecting shale for embankment construction.

Most of the States did not indicate that any large quantities of
shale had been rejected. In fact, most States cannot fcllow this prac-
tice since additional borrow as well as spoil areas for the reject shale

would be required.

Construction Criteria

The construction criteria (Table 6) are subdivided into require-
ments for site preparation, placement, compaction, and embankment side
slopes.

Site preparation. The specifications for this phase of construction
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for all States are similar. Table 6 presents only a summary of informa-
tion contained in the specifications. The detailed requirements are
presented in the specifications, and are not necessarily restricted to
embankments.

Plscement. An important criterion is whether shale is to be placed
as soil or rock. Nine of the States require shale to be placed as soil,
and seven States allow chale to be placed either as soil or rock, de-
pending upon the characteristics of the shale. The placement criteria
are shown in the latter part of Table 6 according to placement as soil
only or as soil or rock.

Shale placed as soil. The maximum loose 1ift thickness allowed

when materials are placed as soil varies from 6 to 12 in.; the majority
of States (12) specify an 8-in. loose 1ift thickness. Two States
specify a maximum loose 1ift thickness of 12 in.

The type and often the weights of compaction eguipment are identi-
fied in the specifications. Although some States do not place restric-
tions on the type of compaction equipment which can be used in con-
structing a compacted embankment, the equipment must meet the approval
of the project engineer and be capable of achieving the required density.
The number of passes may or may not be identified in the specifications,
and the phrase "or until the required density is obtained" is frequently
used. Speed 1s sometimes specifled for types of compaction eguipment
and may include maximum and minimum limits during operation.

Shale placed as rock fill. The maximum locse 1ift thickness of

shale placed as rock fill varies from 18 to 48 in., Some States specify
the desired maximum rock size and stipulate a maximum allowable size.
Presplitting is practiced tc reduce the size of rocks., Three States
have special provisions for shale, and the criteria for using the spe-
cial provisions are identified in the specifications. Indiana requires
shale to be compacted in 8-in., lifts, with a special provision of 24 in.
maximum 1ifts for compacting rocklike shale (determined from durability
tests, see Figure 27) that does not break down to sizes smaller than

8 in. West Virginia classes shale as soft or hard depending upon whether

it can be broken down with specified compaction equipment, weight, and
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number of passes. These criteria are used to determine 1ift thickness
during placement. There has been a tendency for States having problems
with shale to reduce the 1ift thickness. Kentucky has reduced the al-
lowable lift thickness for problem shales to 12 in, desirable and 18 in.
maximum., California specifies the allowable maximum 11ft thickness, for
materials containing rock, on the basis of the percent of rock having a
size greater than 6 in. and regquires 90 percent relative compaction.

The type of eguipment and number of coverages may or may not be identi-
fied; however, both items are usually specified on a project basis, with
the approval of 1ift thickness left to the engineer who bases his deci-
sion on the capability of the equipment and number of passes required to
obtain the specified density.

Soil compacticn requirements. The moisture-density specifications

vary somewhat among the 16 States, but all are specific concerning the
minimum density required. The compacted densities required by the
States are identified as percentages of the optimum density determined
by laboratory methods under specified methods. Test methods used by the
States to determine optimum density are identified in Table 6. The
AASHTO T 99 method (AASHTO, 19Th) is the most generally used; however,
four States specify their own test methods which are variations of the
AASHTO T 99 method. In addition, California uses the term "relative
compaction" instead of "density" and has its own method to determine the
relative compaction (equivalent to AASETO T 180). The moisture required
to obtain the specified density is identified as either a percent below
or above optimum and/or that moisture required to obtain the specified
density. The density required in the specifications is normzlly higher
in the top 3 ft of an embankment than below this depth. Density of em-
bankments is alsc required to be higher at bridge approaches and speci-
fied distances away from bridges.

The frequency of field density tests during embankment constructiocn
is also identified by States in Table 6. The ecriteria for frequency and
spacing of tests are variable, and four States rely on the project engi-
neer's judgment. Other States use one of the following criteria: (a) a

test for a given number of cubic yards of material placed, which may or
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may not be identified by material types; (b) a test per vertical inter-
val and linear distance; (c) a minimum number of tests per day for each
grading spread; or (d) a combination of (a) and (b).

Imbankment side slopes. Side slopes were identified as a ecritical

factor for constructing shale embankments. One State highway represen-
tative said that when shale embankments are constructed with 1V on 2H
side slopes, some deformation is experienced within 3 years but that
where the side slopes are constructed to 1V on LH, a stable condition
results. It was pointed out that some locations prohibit the construc-
tion of flatter slopes such as in urban areas where land cannot be ac-
quired economically. ©Side slopes for shale embankments vary among the
States and also may vary for soil or rock type construction. The éhale
placed as soil embankments has side slopes that vary from 1V on 1.5H to
1V on €6H. In many States, the lower the embankment the flatter the
slope. Four States specify side slopes on the basis of embankment
height ranges. 3Side slopes of 1V on 2H are the most commonly used; a
normal range is 1V on 2H to 1V on 4H. The height of embankments within
the States surveyed ranges from 4 ft to over 200 ft. The ranges and/or
averages are identified by States in Table 6. Slopes for rock-fill em-
bankments vary from 1V on 1.5H to 1V on 4H. However, most of the rock-
i1l embankments have slopes of 1V on 2H or 1V on 1.5H, and only two
States require flatter side slopes. The range in height of shale placed
as rock fill in embankments varies from 5 to 180 ft in the 16 States.

Remedial Treatment

Some remedial measures fall into the category of routine mainte-
nance which may or may not be reported to the State office until the
problem has reached a peint beyond the capability of the maintenance
crew. Table € presents a brief list of the remedial measures used by
the States. A detailed discussion of remedial measures is presented in
Volume 2 (Bragg and Zeigler, 1975). Two types of remedial measures aﬁe
overlaying the prcblem areaz and remcval and replacement of the failed
material. The remedial measures that have been employed by one or more

States are listed below.
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a. Widening and/or flattening of embankment slopes.

b. Installation of surface and/or subsurface drainage measures.

c. Reconstruction involving removal and replacement of failed
material.

d. Grouting (only a few cases and not used recently).

€. Addition of berms, buttresses, or retaining walls.

Virginia reported that an embankment was settling and pushing against a
bridge abutment resulting in compression of the bridge superstructure,
The temporary solution 1o date has been to raise and shorten the steel
superstructure. Some States have investigated the problem areas either
through their own resources or through contracts. These investigations
also include recommendations for remedial measures to correct the

problem.

Discussion

Problems with compacted shale embankments vary considerably within
the 16 States. The State highway representatives identified causes that
they felt contributed to shale embankment distress or failure. These
include the following (which are not necessarily listed in order of

imporfance):

a. Excessive 1ift thicknesses.

b. Inadequate compaction practices (specifications and control).

c. ©Shale deterioration (mechanical and/or chemical).

d. IExpansive characteristics of shale.

e. Bxcessive steepness cof side slopes.

f. Infiltration of water.

g. Lack of sidehill benching.

h. Inadequate drainage.

i. Random mixing of shale with harder rock types (limestone and
sandstone, etc.).

J. Tailure to consider all geclogical conditions.

k. Lack of established tests and eriteria to reliably predict

shale behavior after emplacement.

One or any combination of these factors could contribute to unstable
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conditions in compacted shale embankments, and one or more of these fac-
tors could contribute to or initiate the occurrence of others. Other
unidentified factors could alsco be contributors to embankment problems.

The above causes eXcept c, 4, and k have rather obvicus scluticns,
such as using flatter slopes, thinner lifts, increased compacticn, and
more extensive drainage. However, a requirement for the general use of
all these measures may not be warrented and would be expensive, both to
the design and construction of a project. Consequently, criteria are
needed to determine when specific measures are actually required.

The most c¢critical problem is the lack of tests and criteria to pre-
dict shale performance in all instances when shale is used as construc-
tion material. Because of the natural variability of shale, it is dif-
ficult to predict the alterations that will occur during excavation
{ripping and/or blasting), hauling, dumping, spreading, and compaction.
Further alterations can occur after construction through loading and
surface erosion, infiltration of surface and groundwater, and shale de-
terioration. Mineral composition of shale has not been studied in de-
tail to date, and some of the highway representatives have stated the
need for such study.

Many of the States have developed special provisicns for construc-
tion and compaction of shale embankments., How clcosely the provisicns
(especially 1ift thickness and density controls) are followed during
construction was not determined. The present practice by some States of
relying on the project engineer's Jjudgment for density control is diffi-
cult to evaluate. More objective practices need to be considered. Also,
the present reguirements for constructing shale embankments are not be-
lieved to be sufficient %o prevegt all problems after emplacement. Em-
bankments constructed with shale placed as scoil £ill and adeguately com-
pacted have not generally been a problem. OSegregation of material types
may not be practical for highway construction. However, some State
highway representatives have reported that intermixing of shales with
limestone and sandstone has resulted in embankment problems.

There are many variables in the construction of shale embankments

that can result in unstable embankment conditions. The required data

66



must be furnished prior to construction, and appropriaté control must be'% TS
established and adhered to during construction. The project engineer "
must be aware of potential problems and account for them during design
investigations, construction, and postconstruction phases of highways

that requlre buiiding embankments out of shale. The States with prob-

lems are working to find solutions with such approaches as instrumenting

and monitoring the embankments under distress, studying and using re-

medial measures, and modifying the specifications for future construc-

tion. Solutions to all problems have not been found, and some of the

States identified thelr needs for assistance in finding ways of con-

structing stable shale embankments.

Corps of Engineers Experiences and Practices

Although relocation of highways and railroads (including costs for
design and construction) is an integral part of many Corps of Engineers
(CE) projects, the design and/or construction of the relocation is
usually accomplished by the owner. When construction plans and specifi-
cations are prepared by the Corps, the standards and criteria of the
owner are used. The main CE experience with compacted shale embankments
has been in the construction of earth and rock-fi11 dams. Farly experi-
ence in thig field is summarized in this section first and is followed
by a discussion of current practices pertinent to highway embankment
design and.construction. Recent data on the shear strength of compacted
shale materials are summarized, and the usefulness of such data ig
discussed.

Early experience. Compacted shale materials were used in a number

of CE earth and rock-fill dams constructed in the 1950's and 1960's.

The material usage and compaction procedures for several of these dams
are summarized in Table 7. The successful compaction and performance of
the shale materials are attributed to the use of heavy compaction equip-
ment and procedural (or methed) type specifications developed for each
material to produce a dense fill with adequate shear strength. For

weathered or soft shale materials, which are easily broken down, thin
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Teble 7. Examples of compacted shale used in

CE dam embenkments (l940-1967),

Hame of Dan Year Formations And
State (end Feference) Coopleted Locetion (Age) Material and Use Compuction Procedure
PA East Eranch 1952 Clarion Raver Alegheny Hondurable shale and weathered spread in 6-1n. l1Tus. Compacted
(WES EDCR Ho. 41) Qear Johnoonburg Pottsville sandstone from spillway, crushed ncar optimum water costent by
Mauch Chung te B-rn. maximum size. Cne part six passes of tamping roller to
Tocoho erushed material mixed with 1-1/% Q0% of 7180 dry censity
{Pennsylvenian % parts overburden soil used in US (110 pef rinimem)
Missigecipplan] and DS random zouws, DS slope
varisd from 1V on 2H to 1V cn 3K,
Y4 John W. Flannagan 1963 Found River Pennsylvanian Shale and weathered sandstone, Spread in 12-in, litts. Compacted
(WES EDCR fo. 18) near Yawpi age "Coal sized to pass 8- by Ié-in. by six passes of S0-tan rubber
Measures” apening, used in iaterior US and tired roller.
03 randem zones.
YA North Fork of 1961 Found River Wise Shale, siltstone, and sand- Spread 1n 12-in. lifts. Compacted
Pound near Pound Gladeville stone, sized to pass 8- hwy at natural water centent (“4%)
{WES EDCR to. 36) Horton 1é-in. opening used for {IS and by 5S0-tan -ubber tived roller
Lee 0S5 vandom rock shells. DS slape
(Pennsylvenian) of 1Y cn 2.3H.
KY Buckhiora 1960 Middle Ford Breaihitt Sound sandstcne and shale used Spread in b-fv 1iris. Compacted
(WES EDCR No. 10) Kentucky River (Pennaylvanian) far US and DS random reck shells by hauling end spreading &quinment.
near Buckhcrn with outer slopes of 1V on 2.03H.
KY Fishirap 1967 Levisa Fark Wise Shele, siltstone, and sandstone Spread in db-in. lilts and com-
(WES EDCR fo. 66) Big Sandy River Gladeville mixture used for US and 0S ran- pacted at natural water content
near FPikeville Horton £om rock zones. £S5 slope 1V on by three pmasses of 50«kan rubber
Lee EH akove el T70. tired rcller. D-8 traccer used
(Pennsylvanian) to break sepwnulatiens af 12-in.
shaie chunks 1nto gravel siges.
KY Grayeon 1967 Little Sani Raver Breathitt Shale, si1ltstone, ani sandstone Spread in LP-1a. lifts. Compacted
near Grayson {Pennsylvanian) used ir D3 random rack zome with Ly three passes of 50-ton rubber
1V oon 3H to 1V oo 3.9H outer tired o
slape,
I Moncoe 1564 Saltu Lreek Harrodsburg L3 Zimestome and chaley gsilustane Spread in 12-ia. lifte. <£ompacted
rear 3edford Edwardsviile 5iS use¢ in US and DE random rack by four passes ol 50-ton rubber
{lississippian) zones with 1V on 3 cuter slopes. Tired roller.
Ka Mrliord 1966 Eeputlican River Tawanda L& Shale and lamestone used an US Spread in 18-in. 1lifts. Compacted
rear Junction City  FEolmsville Sh shell with 1V on 4.5F outep by twu or nurw passes of 90-tcy
Fo. Riley LS slope, Tubber iire¢ reoller. OQverslze
(Permian) removad or uroken down by spike
teoth roller or 30-ton Lracior.
K Tuttle Creek 1961 Eig Blue River Stearns Sn Shale=limestone mixture used in Spread in 15-in. larts. Oversaize
(WES EDCE %o, 43 near Manhattan Cottonwood L3 several zotes of LS aud DS (+18 in.) remcved and remaicing
Lane and Fehrman, Bskoidge Sh shells. DS slope 1V on 3H above chunks broken d wiih spike
1950; Benpett, Jdeva L berm. wooth roller, Compocted by taree
1958} {Ferrian) passes of 30-%or vabbe- tized
rzller.
/
KA Wilsan 1985 Saliye Rlwves Greenhorn Soft shale. iean clay, sandy Spreat in 6-in. lirts
(wES EDCR Bo. 39) near Wilson Craneras 51ly, and oilty oand used ror pactea by Ail passss ol
Dakcta nteriar randem fill saction. roller, nr apread in 12-1
(Crevaceous) lifts and conpacted by ¥
pesses cof S0-ton rubber tired
reller.
OK Wiscer 1850 Polegw River Mealester 3h Harder shale and sandstane used Berms: Spread 1n 3-0% lifks: snal
(WES 1955} near Wister Hartsrore Sas in US arnd 5S berms. Weathered trnken down with a spike taath
nwcka 8h and scfter shale used 11 DS sen- raller: compacted by hauling and
(Pennaylvanian) tion tas a '00% shale zane {3V spreading equipment.
an 2.75H osuter slope) and under- Spread ic S-1n lifts,
lying 20% shale zone. and uisked, compagled by
. eight passes of wamping rcller,
=] OGane 1962 Missoirl Flver Pierre 3h Shale used in US and 28 flot Spread in 18-in. lirts. Compacted
{WES EDCR Ne. L2) near Piecre iCretaceous} berms wilh 1Y oa 15H cuter alope. hy cont led rauzing ol raviing
and spreading equipment
ND Garrisan 195k Missouri Biwer Tougue Frver 2ot shale used in random wones, Chunky shale (several cubic leet)
(4E3 EDCR Bo. 5h) near Rivwrdale [Terviaryl 1¥ an 2.5K steepest DE auter oroken down with spike tooth
siope, raller fto 8-in. maximum simel
Water adies on Fill ta restore
natural water content. Gralder
uses to snooth surlace.  COorpcied
in #-1n, ii1fts with eizht pacses
of warping rolier.
Wole: L3 = lLimestone
8h = shale
5 = si1itstane

sAandstane
= upstresm
dovnstoean

@
n
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1lifts (6 or 8 in.) and a heavy tamping roller were used., For harder
shale materials containing chunks and fines, thicker lifts (12 to 2L in.;
maximum particle size limited to two-thirds of the 1lift thickness) and
50-ton rubber-tired rollers were used. For the sound sandstone and
shale rock (based on slaking tests) at Buckhorn Dam, L-ft 1ifts were
used. At Wister Dam, 3-ft 1lifts of shale were used in the flat berms
which were not critical to the stability of the embankment slopes. It

is of interest 1o note that only one of the problem shales listed in
Table 4, the Pierre, appears in Table T.

The specifications for each material stipulated the compaction
equipment, 1ift thickness, number of passes, and water content limits.
For shale materials easily broken down, these procedural type specifica-
tions were designed to obtain a desired percentage {usually 95) of stan-
dard effort maximum density (equivalent to AASHTO T 99). Laboratory
compacticn and shear strength tests were used to develop the desired
percent compaction and required water content limits (related to opti-
mum water content) to produce the required design strength. Field
density test results, compared with appropriate laboratory compaction
results, were used to check the adequacy of field compaction during con-
struction. For harder materials containing numerous large chunks, test
£i11s (often in conjunction with a test quarry) were used during design
or at the start of construction to develop the compaction procedures.
Test pits were dug to visually determine whether a dense, well compacted
fill was being obtained. Several large-scale field density tests were
usually performed to determine in-place dry densities for use as a check
during consiruction. The construction of test fills at Tuttle Creek Dam,
and the importance of {a) breakage during blasting, {b) conditioning the
£i11 with a shale breaker roller, and {(c) removal of oversize chunks as
described by Bennett (1958) and Lane and Fehrman (1962) provide a valu-
able insight on compagtion of shale materials. An extraect from Lane and
Fehrman (1962) is reproduced in Appendix C.

Current prectices. Guidance and procedures for field investiga-

tions, field tests, laboratory tests, design studies and analyses, con-

struction control, and performance evaluation are contained in a number
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of Engineering Manuals (EM) listed in Table 8. Although a number of
these manuals (recently published or revised) are primarily for earth
and rock-fill dams, the principles and tests procedures are applicable
to highway embankments.

Geblogy and materials inveatigations. The need to use all possible

materials from required excavations, especially for large spillways, has
increased the use of shale materials in recent CE earth and rock-fill
dams in areas such as the Appalachian region. This increased use of
shale emphasized the importance of a thorough investigation to determine
the location, extent, quantity, and physical properties of the soil and
rock strata in the spillway area.

Alknowledge of the regional and local geology is essential in de-
veloping a plan of subsurface investigations for a site to interpret
conditions between and beyond boring locations and to reveal possible
sources of trouble. General requirements for geologic and subsurface
investigations are given in EM 1110-2-2300, and geological investiga-
tions are discussed in EM 1110-1-1801.

The extent of the foundation exploration program is governed prin-
cipally by the complexity of the geology and size of the project. IExplo-
ration of the borrow and excavation areas is accomplished early in the
field investigations program under the direction of the project soils
design engineer and project geologist. This early evaluation enables
the quantity and properties of the soil and rock available for embank-
ment construction to be determined before detailed studies of embankment
sections are made. Geophysical investigations and subsurface investiga-
tions for soils are described in EM 1110-2-1802 and EM 1110-2-1803.

Soil sampling equipment and procedures are described in EM 1110-2-1907
and in Hvorslev (1948).

Subsurface explorations of reguired excavations in shale materials
proposed for use in an embankment are usually accomplished by continuous
drive sampling of the overburden (using a standard split-spoon sampler)
and continuous NX-size rock core drilling. In relatively firm soils,
split-spoon drive samples and blow counts are sometimes cbtained using

a 300-1b hammer falling 30 in. instead of the standard 140-1b hammer
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Table 8.

List of applicable CE EM's.

EM No.
1110-1-1801

1110-2-1802
1110-2-1803
1110-2-1902

1110-2-1906
1110-2-1907

1110-2-1908
1110-2-1911
1110-2-2300

1110-2-350h

1110-2-3800

Title*®

Geological Investigations

Subsurface Investigations
Geophysical Explorations

Subsurface Investigations-
Soil

Stability of Earth and Rock-
Fill Dams

Laboratory Soils Testing
Soil Sampiing

Instrumentation of Earth and
Rock-Fill Dams; Part 1:
Ground Water and Pore Pressure

Observations
']

Construction Control for Earth
and Rock-Fill Dams, Draft

Earth and Rock-Fill Dams,
General Design and Constructicn
Considerations

Chemical Grouting

Systematic Drilling and Blasting
for Surface Excavations

30
31

31

15

31

Date

Nov

Sep

Mar

Apr

Nov
Mar

Aug

May

May

Mar

1960
1948

1954
1970

1970
1972

1971

1972

1971

1973
l972

* Tisted in References under OCE.
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fzlling 18 in. &KX core drilling is performed using standard double-tube
rotary core barrels (5- and 10-ft-long core barrels) and bottom dis-
charge bits. Maximum spacing of borings or core holes is of the order
of 200 ft. An example of a boring plan for a spillway site is shown in
Figure 20. In this example, core borings along the center line of the
spillway (Figure 21) extended 20 ft into the interbedded siltstone and
sandstone considered suitable for the spillway foundation. The type of
information obtained is shown on example boring logs and a section in
Figures 21 and 22. Speclal 6-in.-diam cores are often obtained of the
rock (shale and sandstone in this example) to provide material for labo-
ratory testing. All cores not selected for laboratory tests are re-
tained in their core boxes and stored at the project site until the
project is completed and any claims are settled.

Overburden and borrow area soils for impervious compacted fills are
investigated by ftest pits and auger borings. Jar samples are taken con-
tinuously with depth to determine visual classification, soil type,
areazl extent, and natural water content. Analyses for gradation and
Atterberg limits are determined on representative samples of each soil
type. Bag samples of each major soil type (often composite samples of
similar soils from comparable depths in different test pits) are cb-
tained for visual clagsification, for tests of specific gravity and
Atterberg limits, for grain-size analyses, for standard effort compac-
tion tests, and for triaxial shear tests. Test procedures for these
tests are given in EM 1110-2-1906.

The information presented in the remainder of this section deals
mainly with shales east of the Mississippi River. Recent CE earth dams
constructed with shales in the western States have invelved weaker
bonded shales which tend to break down and are treated as soil fill.

Use of instrumentation and observations during and after construction of
embankments is discussed in Volume 2 (Bragg and Zeigler, 1975) and is
not included in this section.

Laboratory fests on shales. Laboratory tests performed on shale

proposed for compacted fill include the following:

a. Petrographic analyses.
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|

Wet-dry weathering tests,

Gradation tests.

|0

d. BSpecific gravity of solids.

e. Atterberg limits tests,

f. Large-scale compaction tests.¥
&. Permeability tests.

h. Large-scale triaxial tests.*

Petrographic analyses {in special cases also mineralogical studies
and cation exchange capacity tests) and weathering tests are performed
on representative cores to aid in the evaluation of durability. Wet-dry
weathering tests are performed on either NX or 6-in.-diam cores pre-
served at their natural water content in plastic sheeting. These tests
have been performed at the U, S. Army Engineer Division, Ohio River
(CRD), Cincinnati, Chio, by alternately soaking cores in water at 50°F
for 6 hr and drying under infrared lamps at 1L0°F for 6 hr. The tests
are conducted in a concrete tank with the cores resting on wire frames.
The test tank is flooded and dewatered and the heat lamps turned on and
off automatically. This setup enables two cycles of wetting and drying
to be completed each 24 hr. Photographs taken periodically during the
tests indicate the type and degree of weathering and provide a qualita-
tive basis for evaluating the suitability of the shale for use as rock
fi1l. These tests have been used for several projects in Kentucky,
Chic, West Virginia, and Pennsylvania. Because fairly severe weathering
has ofter cccurred after 4 to 12 cycles, the shales or shale and sand-
stone or limestone mixtures have generally been restricted to nonfree-
draining compacted random-rock zones.

A similar type of wetting and drying test is performed in the U. S.
Army Engineer Division Laboratory, South Pacific (SPD), at Sausalito,
Calif. Samples are scaked for 16 hr at room temperature and dried at
140°F for 8 hr.

The size of current large-scale compaction and triaxial compression

* large~scale compaction and triaxial tests are used mainly for
stronger shales east of the Mississippi River.
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test apparatus located at two CE division laboratories limits the maxi-

mum particle size for test specimens as indicated below.

Maximum

Specimen Diameter Particle

Division Laboratory for Test Apparatus cize, in.
South Atlantic (SAD) 15-in. triaxial 3
12-in. compaction 2
South Pacific (SPD) 12-in. triaxial 2
12-in. compaction 2

Materials for these tests are usually obtained by crushing NX or 6-in.-
diam cores to a maximum size of 3 in. {or 2 in. at SPD) in a laboratory
jaw crusher or by remcving the oversize rocks from material obtained
from test fills constructed during design studies. The gradation of the
as-received material is determined using a large-sieve shaker and 12 to
14 different sieves (3 in. down to the No. 200 sieve). This gradation
or a gradation specified by the soils design engineer 1s used as a basis
for segregating the material (2000 to 3000 1b) into different size frac-
tions {down to No. 4 sieve) for use in reconstituting samples having the
same gradaetion. The gradation after a test is determined tc evaluate
particle breakdown during the test. The gradation test is usually de-
termined by first separating the sample on a No. 4 sieve. A sieve
analysis (5 min of shaking) is performed on the plus No. 4 ovendry mate-
rial. The minus No. 4 fraction is washed over a No. 200 sieve, dried,
and a gileve analysis performed. The retained portion on the No, 200
sleve is often soaked overnight and then dried before its gradation is
determined. The separate gradation results are used to calculate the
total sample gradation.

Atterberg limits tests, as described in EM 1110-2-1906, are deter-
mined on the minus No. 40 sieve materisl using a process of grating or
crushing, slaking, and blenderizing to disaggregate shale into basic
particle sizes (i.e. silt.- and clay sizes). The wide range in Atterberg
limits that can De obtained by different processing methods is described
by Townsend and Banks (197L). The specific gravity of solids is deter-
mined (in accordance with EM 1110-2-1906) for the plus No. U sieve andg
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minus No. 4 sieve fractions separately, and a weighted average is used.

Large-scale compaction tests are performed in a 12-in.-diam mold
using a standard effort (AASHTO T 99) hand-compaction method as de-
scribed in EM 1110-2-1906. The maximum particle size is 2 in. with re-
placement when the plus 2-in. material exceeds 10 percent of the total
sample weight. Otherwise, the plus 2-in. material is scalped. Usually,
a complete compacticn curve is developed. However, in some project
studies, only a one-point test is performed at the expected field com-
paction water content (generally when the shale is to be compacted at
its natural water content). The design dry density for field compaction
is usually 98 percent of standard effort maximum dry density. Constant
head, vertical permeability tests are performed cn compacted samples.
The results are used to estimate the degree of drainage to be expected
in the field (free draining, semipervious, or impervious).

Large-scale triaxial compression tests are performed on 15-in.-diam
by 32-in.-high specimens in the SAD (12-in.-diam speciméns in SPD) com-
pacted to the design density and expected field compaction water content
(usually the natural water content for shales). Specimens are compacied
by using the same procedures as for the standard compaction test but re-
ducing the number of blows as the specimen is built to achieve a uniform
density. Three types of controlled strain tests are usually performed.

a. Unconsolidated-undrained (Q) test to determine the shear
strength for conditions ¢f no drainage during or at the end of
construction (short term) for relatively impervious materials
and toctal stress conditiocns.

Consolidated-undrained (R) test to determine the shear strength
after consolidation of relatively impervious materials for lcad
increases without further drainage (e.g. increase in the em-
bankment weight).

|

{1) Without back pressure saturation (R test) for field condi-
tions where saturation will not occur (e.g., area in an
embankment above a drainage blanket).

{2} With back pressure saturation (ﬁ-test) for field condi-
tions where saturation will occur (e.g., increase in the
water level in an embankment). Pore pressure measurements
are usually made to determine effective stresses &uring
the test.
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¢. Consolidated-drained (g) test to determine the drained strength

of relatively free-draining materials.

For some shales, an S triaxial compression test is impractical be-
cause of the impervious nature caused by a high percentage of silt and
clay sizes. In this case, standard direct shear tests (in accordance
with EM 1110;2-1906 using 3- by 3-in. specimens) are performed on the
minus No. 4 fraction compacted to the design density.

Because large-scale triaxizl tests are expensive, usually only a
few are performed. The zone of placement in the dam (i.e., expected
saturation conditions) and drainage characteristics of the shale deter-
mine the type of test (see page 87). Composite samples of shale and
other rock are tested where a mixture is to be used in a zone of the dam.
When separate zones of different material types are feasible, a sepa-
rate series of tests 1s performed on each material,.

Shale test fills. When previous experience is not available con the

compaction characteristics of a particular shale or mixture of shale and
other rock, test fills are constructed to develop adequate compaction
methods and control procedures. Data for 14 CE rock test fill projects,
including three involving shale, are summarized by Hammer and Torrey
{1973). Six of the 14 are analyzed in detail and include shale test
f1lls for Beltzville Dam, Penn. This study recommends procedures for
test fills covering (2) planning and design, (b) construction, (c) mea-
surements and cbservations, and (d) evaluation of results. It also
includes a detailed procedure recommended for large in situ field den-
sity tests using a displacement method with water and plastic sheeting.

Because large-scale compaction tests and field density tests are
expensive and time-consuming, only a limited number are used to aid in
establishing the field compaction method. Cumulative setilement mea-
surements and test trenches to observe denseness, interlocking, and
distribution of coarse rock and fines are the main techniques for evalu-
ating the variables studied in rock test fills (rock types, mixtures
‘and gradations, lift thicknesses, types of compaction equipment, and
number of passes).

For relatively strong nonshale rocks, a vibratory roller generally
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results in the best compaction. However, this type roller also causes
gubstantial surface breakage for most rock types. DBetter results have
been obtained with sizes less than about 3 in. removed. TFor weaker
rocks, including most shales, the best results are obtained with a heavy
tamping roller to facilitate breakdown (especially when shale and lime-
sténe or shale and sandstone mixtures are used) followed by compaction
with a 50-ton rubber-tired roller, Using a heavy tracked dozer (D-9 or
equivalent) to tow the roller helps break down and push larger pieces
into the 1lift being compacted.

At Beltzville Dam, Penn., test fills were constructed using partly
weathered shale and relatively wnweathered shale. Surface breakage of
these materials for different types of compaction equipment is summa-
rized in|Tables 9 and 10. The gradations of the material used are sum-
marized in Figure 23 which illustrates the large breakdown during compac-
tion. Results of field density tests summarized in Table 11l illustrate
the significant increase in dry demnsity for 12-in. 1ifts with increases
in the compaction effort. The nuclear method (back scatter apparatus)
indicated somewhat higher water contents and lower dry densities (de-
pending on the roughness of the compacted surface) than those from field
density tests using the 36-in. template (for volume measurements). The
effectiveness of the different compaction procedures is shown in Fig-
ure 24 for the two types of shales.

Based on the rock test fill results, the specifications for compac-
tion of the shale at Beltzville called for the following:

Loose 1ift thickness of 12 in.

o e

Partially weathered shale (for relatively impervious interior
zones) to be compacted by two passes of a shale breaker fol-
lowed by four passes of a 50-ton rubber-tired roller.

Relatively unweathered shale (for relatively free-draining
outer shells) to be compacted by twc passes of a 10-ton vibra-
tory roller.

|e

Pertinent information for the Beltzville test fills and test fills
for three other projects, summarized in Table 12, indicate the predomi-
nant use of the 50-ton rubber-tired roller. Compaction with this heavy

roller is usually preceded by processing the material or by breakdown
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Table 9. Visual evaluation of particle breakage,

Beltzville test fill.

Operation Bregkage Evaluation

Partly Weathered Shale

Spreading with tracked bulldozer Extensive surface breakage
Compaction with shale breaker roller Larger pleces reduced
Compaction with rubber-tired roller Additional breakage on surface

(following shale breaker)

Relatively Unweathered Shale

Spreading with tracked bulldozer Limited surface breakage
Compaction with rubber-tired roller Limited surface breakage
Compaction with vibratory roller Extensive surface breakage

Table 10. Summary of compaction equipment,

Beltzville test rill.

Towing Speed Compaction Equipment
mph Type Make and Model Data
3 Shale breaker Ferguson=-Gebhard Chisel tips with 1.5-sg-
Model 22 in. face area,
3,750-psi tip
pressure
3 50-ton rutber- Bros 50 ton Four pneumatic tires,
tired roller 25,000-1b wheel load
1-1/2 10-ton steel- Ferguson 23,500-1b static weight;
vibratory Model 230 cperating fregquency of
roller vibration varied from

1,100 to 1,300 vibrations
per minute

Tracked Allis-Chalmers Not given
bulldozer HD-20

Note: Allis-Chalmers HD-20 tracked bulldozer used for spreading and towing.
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PERCENT SETTLEMENT %

PERCENT SETTLEMENT *

ROLLER PASSES

00 | 2 3 4 ) 6 7 8
TEST 2Z0NE C
\ ALL LIFTS I2-IN.
5 \:\
TEST AREA 22 (d+ 4,
TEST AREA 19 (2+ 4) \QS AREA (4+4)
10 ﬂ]a\\
TEST AREA 20 (4+2) \é’
|
s TEST AREA 21 (44 4)—F
| | Y
NOTE. NUMBERS IN PARENTHESES REFER TO SHALEBREAKER PASSES
FOLLOWED BY RUBBER-TIRED ROLLER PASSES.
" | |
a. PARTIALLY WEATHERED SHALE
ROLLER PASSES
] | 2 3 4 S =] 7 8
0
~— [ 1
~ -TEST AREA 25 TEST ZONE D
™~ (2 24-IN. LIFTS)
> |
=
COMPACTED WITH
VIBRATORY ROLLER
— — — COMPACTED WITH
10 2 PASSES OF DOZER J
FOLLOWED BY 2 PASSES
(3 /8=IN. LIFTS) OF RUBBER-TIRED ROLLER
|
TEST AREA 24
{4 12-IN. LIFTS)
15
20
b. RELATIVELY UNWEATHERED SHALE
% PERCENT OF NOMINAL LOQSE LIFT THICKNESS.
Figure 24. Comparison of percent settlement and compaction effort,

Beltzville Damn.
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Table 12.

' Reproduced.- from -
best .available copy,

summary of CE shale test Iills,

Dam mnd Locavion

Beltzvalle, Leigh Eiver, PA

HOCH DATA

Ferzation aad (age)

Type material used in test
rills

fradavicn used in test
rizn

Sreakage during rolling

Jradation elter compaetian

UOMPACTIOR EJUIEMENT

Type, make, and model

Balling speed, mph

COMPACTZON

uUncompacted 11t
thickness

Nunter of coverages

FIELD DEWSITY TEITS

Wo. of vests and average or
range ol dry deasiuy, pef

SPECIFICATION FROCZIDURES

Primmers Rock and Mahantangd
\Devaniun)

{1/ Yrown-green-gray, partly
weatnered chale

{2) ilark gray, dense,
relatively unweathered
slale

t1) dinus 5 in., 10%
minuz Ho. 4

(2) Miaus 8 in., 5%
ninus Ho. 4

Limted to extensive,
depending on type of roller

Minus Ne. % 1ncreased to
15 to 25%

Shale tresker. Ferguscn-
Gebhard Idodel 225

50-ton ETR. Bras.,
lo-ton vaibratoty roller:
Ferguscn Maderl 230

Shule breaker: chisel tips
with 1.5 in.~ lace,

3750 ps1 tip pressure,
S50-ton BLP: four tires,
©5,000 wheel load

10-ten vibratory roller:
23,500 lb weigav,

1100 o 1330 vid/min

15 ta 2.0 estimated

12, 16, al

2 to B

3- by 3-ft template with
sand or plastic sheet and
water tc measure volume

(1) 6, 122 pef
(2) 1, 127 pef

Hettlement ws No. of passes
{foundatiyn settlgment also
meagured)’

(1) 12-in. lifts, 2 passcs
6! shale breaker followed by
L passes of 50-ton RTR

(2) 12-ip. lifts, 2 passes
with 10-van vibratory reller

Gaystovn, Juniata River, Ph

Sloomington, Patomic
River Zasir, lC apd WY

F. L. Builey Leke Pruject,
Guyandct Faver, WV

Catskill (Devonian)

(1) Sandstone

{2) silitstone

{3) Shale, various mixturcs
used

Minus 30 to 10 1inm.,
5 toc 15% minus ko, b

(1) Blacky rieces
{2) and {2) S8mall, Vliouvhy
plus numerous fines

rirus 18 to & 1n., 5 to 25%
minus Ho. I

D-9 crawler tractor, Cal.,
S5a3-ton BTR: Bros. i

10=-tnr vibratory raller:
Bros.,

32-ton truck. FEuclid

D-9. Ll=ton, l6ud-ps?
track pressure;

5G-ton RTR: faur tires,
£5,000-1b wheel Load;
10-tor vibratory roller:
20,000 1b weight,

1h00 wib/min

Not reported

B-ft=diam ring with plastic
sheeting and water to
neasure volume

24, 115 to 139 per

Settlemeat vs No. of passes;
selllement vs layer
thickness

Processed intn plus L in. and

minus b in., plus L in.. 24-

Conenaugh series, Franklin
coal measures (Pennsylvaniap)

{1} Siltstope, shale, and
sandstone

) Shaic and cimystenc

) Shale, claystane, and
some siitstone

(1) Unproeessed. minus 25 in.,
proccssed: plus 3 in. and

rinus 1 in.

{2} Unprocessed: manus 12 in.

(3) Unprocessed: minus 12 in.,
procesced: plus 3 in. and
minus 2 in.

Iamited

Moderate inerease in Mo, 4
fragticon

Ler
-ten RTR
arig roller 3.5 to 7.5 ton
(to eondition minus 3=1n.
material)

Fot reporied

Not reported

L, 8, 12, 24

3- by 3-ft or 5- by 6-ft
template, plastic sheeting
and water to measure

volume
{1) 9, 127 per
{2) 1, 130 per
{3) b, 120 pet

Nat reported

unprocessed minus 18 in.:
random £ill 2L=in. lifts,

in.1ifts by D-Q dozer compacted U pusses, 50-ton RTR

by hauling and gpreading
egquipment,

minus 4% in,: 12-%n, 1ares,
L passes, 50=ton RTR

Fanawha (Tawer Pennsylvaniac

1) Weathersd shale

(2) Unweavhered shale
(sandy wizh sandstone
stringers)

mum sice approkimately
n.

Maxa:
i

16

Extensive

Minus 9 1n, with apprexi-
mately k54 niaus Ho. h

Tumping roller (TR},
10-ton vibraiory reller
(vib): Puffnlo-Bemag.
35-ton truck, loaded,
Cat. (A2B ent dump

Mot reported

Net reported

§ (tamping roller)
12 {vib. roller and truck)

(tamping and vib. yoller)

3
& (truck)

L.ft-diam by 26-in. -deep
pit, iined with plastic
sheeting and filled with
water to measure volume

TR 2. 116 ang 124 per
vip 1, 124 per
Trk 1, 126 pe?’

Not reported

Spread with D-3 dorer,
12 in. 1ifts, 2 pesses
temping roller followed by
L passes of 5D-ton RTR,

meximum size rock ¢ 12 in.

Note:

Humbers in parentheses refer to material type.
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with a tamping roller or shale breaker.

Embankment deslign considerations. The primary objective of embank-

i.ment design is to develop the most economical c¢ross section having ade-
‘*quate stability during and after construction. Achieving this objective
requires a study of different trial sections for zoning the embankment
to obtain the maximum and best use of available materials, especially
from required excavation, considering the sequence of availability.

Geologic information important to embankment design includes the
following:

a. Groundwater and seepage conditions in the foundation and
abutments.

b. Lithology, stratigraphy (including variations in thickness),
and geologic details disclosed by borings and geoleogic inter-
pretation {important in determining the quantities and sequence
of different materials in excavation areas).

Structure, including bedding, folding, jointing (amount, sys-
tems, and character), and faulting (important in estimating
fragmentation during blasting).

jo

d. Depth of weathering and effect of weathering on exposed cut-
crops of sedimentary rocks.
e. Field evidence relating to slides, movement alcng bedding and

faults, tension jointing, and earthquake activity.

Drainage zones (such as inclined drains and blanket drains) are an
important feature of the design and are included to control seepage and
prevent. excessive pore water pressures, piping, sloughing, removal of
material by sclution, and erosion of material by loss into eracks,
Joints, and cavities. Transition or filter zones are also included be-
tween materials of widely differing gradations to prevent erosion {or
piping) of finer material into coarser drainage material and possible
clogging of drainage zones. The importance of drainage features in re-~
medial work on compacted shale highway embankments is discussed in Vol-
ume 2 (Brageg and Zeigler, 1975).

Results of stability analyses (using procedures in EM 1110-~2-1902)
are used to compare the relative merits of trial cross sections and
evaluate the influence of foundaticn conditions, as well as the effects

of possible changes in material properties during and after construction.
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The value of stability analyses depends on the validity of selected de-
sign shear strengths, and results are reviewed for compatibility with
analyses for other embankments of similar materials where construction
and operating experience are known. The final choice of embankment
slopes is influenced by the (a) strength and compressibility of the
foundation, (b) cost for removal of strengthening of weak foundation ma-
terials as opposed to the use of berms, and (c) total guantity of each
type of available embankment material.

' The intended use of compacted shale or shale and limestcne {or
sandstone) mixtures in a particular embankment zone depends on the shale
durability {evaluated from wetting and drying tests), breakdown during
compaction in test fills and/or laboratory tests, and permeability. The
compaction specifications are designed to achieve a greater density
(usually 98 percent of standard effort maximum density) than is normal
for solls to insure adequate shear strengths., For shales which tend to
break down or deteriorate, the blasting and excavation procedure, pro-
cessing and/or prerolling with a tamping roller or shale breaker, and
the specified compaction method are designed to produce a dense rela-
tively impervious material. The use of shale or shale and rock mixtures
for compacted free-draining rock-fiil embankments is limited to shales
expected to be durable and which do not break down significantly during
compaction in test fills.

Design shear strengths. Only a limited number of large-scale com-

paction and triaxial shear tests are economically feasible for shale and
composite mixtures of shale and other sedimentary rocks. This limited
testing makes it imperative that high densities be attained during con-
struction of the embankment to insure adequate strengths for stability.
For shales used as compacted rock fill or as relatively impervicus
compacted random fill in zones above the expected seepage line, the de-~
sign shear strengths are conservatively estimated from Q, R, and S tri-
axial compression tests on specimens tested at the expected placement
water content. For relatively impervious zones below the expected seep-
age lines, the R and S strengths are conservatively estimated from tri-

axial compression tests with back pressure saturation. The 5 strength
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is often determined using effective stresses from R tests with back
pressure sabturation and pore water pressure measurements. For rela-
tively impervious shale materials, the S strength is determined from
direct shear tests on the minus No. 4 fraction. The design shear
strengths for some projects are also based on laborateory tests and con-
struction and performance experience with similar shales used in other
projects.

Design shear strengths are used in the form of Mohr strength enve-
lopes for stability analyses. As outlined in EM 1110-2-1G02, ccmposite
strength envelopes are used in stability analyses for cases other than
the end-of-construction case, An example is the steady seepage case
where the S and R strength envelopes are combined to form a composite
envelope with the S strength used at effective ncrmal stresses below
that at the intercept of the two envelopes. An envelcope intermediate
between the S and the R strengths is used for effective stresses above
that at the intercept of the two envelopes. When R strengths are deter-
mined from triaxial compressicn tests with back pressure saturation and
the measured pore water pressure {during shear) decreases below the ini-
tial value, the resulting high cohesion intercept is unrealistic and is
one reason that the S strength is used at low normal stresses.

Data on rock cores. Readily available test data on shale cores was

extracted from several CE design memoranda to compare formation ages,
unconfined compressive strengths, and results of wet-dry weathering
tests. The limited data summarized in Table 13 indicate only general
trends.

a, For younger age (Tertiary to Jurassic) shales at two projects
(Warm Springs and Chatfield), the unconfined compressive
strengths were lower than those for the older (Pennsylvanian,
Mississippian, and Devonian) harder and silty to sandy shales.
However, older (Ordovician) shales interbedded with limestone
(Brookville, Caesar Creek, and East Fork projects) also had low
unconfined compressive strengths.

. The results of wet~-dry tests indicated initial separation of
cores along bedding and varying degrees of deterioration unre-
lated toc age or unconfined compressive strength. In one case
(Raystown project), shales of relatively high unconfined com-
pressive strength disintegrated after a long period of
50 cycles of wet-dry testing.
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It appears that bedding and macrostructure in the harder shales of
the eastern States have a predominant influence on the degree of break-
down. The unconfined compregsive strength of cores at their natural
water content does not appear to be a good indicator of possible

deterioration.

Compacted shale strength data. To provide a useful reference on

shear strength of compacted shales, data were extracted from available
design memoranda for CE earth and rock-fill dam projects located in the
states of interest in the study. ©Since results of tests on large-scale
samples were given priority to include tests on large particle sizes
(2 to 3 in.), most of the data were for projects in harder shales east
of the Mississippi River. Data from 14 projects considered pertinent
are summarized in Table 1k {fold out tables at the end of this report).
For convenience, data for siltstcne at Cachuma Dam from tests by the
U. 8. Bureéu of Reclamation (USBR) are also included. Data for large-
scale triaxial tests on a mixture of weathered sandstones and shale for
the Jail Gulch embankment in California {conducted at SPD) are not in-
cluded since this information is summarized by Hall and Smith {1971).

The data in Table 14 include a wide variety of shale materials and
shale-limestone and shale-sandstone mixtures., However, it should be
noted that only two of the problem shales identified in Table L4, the
Franciscan and Maysville groups, appear in Table 1L4. The gradations in-
dicate a significant amcunt of breakdown during testing with a resulting
change in classification to a more clayey material in many cases. The
specific gravity of solids ranged widely from 2.69 to 2.82. Maximum dry
densities and optimum water contents from standard effort compaction
{AASHTO T 99) tests varied widely and do not appear to be related to the
type of material, except for the clay shale at Bear Creek, Colo., and
the siltstone at Cachuma, Calif. The limited vertical permeability data
indicate that the materials were relatively permeable at standard effort
density.

The triaxial tests were performed on material crushed in the labo-
ratory except for three projects (Nos. 12, 13, and 1L) which ineluded

tests on material from test fills. Triaxial test samples were compacted
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either at the expected field water content or at a water content related
to cptimum and at a dry density related to the maximum standard effort
density.

For several of the @ tests (all controlled strain), the deviator
stress increased throughout the test with an increase in axial strain,
and the samples exhibited a bulging type failure. The Q@ sirengths, as
might be expected, were significantly influenced by initial water con-
tents. As shown in Figure 25, materials compacted at low water content
(2 to 6 percent) exhibited @ values of 28,5 to 38.5 deg with c¢ val-
ues ranging from 0.5 to 2.0 tsf. Materials at higher water contents
(11.1 to 27) exhibited ¢ wvalues from O to 22,5 deg with ¢ <values
ranging from 0.4 to 2.6 tsf.

The majority of R tests summarized in Table 1L were back pressure
saturated and pore water pressures were measured. Thus, R strengths
based on total stresses and R strengths (equivalent to S strengths)
based on effective stresses were determined. For many of the tests (all
controlled strain), the deviator siress continued to increase with in-
creases in axial strain for the duraticn of the test (noted by an aster-
isk in the consolidation stress column)., Measured pore water pressures
increased initially during the test and then leveled coff or decreased
slightly during the remainder of the test. Failure was predonminantly of
the bulging type. A large decrease in pore water pressure, possible
under a high back pressure and indicative of a tendency for dilation and
erroneously high deviator stresses, did not occur in any of the tests.
Consequently, the increase in deviator stress with increasing strain is
believed to be valid. However, a number of the R and ﬁ-envelopes were
slightly curved indicating that the interpreted value of cohesion may be
high.

The R strength data indicate that tests on samples saturated by
back pressure generally have a lower shear strength than samples tested
at initial water content. GStrengths for a majority of the tests on sat-
urated samples indicated @ wvalues of 14 and 20 deg and ¢ +values as
large as 0.5 tsf. The exceptions to these ranges were for tests on

shale from Beltzville (No. 13) which indicated a wide range on values of
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both @ and c¢ and for tests on the shale-limestone from Taylorsville
(No. 9) and East Fork (No. L4) which had ¢ values as high as 0.9 and
1.5 tsf, respectively. However, for these latter two materials, the
strengths of the saturated samples were still significantly lower than
the strengths of unsaturated samples. Higher # and ¢ values for
higher initial densities were noted in some cases (Fishtrap Dam, No. 6;
Beltzville, No. 13; and Trexler Lake, No. 15). Similar R strengths were
obtained for tests on crushed material and test fill material when both
types of material were tested (R. D. Bailey, No. 12, and Beltzville,
No, 13). It should be noted that the siltstone at Cachuma Dam had the
highest shear strengths.

The S strength data also indicate curved strength envelopes, and
the listed c¢' values should be discounted (especially for Fishtrap
Dam, No. 6, and Beech Fork Dam, No, 11). The @' values ranged from
31 to 45 deg with one low value of 25 deg for the clay shale at Bear
Creek Dam, Colo., The @' wvalues do not appear to be related to the
age of the formaticn or physical properties. Where both crushed mate-
rial and test fill material were tested (Raystown, No. 1k4), similar S
strengtns were obtained.

The design values for §, R, and R and S strengths listed in
Table 14 indicate the conservatism used in selecting strength values for
stability analyses. Current CE guidance suggests that design shear
strengths should be selected such that two-thirds of the laboratory test
values (for tests at different dry densities and water contents) exceed
the design values. This conservative selecticon is done to offset pos-
sible field compaction at the wet side of the specifications and at
densities no higher than the design dry density.

The data presented in Table 14 appear to provide a useful design
gulide and illustrate that relati%ely low Q and R strengths exist even
when standard effort maximum densities are achieved. It 1s evident that
compacted shale materials at water contents above 10 percent have rela-
tively low @ strengths and that saturation such as by seepage can sig-
nificantly reduce R strengths,

Residual shear strengths. The residual shear strength of shales,
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especially that of clay shales in natural and cut slopes, has received
much attention and research. The residual sirength is the minimum
strength attainable upon sliding and has application to shear plane
failures in compacted embankments. A recent study by Townsend and
Gilbert (197L) presents a summary of residual strengths for 15 different
shales and correlations of residual shear strengths with classification
indexes. The correlations have a limited usefulness in predicting re-
sidual strengths from index properties such as liquid limit and plastic

limit.

USBR Practices

Shales from required excavatlions have been used successfully in
several earth dams constructed by the USBR. The use of shales has been
restricted either to herms at the toe, where only additional weight 1is
needed to increase the stability of a weak foundation, or to a special
zone in the downstream section of the dam. In the latter case, the
suitablility of the shale materiel as compacted fill is thoroughly inves-
tigated by laboratory tests such as large scale compaction and triaxial
compression and field test fills. When used in a downstream zone, the
shales are well compacted and surrounded by more pervious materials.
This practice is used to prevent seepage into the shale zone and to re-
lieve excess pore water pressures that might develop should the heavy
compaction produce an impervious mass.,

At Cachuma Dam {constructed during 1950-1953 near Santa Barbara,
Calif.), some 700,000 cu yd of siltstone from the spillway excavation in
the Monterey formation was used in the downstream zone 3 gsection. This
zone was completely surrcunded by pervious sand, gravel, and cobbles to
protect it in case the siltstone degraded under compaction into an im-
pervious mass. TFPiezometer measurements in 1971 indicated slightly nega-~
tive pore pressures in the zone 3 section. These readings imply that
free water is being held in the scil by capillary tensiocn.

A test fill was constructed during final design (Hilf, 1957a). The

material in the Monterey formation used for the test fill consisted of
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partially laminated, fine-grained, soft siltstone which was light in

weight and virtually saturated. The average in-place properties were:

Wet unit weight 112.5 pef

Water content 33 percent

Dry unit weight 85 pef

Specific gravity of grains 2,48

Void ratio 0.82

Porosity L5 percent
Liguid limit 40 to 50 percent
Plasticity index 8 to 12 percent

The results of the test fill showed that the siltstone, containing vary-
ing amounts of rock fragments larger than 6 in. {(USBR, 1959), could be
readily broken down and compacted at the natural water content with the
USBR heavy tamping roller (minimum of L4000 1b per foot of length of drum,
Hilf, 1957b). Results of triaxial shear strength tests (Gibbs et al.,
1961) on 3-1/4-in. diam by 9-in.-high specimens of minus 3/8-in. mate-
rial compacted from crushed cores showed a high effective shear strength
with cohesion e¢' of 0.6 tsf and @' of 37 deg (Table 1L4).

Although much of the siltstone in the spillway excavation cculd
have been excavated by shovel without blasting, the contractor found it
economical to drill and shoot. A b-cu-yd shovel and a 2-1/2-cu-yd
shovel were used to load the siltstone. The excavated siltstone was
delivered to the zone 3 section in bottom—-dump trucks and placed in
layers about 18 in. thick (USBR, 1959). Although the siltstone was ex-
cavated in fairly large chunks (as large as 2 to 3 cu ft), the haul
trucks and spreader tractor broke dowh the blocks reasonably well.

After it was spread, the 1ift was thoroughly wetted and compacted by

12 coverages of the USBR heavy roller. Water was added to maintain a
near-saturated condition in the absorptive siltstone chunks (short of
creating a spongy fill). The coarse gradation of the fill (about 6-in.
maximum size after compaction) produced a relatively pervious and stable
fill (due to interlocking of angular pieces under rolling).

An unusual criterion was used for compaction control because of the
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low percentage of minus No. L fraction material (about 30 percent or
less) in the compacted fill., Standard effort laboratory compaction
tests (using a U-in.-diam mold) gave erratic results because of continu-
ous breakdown of particles during compacticn. To overcome this effect,
the natural dry density of the siltstone was used as a reference, The
dry unit weight of the natural siltstone was determined by measuring the
bulk specific gravity of the plus No. 4 fragments in the field density
gsample. For compaction control purposes, it was established that the
dry density of the compacted fill material should not be less than
85 percent of the dry density of the natural siltstone. A total of
174 field density control tests showed that the fill water content aver-~
aged 31 percent and the fill dry density averaged 79 pef (or 89 percent
of the natural siltstone dry density).

Shales from the Mancos formation were used with pervious soils in
the downstream section of Jackson Gulch Dam (constructed in 1947-1949
west of Durango, Colo.). In this case, the shale was compacted using
rubber-tired rollers to minimize the amount of fines produced by compac~
ticn. This procedure provided a well-compacted material that was still
relatively pervious. Trinity Dam (constructed in 1957-1959 near Redding,
Calif.) incorporated weathered shale (particle sizes up to 3 in.) from
the Bragdon formation in an interior upstream and downstream section
(zone 2). Materials in zone 2 were compacted inte 12-in. layers by
12 coverages of the USBER heavy tamping roller. Blocks over 12 in. were
broken down by extra rolling. Shale was also used in a small zone in
the dowvmstream portion of Heron Dam (recently constructed in northern
New Mexico). No detailed information has been published on these dams.

The experience of the USBR with compacted shales indicates that:

a. The use of 12 coverages of the heavy USBR tamping roller and
removal of oversize rocks produce a well-compacted fill. Com-
pacted layers 12 in. or less in thickness and proper water con-
tent and density control are reguired to achieve the required
compaction and shear strength. )

b. Shales used within embankments should be limited to downstream
zones and should be surrounded by a zone of well compacted and
more pervious material.

Large-scale triaxial compression tests are often used to determine
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the shear strength of compacted shale materials containing large parti-
cle sizes (up to 3 in.). When swell pressures measured from consolida-
tion tests on the finer fraction are relatively high, the shale materi-
als generally are not used in earth dam embankments. Details of USBR

field investigation and laboratory test procedures are described in the

USBR "Earth Manual' (USBR, 1963) and "Design of Small Dams" (USBR, 1965).

Application of CE and USBR Practices to the
Construction of Highway Shale Embankments

The CE and USBR practices applicable to highway shale embankments
are discussed briefly below.

2. The use of 12~ to 18-in., loose 1ifts and heavy tamping rollers
to aid in breaking down harder shales or mixtures of shale and
limestone or sandstone followed by compaction with a heavy
roller such as the 50-ton rubber-tired roller, appears war-—
ranted in obtaining densities needed for stability of slopes as
steep as 1V on 2H. Well compacted shale materizls appear to
resist detericration because of initial breakdown during com-
paction with heavy equipment.

Very few shales appear to be durable enocugh for use as com-
pacted rock fill in thick lifts (2 to 3 ft) without using heavy
rollers (50-ton rubber-tired or 10-ton vibratory steel wheel).

|

The use of procedural-type specifications appears to have an
advantage over end result density specifications which require
frequent field density tests for enforcement. Mixture of shale
and harder rock particles {as large as 8 to 10 in.) require
large-scale field density apparatus and the tests are expensive
and time-consuming to perform. On the other hand, the need for
field test fills in developing procedural type specifications
may be reduced by using available experience (such as in

Tables 7 and 12).

gl

[=X

Segregation of shales from limestone and sandstone where fea-
gible would allow these durable and relatively free-draining
materials to be used as drainage blankets at the base of the
embankment znd as stronger protective rock fill in exterior
zanes.

Reduction in shear strengths of compacted shales caused'by
seepage saturation could be prevented by good drainage at the
base of the embankment, especially on sidehill and abutment
slopes. Where saturation is prevented, higher shear strengths
of unsaturated shale materials would permit more ecconomical de-
sign of compacted shale embankments and remedial repairs to
failed embankments.

| @
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I

Large-scale compaction and triaxial tests are applicable to
highway embankments but would be extremely expensive for a
highway project. Consequently, the strengths summarized in
Table 1! may be a useful guide for similar materials and could
be supplemented by triaxial strength testing of minus No. L
material in smaller size apparatus accommodating 3-in.-diam
specimens. ‘

Use of combined strength envelopes in stability analyses is
applicable to large, high embankments (generally 100 ft or
higher), but for smaller embankments more simplified procedures
are usually considered adequate.

101



IV. CLASSIFICATION AND COMPOSITIONAL ASPECTS OF FINE-GRATINED
CLASTIC SEDIMENTARY ROCKS

Classification

The fine-grained sedimentary rocks investigated during the course
of this study have been described as shale, clay shale, indurated clay,
siltstone, mudstone, etc. These names have been applied to different
types of materials for several different reasons. Generally, the names
reflect physical characteristics and/or physical properties important in
classification or engineering. Most classification schemes have been
based upon grain size, rock fabric, degree of induration, or engineering
properties. These aspects are discussed below using mudrock as a
general name denoting the above types of sedimentary rocks.

Grain size. The terms listed above apply to sedimentary rocks
composed mainly of particles finer than approximately 1/16 mm and
corresponding to silt- and clay-size fractions. These size fractions
should comprise at least 50 percent of the total rock according to some
schemes. Even so, the size composition of these rocks may be quite
variable and nmay include a considerable amount of sand-size particles.
The mudrock classes are gradational with sandstones and to a2 limited
extent with calcarecus rocks, including limestones. General aspects of
this gradation are shown in the compositional tetrahedron in Figure 26.

Rock fabric. Fabric refers to the spatial orientation of the par-
ticulate material and cement (if any) in sedimentary rocks. This aspect
becomes important if the rock contains appreciable platey clay minerals
which may contribute to the fissility of the rock which results in the
splitting up of the rcck aleng clcsely spaced parallel surfaces. Rocks
which break into large, equidimensional blocks are described as massive.
Mineralogy, grain-size, and postdepositicnal history appear to determine
whether fine-grained sedimentary rocks are fissile or massive.

Degree of induration. Thig factor describes the extent to which

the material in question is rocklike or sedimentlike. Theoretically,

rocklike material should be hard, durable, and nonfriable. Sedimentlike

102



SAND {SAN DSTONE

LIMESTONE

CARBONATE
DOLOMITE

SILT

MUDROCKS CLAY

Figure 26. Grain size composition of mudrocks.
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material should be soft, nondurable, and friable. This factor depends
upon postdepositional history as well as the environment of the material.
The postdepositional histery determines the amount and type of cement
and the maximum overburden pressure under which the sediments have been
loaded. The environmental conditions such as degree and depth of
weathering, position of groundwater table, and sample depth all influ-
ence the extent tc which a material is rocklike., Mudrocks exhibiting
induration derived by mineral cements are called "cementation shales,"
whereas induration produced by compaction results in mudrocks termed
"eompaction shales."

Engineering properties. Classification schemes based upon engi-

neering properties account for such attributes as swelling potential,
plasticity, consolidation history, durability and soundness, and shear
strength in categorizing mudrocks. These attributes are usually related
to grain size, rock fabric, degree of induration, and also the mineral-

ogy of the rock.

Geological Clagsification Schemes

Ingram (1953). This classification recognizes grain size and ex-

tent of fissility in categorizing mudrocks. The degree of induration

is not specifieally stated, but apparently Ingram excludes materials
that will easily break down to their particulate constituents. Table 15
summarizes the classification.

This scheme is relatively descriptive and is amenable to field as
well as laboratory use, However, no statement is made as to how thick a
shale fragment can be and still be considered fissile. In this same
paper, Ingram summarizes the causes of fissility in shales; these will
be discussed in the next section.

Folk (1968). TFolk follows Ingram's lead and inaludes all fine-
grained argillacecus rocks under the term "mudrock." A mudrock must
contain more than 50 percent silt and/or clay. Further subdivisicn is
based upon relative amounts of silt and clay and the presence or absence

of fissility. Folk's classification is shown in Table 16.
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Table 15. Ingram's classification of mudrock.

Ereaking Characteristics

Unknown or

Relative amount of 5i and Cl ot Stated Massive Fissile
Unknown or not stated Mudrock*® Mudstone Mud shale
51 is greater than Cl Siltstone Siltstone 511t shale
Cl is greater than S5i Clay rock Claystone Clay shale

*

7S percent silt (8i) and clay (€1) sizes.

Table 16. Folk's classification of mudrock.

Grain Size of Mud
Fraction

Subegqual silt and
clay

Over 2/3 silt

Over 2/3 clay

Massive Fissile
Mudstone Mud shale
Siltstone 3ilt shale
Claystone Clay shale
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As with Ingram's classification, there is no size definition of
fissility. Folk recommends that mudrocks containing over 10 percent
sand should be prefixed by the sand size, e.g., ""very fine sandy
claystone."

The classification schemes described above are general in nature
and are primarily useful for field descriptions, geologic mapping, and
petrologic purposes. The classifications which follow were intended to
describe rock properties and relate to selected test parameters.

Underwood (1967). Underwoed discusses the in situ engineering

properties of shales and their relationship to rock characteristics and
constituency. This paper is not addressed specifically to shale deteri-
oration. Although no formal engineering classification is presented,
Underwood reviews geological classification schemes and discusses the
problems of formulating a classification based upon engineering proper-
ties. He concludes that the "cementation shales" pose the least engi-
neering problems while the compaction or soillike shales pose the
greatest problem. Also, he states that there are insufficient test data
as well as agreement on test procedures to develop an engineering classi-
fication. This conclusion still appears to be true.

Deo 51972). Deo developed an engineering classification which con-
siders shale durebility. The index classification scheme (Figure 27)
is based on slaking, slake-durability, and sulfate soundness tests, all
of which are briefly discussed in Wood and Deo (1975). These three
tests measure shale durability and are discussed in Section VI. The
categories of classification include soillike shale, two types of in-
termediate shales, and rocklike shale. The rocks tested to provide the
basic data were all from Paleozoic deposits in Indiana, thus the results
are applicable to these older rocks, Even so, the proposed classifica-
tion scheme is being used by the Indiana Highway Commission in evaluat-
ing shales for use in rock fills (see Parts VI and VII).

Gamble (1971). The most comprehensive study of shale durability

was conducted by Gamble. The materials investigated included a wide
range of rocks of different ages, locations, and constituencies. The

laboratory work also included a variety of standard classification tests
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as well as strength and durability evaluations. Gamble's classification
relates two-cycle slake-durability to plasticity index (Figure 28). He
concluded that more work is necessary to correlate laboratory results
with field performance.

Morgenstern and BEigenbrod (19T4) presented an engineering classifi-
cation of shales based upon rate of jar slaking, liquidity index, and
undrained shear strength (Figure 29). The rocks examined were exclu-
sively Tertiary and Mesozocic in age; thus, the older more highly indu-

rated rocks were not analyzed.

Composition

The following discussion relates engineering properties to the
composition of mudrocks in general, with emphasis on the siltstones and
clay shales. These two mudrock types represent materials with signifi-
cantly different compositions and behaviors such that they may be con-
sidered end member types. Intermediate types such as mudstones are
believed to have engineering properties ranging between the end members,
The major properties considered are plasticity, swell potential, dura-
bility, and strength. These properties are related to texture, miner-
alogy, geochemistry, and rock fabric and/or structure.

Mineralogy. The mineral constituency of mudrocks may be quite
variable and is dependent upon several factors, including sedimentational
aspects such as environment of deposition and sediment source area, and
diagenetic aspects. The environment of deposition and source area con-
trol the type of original detrital minerals, and diagenesis affects
changes in the original mineral sulte as well as the introduction of
authigenic¥* cements.,

It is convenient to categorize the rock constituency as to mineral
origin in discussing the mineralogy of mudrocks. Mudrocks consist of
two general types of materials: detrital, particulate minerals and

authigenic minerals. The detrital minerals may be sand-, silt-, or

* TPormed after deposition.
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ARGILLACEQUS MATERIALS

C_,<250 Pl C,,> 250 PS
AC,>06 €, AC,<04C,y
Bw> 1% A< 1%

CLAY MUDSTONE*
MEDIUM STIFF HARD CLAYSTONE SILTSTONE
T0 (CLAY-SHALE)
SOFT “(SHALE IF FISSILE)
teg<1HR tg< 1 DAY teg> | DAY
C,o = UNDRAINED SHEAR STRENGTH AT NATURAL WATER CONTENT
(Q TEST USING 50 PSI CHAMBER PRESSURE)
AC,, = STRENGTH LOSS AFTER SOFTENING TO EQUILIBRIUM WATER CONTENT
2w = CHANGE IN WATER CONTENT AFTER SOFTENING
tso = TIME OF SOFTENING FOR LOSS OF 50% OF G,
a. ENGINEERING CLASSIFICATION OF ARGILLACEQUS MATERIALS
AMOUNT OF SLAKING w = w_
wy = LIQUID LIMIT VERY LOW Low MEDIUM HIGH VERY HIGH
W = MAX. WATER CONTENT DUE VL L M H VH
TO SLAKING W, W, W, |
I, = LIQUIDITY INDEX w <20 | BETWEEN { BETWEEN | BETWEEN | w >140
Al = CHANGE IN LIQUIDITY INDEX 20 & 50 50 & 90 90 & 140
Z | sLow, s VL L M H VH
. 2| A <05 S ) 5 S )
o J
= =
2| S= | FaST, F VL L M H VH
Z| | 0.75<AT <175 F F F F F
S| = -
wl ' 2 | VERY FAST, VF VL L M H VH
S| A > 125 VF VF VF VF VF
b. CLASSIFICATION IN TERMS OF SLAKING CHARACTERISTICS
Figure 29. Classificaticn of argillacecus materials

(Morgenstern and Eigenbrod, 197h).
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clay-size. Table 17 illustrates one method of categorizing the mineral
constituency of mudrocks.

The detrital minerals consist chiefly of quartz and the clay min-
erals. Ordinarily, the quartz is restricted to the sand- and silt-size
fraction, but occasionally it will occur in the clay-size fraction. The
presence of appreciable guartz or amorphous silica in the clay-size
fraction may be indicative of an authigeniec origin of the gquartz. The
clay minerals normally cccur in the clay-size fraction but some clay
minerals such as kaolinite may occur in the silt-size fraction. The
type of clay mineral present often controls the engineering prcperties
of mudrocks due to the ability of some clay minerals to imbibe large
quantities of water.

The authigenic mineral suite consists principally of cements with
minor amounts of noncementing minerals, many of which may have originated
by diagenesis of the origingl detrital minerals and may be related to
the geologic age of the rock. The cements are perhaps the main elements
of rock strength in siltstone, but they may alsco be vulnerable to the
effects of weathering. Cements play a less important role in the dura-
bility and strength of clay shales.

The extent to which the particular mineral constituents individually
affect the engineering behavior of gsiltstones is dependent upon the
extent to which cementing minerals (or the cementing effects of diage-
netic bonds) continue to bond the particulate, detrital minerals to-
gether and, once broken apart, upon the type and amount of clay minerals.
The effects of weathering and the destruction of cement bonds are dis-
cussed in Part V, and the effects of the clay minerals are discussed
below.

The clay minerals are hydrous aluminosilicates generally smaller
than 2 micrometres (um) in size and usually platty but cccasicnally
tubular in shape. Ionic substitutions within the lattice, broken bonds
on lattice edges, and London-van der Waals bonds on lattice faces usu-
ally result in electrical charge deficiencies and attractive or repul-
sive forces on individual clay mineral grains.

The fine-grained clay minerals are classed as phyllosilicates and
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possess structural similarities to coarse-grained minerals such as
talec, mica, and chlorite.

A first-order classificaticn of clay minerals is based upon their
structural configwration.  The structures are distinguished by the ar-
rangement of two basic components: a sheet cof silicon atoms tetrahe-
drally coordinated with oxygen and a sheet of aluminum or magnesium
atoms octahedrally coordinated with the hydroxyl radical. Further
classification 1s based upon the chemical population and ionic substitu-
tions within these two basic structures., The clay mineral classifica-
tion is given below and shown in diagram form in Table 18.

The clay minerals are classified as follows:

a. Two-layer clays. These consist of cne silicon tetrahedral
layer bonded to one aluminum octahedral layer. Kaolinite is
the common mineral when the octahedral layer contalns mainly
aluminum; serpentine consists of a magnesium-rich octahedral

layer.

b. Three-layer clays. These clays have one ocitahedral layer
bonded between two tetrahedral layers; examples of this type
are illite, vermiculite, and montmorillonite.* These minerals
may cccwr dioctahedrally or trioctahedrally.

Mixed-layer e¢lays. These c¢lays consist of an interstratifica-
tion of tetrahedral, octahedral, two- and three-layer combina-
tions. The mixing may be regular or random. An example of a
regular-mixed layer clay is chlorite, a three-layer plus octa-
hedral layer repetition; another common cne is montmorillonite-
chlorite, The randomly mixed layer c¢lays consist of any of
many possible combinations.

[e]

When the strength due to cement or diagenetic bonds is lost, either
by field compaction or by weathering, the mudrock loses its original
identity and behaves as a scil. The resulting plasticity, expansiveness,
shear strength, ete., are controlled by the amount and type of clay and
nonclay minerals present. Examples are given below for the relationship
between clay mineralogy and engineering behavicor. These examples are
mainly for generally mcnomineralic materials, but they do iilustrate the

influences imposed by particular clay minerals.

* The term "montmorilleonite," as used here, indicates the dioctahedral
magnesium-bearing member of the smectite group.
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Plasticity (Grim, 1962). Average values of Atterberg limits for

montmorillonite, illite, and kacolinite clays are listed below:

Plastic Liquid Plagticity
Clay Limit Limit Index
Sodium-montmorillonite 91 Lh1 350
Caleiuwm-montmorillorite 68 155 87
Illite 39 86 i
Kaolinite 31 54 23

The other clay minerals, chlorite, vermiculite, halloysite, and
the mixed-layer types possess much more variable plasticity. Vermicu-
lite and chlorite may have properties similar to those of montmorillconite
or illite. Halloysite has a plasticity somewhat greater than that of
kaclinite. The mixed-layer clays exhibit properties that may fall
between those of illite and montmorillonite.

Expansiveness (Grim, 1962). The extent to which an argillaceous

material will imbibe water and thus increase in volume is directly re-
lated to the clay mineral present and is an important consideration in
engineering. The following table illustrates average free-swell data

for the common clay minerals:

Average Range,
Clay Free Swell, Percent Percent
Sodium-montmorillcnite 1500 1400 to 1600
Calcium-montmorillonite 102 65 to 1k5
Illite 89 60 to 120
Kaolinite 28 5 to 60

It can be seen that the montmorillonite minerals exhibit the most
severe expansion, with kaolinite and illite exhibiting a lesser amount.
Vermiculite and occasionally chlorite are also expansive but generally
not to the extent of montmorillonite. Hallcysite may be as expansive as
illite.

Strength (Grim, 1962). The strength of argillaceocus materials is

g function of mineralcgy as well as loading history, water content, and
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amount of nonclay mineral constituents. The examples below represent

nearly pure monomineralic materials.

Unconfined Compressive Strength, psi

Wet . Air-dried

Specimen Specimen
Sodium-montmorillonite 56 195
Kaolinite 100 66

Shear Strength, psi

Montmerillonite 960
Kaglinite, illite,
halloysite £80

Grim concluded that the strength of the monomineralic material is
not particularly meaningful since the strength of z mixture of clay and
nonclay components is more dependent on the amount and type of nonclay

constituents and alsc on the loading history.

Fabric

The fabric of sedimentary rocks refers to the orientation of the
particulate material and cement (see page 111). The overall fabric of
mudrock is a function of the orientation of the platey clay minerals.
The platey nature of these minerals permits thelr accumulation such that
the individual platelets lie one upon another with face-to-face contact
between platelet faces. This contact is also called dispersed orienta-
tion. Mudrocks having this orientation usually exhibit scme degree of
fissility and are classed as shales. Under certain conditions of sedi-
mentation, the individual platelets do not accumulate in a face-to-face
condition but rather in random orientation such that the contacts are
between edges and faces. This orientation is called edge-to-face con-
tact and represents the fabric of the mudstones, siltstones, and
claystones.

The development of a particular type of orientation is based

upon the sedimentational environment, diagenesis, and loading history.
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Specifically, dispersed orientation and the resulting fissility are aided
by the following apparent factors (Ingram, 1953):

a. Appreciable clay minerals. &Since clay minerals are platty,
they contribute to the overall platty character of the rock,
whereas silt contributes more to the massiveness.

Slow sedimentation accompanied by low salt concentration. Slow
sedimentation and low salt concentration prevent flocculation.
The type of sal{ present is also important.++For similar con-
centrations, Na is more dispersive than Ca

|

Absence of burrowing organisms, The presence of burrowing
organisms causes disruption of sediment fabric.

ID

d. Presence of organic matter. The role of organic matter in
enhancing fisgility is not known. It may, however, complex the
floceuwlating salts.

e. Presence of illite. TIllite apparently tends to be more easily
dispersed; also, illite is a more common constituent of the
older and consequently more deeply buried mudrocks.

f. Lack of cements. Cements may cause a disruption of dispersed
fabric; however, cement is more commonly present in silty rocks
due to their higher permeghbility and thus may not directly
affect the fabric.

g. Deep burial. Deep burial results in high overburden pressures
which permit the reorientation of flocculated clays and en-
hancement of dispersed fabric.

Geochemistry and hydration charascteristics. The chemistry of

mudrocks 1s principally expressed by the mineral suite, i.e., mudrocks
composed of 1llite will possess a chemistry gquite different from mud-
rocks composed of kaolinite, The different properties of the rocks,
however, are mainly caused by the differences in mineralogy. The engi-
neering properties of mudrocks may be influenced by the interlayer
cations on the elay minerals and by the ions in the pore water.

Substitutions within the crystal lattice and broken bonds at
lattice edges result in an effective charge deficiency on the lattice
which is compensated by ions bonded to the erystal. Substitutions
generally result in a negative charge unbalance, whereas broken bonds
may cause elther positive or negative deficiency. Hydrogen bonds at
the surface of the octahedral layer of kaolinite will also attract ions
tc this surface.

Thus, the clay mineral is surrounded by a layer of ions which (with
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exception of the hydrogen bonds) satisfies the electrical balance of the
system. These ions may significantly affect the hydration character-

istics of the mineral.
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V. TFACTORS CONTRIBUTING TO MATERIAL DEGRADATION

Geological and Envirommental Considerations

The extent to which shales exhibit properties suitable for embank-
ment construction is not only a function of the nature of its constit-
uents but is alsc dependent upon geclogic history and present-day envi-
romment, including the as-constructed enviromment. Although the rock’s
constituency itself is sometimes dependent upon the geclogic events to
which the rock has been subjected, this part of the report will discuss
the geological and envirommental conditions which by themselves may
determine the suitability of these materials.

Geologiec age. The geologic age of a rock may contribute to its

properties through diagenesis, depth of burial, and the introduction of
cements. The factor of age is relative and not exclusively independent
of other factors such as the character of the original sediments, meta-
morphism, or loading.

Diagenesis. Probably the most important attribute of diagenesis is
its effect upon the constituent clay mineralogy. Paleozoic rocks usually
exhibit minor amounts of montmorillonite, whereas this mineral is abun-
dantly present in the ycunger Mesoczoic and Tertiary rocks. This char-
acteristic 1s due to the relative instability of montmorillonite which
leads to the development of illite, chlorite, and mixed-layer clay min-
erals in its place. This diagenetic change is apparently enhanced by
time, burial, and increase in temperature. Also, clder rocks may have
time for more effective precipitation of cements; however, this factor
may not bé very important for the more impermeable clay shales.

Depth of burial. The extent of rocklike attributes in older rocks

that have been more deeply buried is quite variable. The deeply buried
rocks have been subjected to high overburden pressures which cause over-
consolidation and orientation of clay mineral platelets.

Tectonic history and metamorphism. Folding, faulting, and the

effects of metamorphism produce characteristics which are considerably

different from the attributes of the original rock or sediments.
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Folding, usually accompanied by elevated temperatures, results in hard,
dense shales. BShales so produced may approach slates in their degree

of induration. In compcsition, this change is accomplished by mineral
recrystallization and grain growth. The suitability of these hard shales
or slates may be controlled by the extent that these rocks have been
sheared, faulted, or jointed., OStructures such as the last three may
impart weaknesses to the rock such that loading and compaction will re-
sult in excessive degradation. The effects of metamorphism itself may
be quite variable. Thermal metamorphism produces a rock called "argil-
lite" which exhibits some degree of recrystallization without appreciable
grain growth and usually is fairly dense. Regional metamorphism cn a
limited scale may also produce slatelike rocks which possess a hardness
and density suitable for construction purposes requiring durable
material.

Weathering. All rocks lying near the earth's surface, including
rocks placed in embankments, are subject to the processes of weathering.
The susceptibility of a particular rock or stratigraphic unit to weather-
ing will exert considerable influence on whether or not the material is
acceptable for placement in an uncompacted rock fill and whether the
material will maintain its rocklike characteristics after placement.
Susceptibility to weathering is dependent upon several factors such as
intrinsic properties of the rock, topography, groundwater table position,
and climate.

The weathering processes are conveniently classed as physical,
chemical, or biological. This classification is somewhat arbitrary
since some weathering processes involve two or more types of action.
Physical processes include stress release caused by unloading, freezing
and thawing, pressure of crystallization (also a chemical process), and
forces exerted by plants and organisms (biclogical prccesses). These
physical processes cause rock degradation by breaking the bonds of con-
tact between the particulate materials in the rock,

The chemical processes include hydrolysis, hydration, carbonation,
oxidation, and various types of ion exchange. These processes involve

brezkdown of existing minerals and formation of new minerals from the
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existing chemical constituents {usually with additional components
introduced from outside the system), alteration of existing minerals,
and the removel of the existing mineral accompanied by the removal of
its chemical components, These processes cccur in and because of the
aquecus enviromment near the earth's surface and are controlled by the
ionic content of the surface and groundwater and by the organic environ-
ment in the zone of weathering whether in situ or in a fill (Keller,
1962).

Shales intended for use in embankments may occur in various stages
of weathering and, therefore, may exhibit varying degrees of soundness,
durability, and sirength. It would appear that the selection of rela-
tively unweathered shale would be best for constructicn of rock fills.
However, this shale (probaebly removed from below the zone of weathering)
will be exposed to the weathering processes when placed in the embank-
ment. Thus, it is necessary to determine, if possible, the weathering
effects the shale will exhibit after consiruction., The effects will
largely depend upon the intrinsic properties of the rock and the nature
of the embankment,

The postconstruction changes produced by weathering of the fiil
material are time dependent. The extent of weathering in a given em-
bankment material during a given time periocd may be difficult tc deter-
mine, but there are indicators that may be helpful. Aside from labora-
tory tests discussed in later seciions of this report, one cf the best
means of determining relative weathering rates is thfough observation of
the material in outcrops and recent exposures, if available. If the
rock is highly susceptible to weathering, the recent exposures and out-
crops will exhibit several feet of altered rock or scil developed upon
the fresh material.

Although embankment problems caused by weathering will be discussed
in the next section, it would be well to list here the changes brought
about by weathering of shales:; these changes are discussed below.

2. Increase in fines. The weathering processes (as well as com~
paction) tend to disaggregate the rock, resulting in a relative
increase in the silt- and clay-size fractions. These fundamen-
tal particles, no longer bound together, may then react further
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with water tc develop higher plasticity, greater swelling and
shrinkage, more dispersiveness, higher pore pressures, and more
susceptibility to freezing and thawing.

Lo

Mineralogical changes, The weathering processes may alter
existing nonclay minerals and from these produce new minerals.
These new minerals will generally be slightly lower in specific
gravity, are often hydrous, and as a result, exhibit higher
volumes which cause an expansion or volume increase in the ma-
terial, The clay minerals usually undergo little mineralogical
change but respond to weathering by developing higher plasticity
which may be drastically increased if the weathering is accom-
panied by cation exchange.

The driving force of the chemical weathering processes, whether in
situ or in an embankment, is water. Water is the medium by which the
chemical reactions occur and is also the carrier of dissolved ionic
species which drive the reactions to completion. Water is a more effec-
tive weathering force if it can percolate through the material with
ease. The chemical system ensures complete reacticns and will thereby
weather more material in the embankment. Thus, it is important to
consider groundwater, drainage, and permeability aspects of the embank-

ment and how these will affect the embankment material.

Material Degradation Factors

Information gathered from the States during the initizl phase of
the study was not complete enough to determine specific factors respon-
sible for problems in shale embankments. Shale deterioration is believed
to be a major factor, but lack of information on construction condi-
tions, mixing of soll and rock, and inclusion of weathered soil layers
masked this aspect., Consequently, pessible intrinsic causes of deteri-
oration of shales are ccvered in this section. The factors discussed
below represent geological or mineralogical conditions or processes
which may contribute to the failure of fills and embankments. These
conditions and processes lead tec failure by effecting changes in the
material properties of ithe embankment that result in either deformation

or loss of stability. The factors are not generally independent nor
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mutually exclusive; they may operate concurrently; and one factor may

trigger another.

Expansive clay minerals. The small grain size, large surface area,

and lattice substitutions ¢f the clay minerals result in strong attrac-
tive forces capable cf bonding with water molecules. The water mole-
cules beonded to the clay minerals surround either the individual clay
mineral crystallites or an aggregate of crystallites. The water mole-
cule surrounding the clay tends to develop an orientaticn which possesses
gsome degree of crystallinity and which may be several molecular layers
thick. 7The development of these layers of oriented water results in a
reduction of the van der Waal's attraction between the clay platelets
{or aggregates), repulsion, and an increase in the volume of the clay.
Most clay minerals exhibit this type of expansiveness. Thus, any poorly
cemented argillaceous rock composed mainly of clay minerals will, if
adequate moisture 1s avallable, be capable of swelling.

On the other hand, certaln clay minerals such as montmorillonite,
vermiculite, and varieties of chlorite also possess the property of
attracting water to interlayer positions. Since this results in an in-
crease in swelling potential, and these minerals (mainly montmorillonite)
may pose serious pavement problems on the embankment.

The two general types of swelling behavior are illustrated in
Figure 30. Figure 30a shows clay mineral crystallites with the sur-
_rounding water film. Figure 30b represents clay mineral crystallites
such as montmorillonite which exhibit both the surrounding water film as
well as interlayered water between the crystal lattices. Usually, clay
minerals which possess interlayer water are subject to greater swelling
pressures and expansion.

Montmorillonite-rich clays occur in shales and other sedimentary
rocks of Mesczoic and Tertiary age in large areas of the United States
and generally have originated from the devitrification of volcanic ash.
Locally, where thick deposits of volecanic ash have accumulated, the
devitrification produces beds or lenses of bentonite ranging in thickness

from a few centimetres to 1 m. Those rocks which do not contain bedded
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CLAY MINERAL CRYSTALLITE
WATER FILM

a. CLAY MINERAL CRYSTALLITE
WITH PERIPHERAL WATER ENVELOPE

INTERLAYER
WATER

b. CLAY MINERAL CRYSTALLITE WITH
PERIPHERAL WATER ENVELOPE
AND INTERLAYER WATER

Figure 30. Relationships between clay minerals and sorbed water.
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or lenticular bentonite often have montmorillonite disseminated through-
out in smaller concentrations.

Expansive clays may produce undesirable effects in an embankment by
two processes. First, the clay in the rock may actually expand or
shrink producing a distortion of the embankment surface which results in
the breakup of the pavement. Seccnd, the intake of water onto clay sur-
faces or into interlayer positions may cause softening of the material
and a large decrease in shear strength.

Dispersive clay minerals. Dispersive clays consist of clay min-

erals (usually montmorillonite) that tend to disaggregate or disperse
when in contaect with water. The disaggregation or dispersion results in
the effective erosion of the material and a reduction in the size of the
particles placed in the fill. ©Shales composed of dispersive clay min-
erals usually slake freely when placed in an agueous environment.

It is somewhat arbitrary o discuss dispersive and expansive clay
minerals separately since their mineralogy is so similar and since dis-
persion and expansion may occur simultaneously. However, the processes
are different. In the case of expansion, there is little loss of mate-
rial, whereas in dispersion there may be significant erosion and mate-
erial loss.

The exchangeable cation on the clay appeafs tc control the amount
of dispersion or expansion. Sodium produces higher rates of dispersion
than calcium, maghesium, or pctassium. Therefore, montmorillonite clays
carrying sodium as the exchangeable ion should be regarded as potentially
troublesome,

Sherard (1972) and others have found that the percentage of ex-
changeable sodium present in shale material is directly related to the
amount of dispersion the materials exhibit. The relationship is re-
ferred to as the exchangeable sodium percentage (ESP), which may be cal-

culated from the following equation:

_ [Na
ESP = (;Eé)loo (1)
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where

CEC = total cation exchange capacity of the material, milliequiva-
lents per 100 g
. Na = scdium concentration, milliequivalents per 100 g

It is believed that dispersive clays will pose greater prcblems in
embankments which have been placed as rock fills. The gfeater pore
space and higher permeability of these embankments will result in the
more effective movement of water through the fill and, hence, more
erosion. Fills placed as scils will be less permeable and will, if
scdium montmecrillonite is present, exhibit those problems associated
with expansive clays.

Clay mineral weathering. Clay minerals which are the products of

weathering are usually guite resistant under most weathering environ-
ments. However, the addition of water to the ¢lay mineral in an em-
bankment may result in a certain amount of mineralogical change which
may be significant to the understanding of embankment deterioration.

The changes which the clay minerals may underge involve increased hydra-
tion of‘individual clay crystallites and caticn exchange. Although
montmorillonite and some chlorites and vermiculites exhibit more poten-
tial for these changes, it is believed that all clay minerals are thus
affected to a certain extent. BSince both hydration and cation exchange
involve the addition and movement of moisture to and through the embank-
ment, rock fills are more subject to these processes than embankments
placed as compacteﬂ soils. Also, it would appear that shales which are
adequately cemented and remain so during the life of the embankment
would exhibit less alteration by clay mineral hydration or by cation
exchange.

An increase in the hydration state of the clay minerals will result
in increased plasticity and, hence, decreased shearing resistance of the
clay. Cation exchange, which may be initiated by the icnic content of
the natural infiltrating water and increased by deicing salts (see
page 1L42), changes the original character of the clay by disrupting
clay-water bonds or by permitting a larger amount of water to be oriented

about the clay crystallites, thereby leading to a more plastic and lower
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strength condition or to one which will make the clay minersls more
expansive or more dispersive.

Even though the clay minherals are relatively stable in most weath-
ering environments, some clay minerals, particularly illites and chlo-
rites, may be affected by strong acids.¥ If an illite rock is subjected
to sulfuric acid derived from the oxidation of pyrite (which also may be
a constituent of the rock), the acid tends to dissolve the clay minerals

in the process. Eguation 2 below describes such a reaction.

111ite¥*® iron sulfate water oxXygen
Lbkal_8i.0. (0H) + 12Fe30 + SLHE_ 0 + 30 —_—
10 2 L 2 2
373 (¢) (ag) (£) (g)
silica sulfuric
Jarosite aluminum hydroxide hydroxide acid
LKFe (OH) (S0, ), + 1241(0H) + 1231i(cH) + L4H,30 (2)
6'°°L72 3 in 277
3 \ (ag) (ag) (ag)
where
¢ = crystalline phase
ag = ionic phase in aqueous solution
£ = 1liguid (agueocus) phase

g = gas phase

In this idealized equation, the illite reacts with oxygen and acid-
producing iron sulfate to form the néw mineral jarosite plus aluminum
and si;iéa hydroiides which may be in solution or in a solid form. The
iron is a commeon constituent of shales and can occur as an cxide, a
sulfate as shown, or within the lattice of the clay.

A similar reaction can cccur in the absence of iron whereby the
clay mineral illite can alter to the aluminous mineral alunite, this is

shown in Equation 3 below.

* The formaticn of acids during weathering discussed in the section on
cement weathering.

¥¥ The idealized formula for muscovite is used to represent illite in
this equation for simplification.
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sulfuric

illite acid water alunite
Kal.Si 0. (0OH) + 2H. 20 + 6H.O0 -—=»KA1_{CH)_.(8C,)
silica
hydroxide
+ 3Si(OH)h (3)

(ag)

Jarcsite and alunite are both water soluble and may therefore pre-
cipitate in fractures or exposed rock surfaces, or they can be carried
in solution some distance beyond the embankment.

This type of clay mineral weathering produces a detericration
of the rock particles in the embankment which may lead to unstable
conditions.

Cement weathering. A fundamental key to the strength of a sedi-

mentary rock is the effectiveness of its cement, The relatively imper-
meable nature of mudrocks has resulted in less precipitation of cement

in shales than in sandstones. However, cement may still be a critical
constituent, especially for rocks containing appreciable silt. The
common cementing agents include calcite, gypsum, iron and aluminum oxides
and hydrcxides, pyrite, and silica.

The weathering of the cement and its subsequent removal pose three
problems which may affect the embankment: (a) the admission of water to
the ciay mineral constituents that may result in qﬁpansive or dispersive
behavior or clay mineral weathering; (b) general géck breakdown and loss
of grain-to-grain contacts; and (c) formulation of new, nonclay mineral
constituents which may bring about crystallizagion forces which cause
the material to swell, Problems {(a) and (b) are discussed below and
problem {c) is treated in the section dealing with crystallization
pressures.,

The extent to which cement wea@hering occurs is a function of the
type of cement present and the nature of the weathering environment
within the embankment; the latter will be discussed first. An embankment

placed as rock fill represents an oxidizing, aquecus system, Infiltrating
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rainwater carrying dissolved carbon dioxide will impart a slight acidity
tc the chemical system. Thus, only those mineral cements in equilibrium
under these conditions will persist and remain unweathered. The condi-
ticns of importance are thus oxidation potential (Eh) and pH. The Fh
and pH conditions for common agqueous environments are shown in Figure 31.
Table 19 gives the common mineral cements and the Eh and pH conditions
under which these minerals are most stable.

Figure 31 illustrates the approximate conditions under which the
common cements are stable. Lines A and D are boundaries within which
water is stable; line B is the general boundary to the right of which
carbonate and gypsum are stable. The area to the left of line B repre-
sents stable conditions for silica, iron oxides, and iron hydroxides.
Line C separates the sulfides (below) from the sulfates. The approxi-
mate Eh and pH conditions for rainwater, streamwater, groundwater, and
bogs are labeled on the diagram. The reader is cautioned that the indi-
cated stability fields are also affected by the concentrations of ionic
species in solution and by the partial pressures of dissolved gases,
both of which may change the fields from those shown.

The stability of mineral cements within the slightly acid, oxidiz=-
ing environment of the embankment is given in Table 19, Quartz, silica,
and the iron and aluminum oxides and hydroxides are stable, whereas the
caleite, dolomite, and pyrite are unstable. Siderite is probably the
most stable carbonate. Gypsum is ordinarily unstable as an original
mineral but may occur as a stable new mineral after the reaction of sul-
furic acid on calcite. Quartz, silica, and the oxides and hydroxidesg
of aluminum are not apprecilably dependent upon Eh and pH in most natural
environments; however, quartz and silica become somewhat more soluble at
pH = 8 or greater.

The chemical weathering processes which cause the alteration of the
unstable mineral cements are solution or chelation,¥* oxidation, and hy-

dration. Calecite, dolomite, and gypsum react by soluticn (or chelation).

% Chelation differs somewhat from solution in that the former involves
the complexing of metal ions such as Ca*t, MG'Y, or Pet™ by organic
matter without effervescence.
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Figure 31. FEh-pH diagram illustrating approximate stability fields of
mineral cements and the Eh-pH conditions of common aquecus environ-
ments, modified after Garrels and Christ (1965) and Krumbein and

‘ Garrels (1952).
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Table 19. Mineral cements and their stable environments .

Mineral Cement pH Eh
Calcite > 7.8 variable
Dolomite > 7.8 Variable
Siderite Variable Variable
Gypsum > 7.8 Variable
Quartz More or less independent of

Silica {(amorphous)

Pyrite
Iron oxides & hydroxides

Aluminum oxides and
hydroxides

Eh and pH {see text)

More or less independent of
Eh and pH (see text)

L to 8 Reducing

> 7.8 Oxidizing

Mcre or less independent of
pH and Eh (see text)

Stable
in
Embankment
o
No
Variable

Variable

Yes

Yes -

o
Yes

Yes
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whereas pyrite and other sulfides are altered by oxidation. Hydration
may occur simultanecusly with solution and oxidaticn, and this process
may involve both carbonates and sulfides.

In the absence of chelating compounds, the carbcnates are reactive
in the presence of weak acids which, as previcusly stated, may be present
in the infiltrating rain and surface water due to dissolved carbon
dioxide. Acid conditions may alsc be caused by deicing salts and due to
the oxidation of sulfides. The carbonates which react in this acid en-
viromment are either completely removed in solution or are changed to
ancther mineral species. The equations for these two types cof reactions

are given below.

carbonic
calcite acld
++ -
'CaCO3 + cho3 — = Ca + 2(HCO3) (4)
(c) (agq) (aq) (agq)

In the presence of sulfuric acid calcite reacts thus:

sulfurice carbonic
calcite acid water gypsum acid
CaCo + H_SO + 2H.0 ——=(CaS0, *2H O + H_CO (s)
2ot 2 I 2
3(e) (ag) (£) (c) (aq)

Reaction 5 indicates that hydration also occurs simultaneously with
solution.

The oxidation reactions by which the sulfides are weathered are
somewhat more complex. The products of the reaction depend upon several
factors including the completeness of the reaction and the ioniec constit-
uency of the water. Generally, however, the reaction of pyrite plus
oxyvgen and water yields iron sulfate and sulfuric acid. The sulfate
may become hydrated and may also contain sodium, calcium, and/or potas-
sium ions within the structure. The first step of the oxidation reac-

tion is given below.
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iron sulfuric
pyrite water oxXygen sulfate acid
2FeS + 2H.0 + 70 —2Fe30 + 2H,S0 (6)
2 2 2 L 277
(c) (£) (g) (aq) (aq)

The sulfuric acid produced in Equation 6 above may contribute to
solution of carbonate, as previously described. The iron sulfate may
further react with water to form the hydrated sulfate mineral, melante-

rite, as shown in Equation 7.

pyrite water oxygen melanterite
2FeS + 16H.0 + 70 ———=2F'eS0) * TH (o) + 2H_S0 (7
2 i
“(e) 2wy ) () 2 “agq)

Further oxidation and hydration may lead to the development of
coquimbite, hematite, limonite, or amorphous gels.

Crystallization pressures. The weathering processes previously

described have been discussed in terms of chemical reconstitution and
the resulting deterioration of the original minerals in the embankment
material. Certain lines of evidence suggest that the deterioration of
shales may also be attributed to pressures developed by the crystalliza-
tion of new mineral components such as the formation of gypsﬁm by the
action of sulfuric acid on calcite. The explanation for these pressures
is based upon the fact that the new minerals often require more volume
than the original minerals. Usually, the larger space requirements are
caused by the hydrous nature of the new components.

Figure 32 is a scanning electron microscope (SEM) photograph of
a protrusion developed on a fracture plane (parting surface) in Pierre
shale (Cretaceous age). The surface disruption has been produced by the
crystallization of gypsum. The pressures developed during the crystal-
lization process may have been responsible for the development of the
fracture plane itself.

It is not known whether the gypsum was formed by the action of acid
on calcite or by the precipitation of gypsum out of the pore water. The
latter explanation ﬁould account for similar features seen on the sides

of shale core samples after the sémples had been allowed to dry for
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b. Close up of protrusion edge.

Figure 32, Fracture surface in Pierre shale exhibiting
protrusion produced by the crystallization
of gypsum.
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several meonths., It would appear that the pore water in some shales

may contain appreciable salts in solution such that chénges in pressure
or evaporaticn of pore water result in the crystallization of the dis-
solved salts. The formaticn of these new minerals apparently develops
sufficient pressure to disrupt grain-to-grain contacts which results in
a general deterioration of the rock. ‘

Rock deterioration may not be the only result of these crystalliza-
tion pressures. Millot (1970) described a bedrock situation at Nancy,
France, in which the oxidation of pyrite led to the formation of gypsum
after calcite. The gypsum was formed between shale layers, and the re-
sulting heave or expansion cracked building foundations. No doubt,
these pressures were amplified due to thelr occurrence in bedrock; how-
ever, it would appear that these processes could also affect the mate-
rials in an embankment and cause surface heave.

Millot also desecribed the results of tests conducted on the weath-
ering of granite by initially saturating the rock with a saline sclution
followed by moistening twice daily. These tests were conducted over a
period of 3 months. At the end of the test run, the granites saturated
with the saline solution had disintegrated 10 to 1000 times greater than
a contrcl specimen not treated with the saline solution.

The formation of new minerals involves two measurable parameters:
change in volume and increase in internal pressure. The latier param-
eter nmay be determined empirically but with difficulty. The former,
however, can be determined from the chemical reaction which produces the
new mineral. The calculations which follow demonstrate the volume in-
creases which may occur during the alteraticn.

Eguation T represents the alteration of pyrite to melanterite. The
only solid, crystalline phases present in this example are the pyrite
and its alteration product, melanterite. The water and sulfuric acid
are liquid phases and oxygen is a vapor phase.

2Fe82 + 16H20 + 70 —DEFeSOh-THEO

+ 2H.80 (7)
&) (g (¢) 2k

(e) {ag)
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The formula weights of pyrite and melanterite are 120.1 and 278.0,
respectively. Thus, 1 g of pyrite will produce 278.0/120.1 or 2.32 g of
melanterite,

The 1 g of pyrite having a specific gravity of 5.1 will occupy
0.197 cc. The hydrous melanterite has a specific gravity of 1.85 and

will occupy 1.254 cc., Thus, the crystalline solids require

(1.25h - 0.197)100

0.197

or 536 percent more space.

Table 20 lists the calculated volume changes for four weathering
reactions which may produce new mineral phases. The largest changes in
volume result from the calcite-gypsum and the pyrite-melanterite reac-
tions. The alteration of illite produces significantly less volume
change. These calculated values are based upon the assumption that the
original mineral comprised 100 percent of the rock.

The voclume changes listed in Table 20 should be considered potential
in that the reaction will produce the new mineral accompanied by an in-
crease in volume if the internal pressure regime of the rock is suffi-
ciently low to allow the new mineral to form. The low internal pressure
conditions will most likely cccur in thin cverburden or low embankment
situations, but even then the expansion may only occur near or at the
surface.

Unloading. Rocks below the earth's surface are constrained by
overburden pressures and lateral pressures which depend upon the depth
of cover, loading history, and nature of the material. Rocks confined
by these pressures have reached a degree cof equilbrium which is dis-
turbed when the material is removed from the ground and when lateral
and upper restraints are removed as in a cut.

The strength of shales is significantly influenced by the loading
history. Most shales have been subjected %o overburden pressures higher
than those under which they exist today and are thus overconsolidated.
These overconsclidated conditions are generally caused by the erosion of

the overlying soil and rock in the recent or near-recent geologic past.
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Table 20. Volume increases of the crystalline sclid phases of
selected chemical weathering reaction.

Weathering Reaction Volume Increase of
Crystalline Sclids,
Original Mineral New Mineral Percent
Illite Alunite 8
Illite Jarosite 10
Calcite Gypsum 60
Pyrite Melanterite 536
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Materials existing in a normally consolidated state and not subjected to
overburden pressures higher than their present conditicon ordinarily
would not ve classed as rocks but would be considered as sediments,

It would appear that, with few exceptions, the shale materials used
in embankment construction are overconsolidated. The amount of overcon-
solidations to which these various shales have been subjected Is prob-
ably quite variable, but it seems likely that the older Paleczoic rocks
are more highly overconsolidated than the Mesozoic or Tertiary rocks.

Qverconsolidated, argillacecus sediments or weakly cemented rocks
rebound when their vertical in situ stress is removed or decreased. Re-
moval of the material from the ground would be one way that the material
would have a decreased vertical stress and thus exhibit rebound. The
rebound generally involves an increase in the void ratio of the material.
The extent to which argillaceous rocks exhibit rebound is a function cf
the diagenetic and cementation effects which the rock has undergone.

It seems logical that well-cemented older rocks which have had
their mineralogy changed by diagenesis would not exhibit nearly as much
rebound as younger rocks.

Disequilibrium may occur due to the possible difference in magnitude
between the vertical and horizontal stresses. For normally consolidated
clays, the horizontal stress may range from 0.6 to 1.0 times the verti-
cal; overconsclidated clays exhibit a horizontal stress which is 1.0 to
1.5 times the vertical. These stress differences, although difficult to
predict or measure in the laboratory, may be an important consideration
when shales are removed from the earth and placed in an embankment.

Shales possess numerous joints, fracture zones, and bedding separa-
tions which are effectively closed when the rocks are constrained within
the earth. When the overburden is removed or when the rocks themselves
are taken from the earth, the disequilibrium stresses allow these breaks
in the rocks to open. The initial opening due to this stress relief may
then allow moisture to enter the Jjoints and bedding separations, thus
contributing to rock deterioration by the processes of weathering,
dispersion, etec. '

Figure 33 illustrates X-radiographs (Krinitzsky, 1970; Knott et al.,
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1973) of approximately 2 m of Pierre shale (Cretacecus age) enclosed in
core barrels. The upper metre is more or less weathered and does not
show the distinct bedding exhibited by the lower metre. The lower metre
also exhibits numerous hairline cracks, some of which are bedding planes
and others cut acrcss the bedding. Cracks such as these are believed

to be opened by the relief of constreining stresses. Two of the
X-radiographs alsc show fractures which have been filled with gypsum.

It 1Is possible that the gypsum crystallization has contributed to the
widening of the fracture and has occurred simultanecusly to initiation
of cpenings by stress relief (see Crystallization Pressures, page 150C).

Rock strength. The effectiveness of cements and other forms of

particle-to-particle bonds as well as intrinsie strengths of the constit-
uent particles determines the short- and long-term material behavior.
Short-term refers to behavior during ripping and compaction and long-
term to behavior under in situ stresses after construction.

The natural rock Str;ngth is dependent upon the type of rock and
the amount and type of discontinuities which may be present. The
strength of siltstones would be a function of the amcunt and type of
cement present, whereas clay shale stirength is probably due more to
other forms of bonding such as diagenetic bonds. The strength of bhoth
of these rocks would be influenced by discontinuities which also affect
weathering and relate to stress relief during unloading. The intrinsic
strength of constituent particles 1s probably more important for silt-
stones than for clay shales, since sandstones usually contain more
angular or irregularly shaped particles of quartz or feldspar which may
beccme broken under load. The intrinsic and overall strength of clay
shales is at least partially a funetion of water content and locading
history.

Miscellaneous factors. The following discussion concerns those

factors which may contribute locally to the deterioration of embankment
material but are ¢f such nature that their contribution is usually
limited. The factors ccnsidered deal with biological and deicing
influences.

Biclogical effects. Macro- and microorganisms pgay an important
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recle in the weathering processes which occur in natural weathering
zones, Their influence is based on their cap ability to affeect the
chemical balance of the system and to mechanically alter the soil mate-
rial. A common example of the effects of macroorganisms is plant roots
which exhibit a hydrogen ion environment about thelr periphery. The
hydrogen ions participate in the weathering process by effecting a
caticn exchange between the root and the minerals in the weathering
system, thereby contributing to a chemical mineral alteration. Also,
the root, if large enough, may aid in the development of cracks between
mineral grains which contribute to the mechanical breakdown of the rock.
Plants are not the only contributors to biological weathering; animals
also affect the weathering environment by the chemical substances which
they secrete or remove and by burrowing in the soil.

The familiar processes described above would usually not be appli-
cable to embankment materials removed from below the zone of weathering
and placed in a fill. Of course, this limitation would depend upon the
depth of weathering in the construction area, the depth of cuts or bor-
row areas, and the vegetation on the embankment.

Microorganisms, particularly microflora, may participate in the
chemical weathering of rocks by effecting changes in the chemical equi-
librium of the system. These chemical processes may occur at depths
below those ordinarily considered the zone of weathering thereby contri-
buting to the deterioration of materials intended for use in rock fills.
Apparently, the microflora is introduced at depth by the movement of
groundwater downward through joints or faults in the rock.

Penner et al. (1970) have reported the heave in a pyritiferous,
black, Ordovician shale in Ottawa, Canada, resulting from the alteration
of pyrite and the production of gypsum and jarosite (see Cement Weath-
ering, page 128). The mineral alteration and the resulting heave were
attributed tc oxidation by autotrophic bacteria. These organisms are
capable of oxidizing iron and sulfur compounds and produce the same
products as those attributed to inorganic processes which were described

in the section on cement weathering. It may be difficult to determine
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in a given situation whether the alteration is due to organic or inor-
ganic influences.

Deicing agents. The application of solid or liquid deicing agent

to pavement surfaces may cause embankment material to deteriorate if
these agents are allowed tc enter the embankment. These agents may
react with the material in the fill resulting in heave, piping, or other
forms of deterioration.

The commeon deicing agents are sodium chloride (NaCl), calcium

chloride (CaCl urea [?O(NH , ethylene and propylene glycol, and

o) o))
other alcohols. Bodium chloride is probably the most commonly used
agent due to its low cost. The effect of the agent on the fill material
is a functicn of the nature of the agent, the mineralogy of the fill
material, the application rate, and the number of applications.

The ionic concentraticn required to develop dispersion in a clay-
water system may be difficult to prediect but will depend upon the type
of ¢lay, its exchangeable cations, and the nature of the cations in the
water. Generally, the degree of dispersion is increased as the ionic
concentraticon is increased, up to a particular concentration. At this
point, further increase in ionic concentration tends to flocculate the
dispersed clay; this flocculation is sometimes called the common ion
effect. This relationship is illustrated in Figure 3k.

The effects produced by the introduction of deicing agents into the
embankment involve clay mineral-water reactions; i.e., the deicing agent
may affect or change the degree to which clay minerals orient the pe-
ripheral layers of water molecules or the extent to which the clay min-
erals imbibe water,

The discussions in previous sections have revealed the influence
interlayer cations impose upon the properties of clay minerals, such as
expansiveness, dispersiveness, and plasticity. Therefore, it appears
that the introduction of sodium ions into the clay in the embankment
material might effect a cation exchange which could produce undesirable
effects in the material. On the other hand, calcium icns from calcium
chlcride could be beneficial and decrease the likelihood of dispersion

or expansiveness, The effects produced by urea are less well known and
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probably depend upon the amount of dissociation that occurs. If ammo-
nium ions (NH;) are produced, some cation exchange may occur hetween
ions on the clay and the NHE ions.

Polar, organic molecules, especially ethylene glycol and glycerol
are capable of entering and occupying interlayer positions in montmo-
rillcnite. The presence of the organic molecules causes a swelling of
the clay greater in magnitude than that produced by water. It would
appear, therefore, that these agents may contribute to shale deterio-
ration by expansion of the montmorillcnite minerals (see Part V),

Table 21 illustrates the effects which may be produced by the introduc-
tion of deicing agents into the embankment.

Table 22 illustrates the relationship between observable types of
embankment distress and the deterioration factors. The deterioration
factors are mechanisms which produce internal changes in the embankment
material. These internal changes may then produce visible external in-
dications of distress on the embankment. The type of distress most
frequently associated with a particular deterioration factor has been
listed in Table 22. Generally external distress will result from the
interaction of several deterioration factors which mey be operating
simultaneously or distress may initially be caused by a particular fac-
tor which, in turn, leads to the development of another factor. For
example, the removel of cements by weathering may lead to settlement
or shear failure. This same weathering may also result in the develop-
ment of fines, which will lead to dispersiveness or expansion.

Expansive clays. The mechanism of expansion will be manifest by

horizontal or vertical heave on the upper surface and sides, resgpec-
tively, of the embanlment. Settlement and cracking also may occur on
both top and sides during dry periods.

Dispersive clays. This factor may produce piping and other ercsion

features within and on the embankment. The similarities between expan-
siveness and dispersion may alsc result in the occurrence of distress
features listed for expansive clays.

Clay weathering. This deterioration factor results in a breakdown

of grain contacts hetween the clay minerals. The loss of grain~to-grain
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Table 21. Effects of deicing agents on clay minerals in embankments.

Agent

Sodium chloride
(NaCl)

Calcium chloride
(CaClE)

Urea

Ethylene and
propylene glycol

Other alcohols

Effect Remarks

-+
Dispersion Cation exchange between Na and
ions on clay.

None May be beneficial by exchanging
ca*t for Nat on clay.

. +

Negligible May be important 1f NHh ions are
present

Expansicn

Negligible
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Table 22. Relationships between observable types of

distress and deterioration factors,

Type of Distress

Factors Heave Piping Settlement Cracking Shearing
Expansive p8.4 - X XX -
clays
Dispersive - XX - - _
clays
Clay X X X X X
weathering
Cement - - X - X
weathering
Crystallization X - - _ _
pressures
Unlcading - - X —_ X
Strength - e X - X
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contacts results in a softening and locsening of the material which may
then be subjected to heaving, piping, settlement, cracking, or shearing.

Cement weathering. The removal of cements by weathering may re-

sult in a breakdown of grain contacts between nonclay mineral constit-
-uents. The breakdown and accompanying sciftening may then lead to
settlement and shearing.

Crystallization pressures. This factor may contribute to embank-

ment distress by disrupting grain-to-grain contacts and thereby pro-
ducing heave or spreading of the embankment,.

Unlcading. This factor is ancther mechanism by which grain-to-
grain contacts may be broken and as a result, settlement and shearing
may occur.

Strength. The overall rock strength is generally related to the
other, previously described mechanisms and affects the settlement and

shearing resistance of the embankment.
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VI. REVIEW OF LABORATORY EXAMINATION AND TESTING TECHNIQUES

The testing of shales intended for use in embankments should pro-
vide answers to three basic questions:
a. oShould the material be placed as rock, soil, or at all?

b. If the material is placed as rock, what likely forms of dete-
rioration will the fill experience?

¢. What scillike or rocklike properties does this material possess
which will influence the design?

The first guestion involves the durability and hardness of the
material and whether 1t can be conveniently ripped and placed as a soil.
The durability and hardness must be related to the amount of compaction
and the amount and type of cement or bonding possessed by the material.
The second question concerns the degree of durability exhibited by the
material and how this durability may be expected to change with time,
The third gquestion concerns such parameters as grain size, plasticity,
moisture~density relationships, strength, and settlement or consolida-
tion factors.

These three questions relate to the materizl's resistance to three
basic modes of deterioraticn which may be categorized as chemical,
physicochemical, and physical. The chemical mode includes breakdown of
primary mineral compconents by chemical weathering; the physicochemical
mode involves clay mineral hydration and swelling or dispersion; and
the physical mode is related to rock strength.

Laboratory testing of clays and shales may be conveniently subdi-
vided into the following three categories: mineralogical and petrolog-
ical tests, so0il mechanics tests, and durability tests. These three
types of tests provide the designer with basic information on amount and
nature of rock constituency (mineralogical and petrological tests);
classification, plasticity, and strength (soil mechanics tests); and
durability and soundness (durability tests). The following sections
provide a brief description of current testing procedures and an evalua-

tion of their applicability to embanlment design.
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Mineralogical and Petrological Tests

These tests provide information on the mineralogy, the microstrue-
ture, and the manner in which the mineral constituents are arranged in
the rock (fabric). The techniques which provide this information are
X-ray diffraction (XRD), the polarizing light microsccpe, X-radiography,
and certain chemical tests.

XRD. ZXRD techniques can be used to identify the mineral constit-
uency of the rock and may be quantified such that the relative propor-
tions of the various mineral constituents can be determined. For most
work, however, qualitative analysis is sufficient. The designer is con-
cerned with two aspects of the mineralogy: the type of clay present in
the clay-size fraction, and the nature of the bonding, cementing, or
accessory minerals. These two aspects relate tc potential short- and
long-term provlems in that the presence of swelling clays such as mont-
morillonite, including mixed-layer combinations, suggests deterioraticn
by surface heave or dispersion, whereas the determination of mineral
cements provides a clue to the long-range weathering susceptibility of
the material.

Three XRD procedures provide the reguired data: (a) X-ray of
randomly oriented powders of the bulk sample, (b) analysis of the
coriented, sedimented clay-size fraction, and (¢) if the X-ray diffrac-
tion analysis reveals d-spacings in the range of 12 to 15 E, the sample
should be solvated with ethylene glycol or a similar organic liquild¥® to
identify montmorillonite. When solvated, the montmorillonite d-spacing
increases to 17 X. The X-ray analysis of the bulk sample identifies the
nonclay mineral constituents such as calcite, gypsum, pyrite, and quarte.
The analysis of the sedimented material identifies the clay minerals.
XRD will not cordinarily detect the presence of amorphous material in the
samples.

The diffractograms of the sedimented (ineluding solvated) clay

should be examined carefully to ensure the identification of swelling

¥ Glycerol is also commonly used.
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¢lay minerals. Particular attention should be addressed to the detection
of swelling clays in mixed-layer combinations with other clay minerals.

Figure 35a illustrates the diffractogram of sedimented clay con-
taining illite and chlorite; Figure 35b illustrates no change in d-
spacing after soivation; Figure 35¢ illustrates a mixture of illite and
montmorillonite; and Figure 354 exhibits a d-spacing shift of the mont-
morillonite peak to approximately 17 2 after solvation.

Figure 36 represents diffractograms of mixed~layer combinations of
illite and montmorillonite. Randomly mixed-layer combinaticns composed
primarily of illite exhibit a "shoulder'" on the low 20 side of the
10 Z peak (Figure 36a). Upon solvation, the shoulder becomes larger in-
dicating that montmorillonite has become expanded (Figure 36b). A regu-
lar, 50-50 mixed-layer combination of illite and montmcrillonite will
exhibit a first-order d-spacing representing the sum of 10 and 15 E (ap-
proximately 25 Z. A second-order d-spacing of 25 E/E (12.5 X) may also
be present (Figure 36c). Upon solvation the montmorillonite will expand
to approximately 17 Z yielding a first-order d-spacing of 27 ; and a
second-order d-spacing of 13.5 Z (Figure 36d4).

Mineral identification by XRD provides the designer with a "yes" or
"no" set of criteria in that it answers the question: Does this embank-
ment material contain minerals susceptible to deterioration by expansicn,
dispersion, cement weathering, or possibly crystaliization pressure?

If the answer Is "no," these factors are eliminated and clay mineral
weathering and unlcading should be suspected as possible factors.

Polarizing light microscopy. The polarizing light microscope may

also be useful in gaining a better understanding of the minecalogy of
the silt- and sand-size fractions from grain mounts and of the fabric
from thin sections. The former permit examination of the individual
grains from which grain shape and surface characteristics can be identi-
fied. The thin section is not very helpful for mineral identification
but does detect the arrangement of the minerals and microstructures.

X-radiography. The most effective method of examining overall

fabrie in argillaceous rocks and sediments is X-radiography. These

"shadow piectures" reveal details hidden from direct observation,
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particularly bedding, concretions, and hairline cracks, all of which may
affect the strength and/or weatherability of the material.

Chemistry. Certain aspects of rock chemistry may provide useful
information regarding material deterioration. ©Of particular importance
with respect to dispersion is the identification of exchangeable cations
on the clays. This identification may be accomplished by cation exchange
capacity (CEC) tests (see Dispersive Clay Minerals, page 125, and Dura-
bility Tests below). Another aspect is the pH environment of the shale,
either in situ or after slaking or ultrascnic tests. The in situ pH
may be indicative of the nature of the natural weathering environment
and thus may suggest the presence of decomposition products which also
may occur within the embankment (see Cement Weathering, page 128). The
pH after durability testing may be an indicator of the chemical deteri-
oration cccurring after physical breakdown of the sample and may also be
similar to the chemical weathering environment in the embankment (see

Part VIII).

Durability Tests

The tests described in this section are used in an attempt to mea-
sure the degree of rock induration by imparting a known amount of energy
into the sample and observing the response of the sample to this energy.
The energy is imparted to the sample in an attempt to simulate or at
least approximate the more rigorous conditions under which the material
will exist when placed in the embankment. Also, these tests present
some information on the rippability of the natural material.

Those tests which appear to provide an indication of material suit-
ability are: slaking, ultrasonic disaggregation, hardness, fissility,
and sulfate soundness.

Slaking. The tests included in this category measure the response
of the material to moisture either through an aqueous or a meisture-
laden 4ir environment. The basis for these tests is that weakly ce-
mented or compacted argillacecus materials will when exposed to moisture

imbibe water which will cause disaggregation. The disaggregation
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appears as a powdering, spalling, or flaking of the sample surface, or
separations along bedding planes and may cause either a partial or
complete breakdown of the material. The quantity of material slaked or
removed from the samples may be determined by weighing, thus giving a
numerical bhasis to the test.

Moriwaki (1974) studied the slaking behavior of artificially pre-
pared samples of kaolinite, illite, and montmorillonite. Kach clay min-
eral type was tested under a variety of environmental conditions, and
each was prepared with absorbed caleium and absorbed sodium ions. Mix-
tures of these three clay minerals were alsc prepared and tested. Four
different slaking modes were identified: swelling slaking (a softening
and swelling throughout the material); dispersion slaking (a microscopic
disintegration of the material accompanied by particle dispersion in the
water); surface slaking (a microscopic disintegration proceeding from
the outside and extending inward); and, body sleking (a miscroscopic
disintegration proceeding from the inside toward the cuter porticn of
the sample). Table 23 relates the general slaking mode to mineralogy.

Sherard's technique for the identification of dispersing clays has
been discussed on page 125. This method provides a guantitative chem-
ical measure of susceptibility to deterioration for scme materials.

A simple straightforward method is to prepare a cube of sanmple
approximately 1 in. on each side and place the cube in a beaker of dis-
tilled water. Observations over a period of 2 or 3 min will reveal
whether or not the material is readily slakeable, Shale materials ex-
hibiting any powdering or form of deterilioration within this time frame
would be expected to behave poorly when placed in the fill and exposed
to moisture. It should be suspected that these materials possess cne or
mere of the following characteristics: expansiveness, dispersiveness,
large clay-size fraction, or weak cementation or bonding.

The presence of dispersive or expansive materials may also be de-
tected by slaking samples in the presence of ethylene gylcol cr similar
polar organic liquid. The glycol is absorbed in interlayer positions on

expansive clays and enhances their expansion and/or dispersion. This
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procedure appears to be useful in excluding nondurable material during
initial testing phases.

Different results from simple slaking tests will be obtained depend-
ing upon the water content of the sample. Materials tested above or at
natural water content will not exhibit the deterioration found in oven-
or air-dried samples. Thus, it may be necessary to consider the con-
struction technigque and the in-place envircnment when conducting the
slaking test. A more rigorous form of this test involves alternate
wetting (slaking) and drying as described under Corps of Engineers
Experience and Practices; this method may approximate the effects of
seasonal changes within the embankment.

Shale materials which do not slake appreciably when merely placed
in water may require some form of energy input to ensure that they will
behave in a satisfactory fashion in the fill. Franklin and Chandra
(1972) describe a slake-durability test which involves the rotation of
the sample in a wire-mesh basket which is partially immersed in water.
The sample is oven-dried at 105°C for 2 to 6 hours then tested for
10 min at 20 rpm. The ratioc of the weight retained after testing for
two cyecles to the weight of the original sample expressed as a percent-

age is defined (Equation 8) as the slake-durability index (I_) and is a

D
measure of the susceptibility of the material to deterioration in the

presence of water,

o s . _ {Dry weight after twc cycles
Slake-durability index ( Dry weight before testing 100 (8)

Slake-durability tests were used by Deo et al. (1973) to classify
shales in Indiana for use in embankments. The tests were conducted on
ovendried and soaked samples, and the results compared with those from
other tests including sodium sulfate soundness, fissility, and miner-
alogy. Fissility was found fo be an indicator of detericration since
the more fissile material suffered more slaking than the more massive
rocks., ‘

Gamble (1971) alsc studied slake durability in terms of mineralogy

and plasticity. He concluded that the correlations found between slaking
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characteristics and mineralogy and plasticity were sufficient to estab-
lish a classification scheme (Figure 28). Camble believed that this
slaking procedure is suitable for classifying construction materials.

i
Ultrasonic disaggregation. This technique has been used by Lagurcs

(1972a an& b) and Reidenouer et al. (1974} as a measure of the potential
detericration of argillaceous rocks. The procedure invelves the appli-
cation of high-freguency sonic energy to small samples of rock submerged
in an aqueous medium, The sonic energy imparted to the sample results
essentially in slaeking, the extent of which is dependent upon the dura-
bility of the material as well as the test duration.

Laguros compared Atterberg limits and the amount of fines produced
after 2 yr of outdoor atmospheric weathering with these same parameters
exhibited by similar materials after 1 and 8 hr of ultrasonic disaggre-
gation. The results of these tests and their comparison were that
1 hr of ultrasonic disaggregation produced an amount of material smaller
than 5 micorometres which more closely approached the amount produced
by 2 yr of outdoor weathering than did 8 hr of ultrasonic disaggre-
gation. Neither the 1- nor the 8-hr test appeared to adequately predict
the plasticity developed after 2 yr of artificial weathering.

Reidenouer et al. compared the effects of ultrasonic disaggregation
on Pennsylvania shales and the relationships between these effects and
mineralogy, soundness, and other geological and soil mechanics proper-
ties. They concluded that ultrasonic disaggregation is a reliable mea-
sure of durability; however, they felt that additional field experience
would be necessary before the test results could be related to actual
field behavior.

Rock hardness. The toughness, soundness, and long- or short-term

resistance to deterioratiocn may be related tc the hardness of the shale,
i.e. resistance tc¢ scratching or penetration. Resistance to scratching
or penetration is related to the audible effects produced when the rock
is struck with a hammer. The harder, tougher, metamorphic rocks such
as slates ripng when hit, whereas the c¢lay shales and some siltstones
have a duller, lower pitch sound. The mere act of breaking the rock in

the field may provide some idea of rock hardness. Resistance to
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scratching and possibly penetration is dependent upon the amount of
clay present In the rock, e.g., rocks rich in clay minerals are more
likely to be easily scratched with the fingernail, whereas rocks com-
posed primarily of silt-sized gquartz are more resistant although, if
they are poorly cemented or bonded, the individual quartz grains may
become detached by scratching.

Aughenbaugh®* has reported that hardness values determined from
Shore scleroscope measurements have been useful in predieting deterio-
ration of roof shales in ccal mines. The durability of these rocks
appeared to be related to water content and mine humidity. The hard-
ness values were judged to correlate with the water content of the
rocks.

Fissility. Deoc et al. (1973) used fissility as a means of catego-
rizing Paleczoic shales in terms of durability and strength. They
quantified the dimensions of broken shale fragments and found that those
fragments with the highest fissility exhibited the lowest values from
slake-durability tests.

Sodium sulfate soundness. Deo et al. (1973) and Reidenouer et al.

(1974) generally concluded that this soundness test procedure (including
modifications) is too severe for all but the most durable rocks and,
therefore, is not a suitable means for testing a wide variety of argil-

laceous rocks.

S0il Mechanics Tests

Theose tests commonly asscociated with testing of scils and sediments
have also been applied to shales intended for foundation and fill con-
struction. The logic for this application has been that the relatively
soft and soillike shales should behave in avfashion similar to that of
soils when loaded. The tests include moistﬁre-density, grain-size anal-

yses, Atterberg limits, and various strength and compression tests. The

¥ N. B. Aughenbaugh (1975), perscnal communication, University of
Missouri, Rolla.
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significance of these tests may be dependent upon the method of con-
struction in that grain-size analyses and plastiqity have more meaning
when the rock is to be broken down and compacted as a soil. Tor mate-
rial used in a rock fill, these two tests relate more to compositiocnal
factors which may indicate future material degradation.

Grain-size analysis. Determinatiocn of the grain-size distribution

of cemented or highly compacted argillaceous rocks is difficult, and the
results may be unreliable and of minor importance in determining the
weatherability of the material used in rock fills. The designer is in-
terested in the amount of clay-size particles present in order to esti-
mate the effects of swelling, dispersion, or clay mineral weathering;
however, the cementation and agglomeration of the individual clay plate-
lets may prevent this determination. The amount of effort required to
completely disaggregate the rock is more important since this effort
mist be related to rock durability and soundness.

Atterberg limits. Disaggregation problems may not permit the

determination of meaningful Atterberg limits for indurated material in-
tended for rock fills. However, softer material may yield relisble data
which may contribute to the design of fills constructed by breaking down
the rock and compacting it as soil. Generally, high plasticity indexes
and liquid limits suggest that the material is likely to behave poorly
in a rock-fill embankment.

It seems logical that the Atterberg limits as well as grain-size
distribution of the material after weathering in an embankment will
change. Laguros (1972b) has shown that artificial weathering of Okla-
homa shales has produced definite increases in both the Atterberg limits
and the amount of clay-size material. Therefore, these tests conducted
on fresh material may not provide information necessary tc predict mate-
rial deterioration.

Moisture~density tests. Materials to be placed as soil are usually

subjected to moisture-density tests to determine required water contents
and compaction in the field. However, the suitability of these tests
for material intended as rock fill may depend upon the size of the mate-

rial when broken down. It is apparent that materials which break down
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to particles having diameters larger than 4 or 6 in. is not amenable to
moisture-density testing. However, for materials with smaller sized
particles, compaction tests may provide reliable and necessary data for
design and also give a gqualitative estimation of further material break-
down during compaction.

Triaxial testing., Triaxial tests of undisturted core samples and

of material in the as-placed condition may provide the designer with
strength data which could contribute to the embankwment design. The
triaxial tests of undisturbed cores yleld some information on the over-
all strength of the rock and also con the feasibility of placing the
material as rock as opposed to a scil. Tests of material intended to be
placed as rock fills may be useful; however, these tests may be imprac-
tical due to size limitations imposed by existing triaxial apparatus.
Shales which are to be placed as soils should have conscolidated un-
drained R tests performed in order to adequately evaluate the as-placed
strength of the material.

The usefulness of triaxial testing also depends on the extent to
which the fractures and other structural features in the tested material
model similar discontinuities present in the rock placed in the

embankment.

Miscellaneous Tests

The following Tests have been proposed for the ildentification and
determination of physical properties of arglillacecus material.

Methylene blue absorption (MBA). Nettleton {19T4) investigated the

bases and causes of rock durability as determined from slake-durability
tests and related these data to MBA wvalues. The MBA value in milli-
equivalents per 100 g of dry soil is defined as:

MpA = ¢ TN (9)

where

dry weight of soil, g

+3
]

volume of titrant, cc
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N = normality of dye, milliequivalents/cc
Nettleton concluded that high MBA values correlate well with high losses
from slake-durability tests although he reccmmended that both tests be
performed.

Dielectric dispersion. Basu and Arulanandan (1974) developed a

procedure for predicting potential swell of argillacecus materials by
measuring the dielectric dispersion. Dielectric dispersion is the maxi-
mum change in the material dielectric constant measured at two extrene
alternating current frequencies. The dielectric constant does not
change below or above these two frequencies. The dielectric dispersion
was reported to be correlatable with specific clay mineral types and
with swell potential for monlithified materials. Its effectiveness with

rocklike materials is not known.
Discussion

The testing procedures discussed represent current techniques for
the laboratory investigation of shale materials. The test procedures
are summarized in Table 24 and are correlated with the deterioration
factors they attempt to measure and opinions as to theilr suitsbility for
testing argillaceous rocks as determined by this study.

Although several of the tests in Table 24 are recommended, it is
apparent that most suffer from at least one and possibly several draw-
backs, i.e. they are not quantitative, experience with them is limited,
they are severe, and they are generally impractical. These detracting
factors are indicated in Table 24 and discussed below.

The quantitative tests such as XRD only provide the designer with
an insight as to the composition of the materiali. Such results, however,
do help explain results of other tests and may also alert the desiguer
to specific material behaviors such as expansiveness.

The experience gained in using the tests involves. correlation of
test results with field performance and, having made these correlations,

with a wide variety of materials representing different petrologic
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Table 20,

Relationships

between deterioration factors, laborateory tests, and recommendations.

Type of Deteriorution

PC FC c, PC C c, P

Leterioration Factors Expansive Dispersive Clay Cement Crysiallization P P

Test Clays Clays Weathering  Weathering Pressures Unloading Strength
¥-ray diffraction 1,3,5 1.3,5 1,3,5 1,3,5 1,3,5 - -
{=radiography - - - - 4,5 .5 -
Polarieing light - - - 3,5 - 3,5 -
microscope
PH - = 1,3,6 1,3,6 1,3,6 -- --
Jar slaking 4.5 5 - - - - -
Slake durability 1,6,7 1,6,7 - — - — 1,6,7
Exchangeable sodiun 1,3,6 1,3,6 - - — __ _—
percentagzc and CEC
Ultrasonic 1,6,7 L.6,7 L,6,7 - — - 5, 6,7
disaggregation
Shore hardness - - - - - - 4.6
Fiasility - — - - - 5,6 —
Sulfate soundness - - 2,7 - - — -
Mcchanical analysis 1,3,8 1,3,8 - - - — -
Atterberg limits 1,3,8 1,3,8 - - - — -
Moisture-density - -— -— - -~ — 1,3,8
Triaxial - - - - - - 1,3,8
MBA L6 4.6 - - - - -
Dielectric dispersion L,6.8 L4,5,8 - - - - -
Hotes: Types of deterioration measured Recommendations Limitations

PC = physicochemical 1. Recommended test S. Nat quantitative

€ = chemical 2. Not recommended test f. Limited experience

P = physical 3, Routine test 7. To severe

L. Further study required 8. Impractical
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compositions and geclogic ages. This drawback is particularly apparent
in slake-durability tests, as well as in others.

The extreme severity (or lack of it) poses problems in discrimina-
tion between tested materials. This drawback was shown to apply for
sulfate soundness tests and may also apply for ultrasonic disaggregation
and slake-durability tests.

It appears that no single test predicts the amount of material
breakdown with time. Purthermore, it appears that no one test success-
fully covers all three forms of deterioration: chemical, physicochem—~

ical, and physical. Thus, several tests are required.

Selected Tests

The preceding test procedures as well as other standard and non-
standard tests were considered in detail prior to initiation of the
variability testing program in this study (Part VII). Tests were se-
lected based upon the following factors: previous success, general
acceptability, time requirements, costs, simplicity of procedure, and
indication of shale variability.

The tests which satisfied these factors also provided a measure of
the three modes of deterioration. The tests selected for use in the
variability study (Part VII) and their applicability for general use are
as follcows., ZXRD: chemical, physicochemical, physical deterioration,

and identification; Jjar slaking: physicochemical; slake durability:

physicochemical and physical; fissility: physical; shore hardness:

physical; pH (in conjunction with the slake-durability tests): chemical,

physicochemical, and physical,
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YII. PROBLEM SHALES AWD THEIR VARTABILITY

A major part of the field effort was directed toward desecribing the
stratigraphic setting and variability of intrinsic properties of shales.
Emphasis was placed on problem shales because of the limited time avail-
able for study. The age range of shale was limited to the Paleozoic age
for the same reason. Within problem shale formations, numerous physical
properties and mineralogical and geclogic parameters were identified and
in most cases quantified for a group of 69 samples. The problem shales
sampled include nine not listed in Table u4: these later additions re=-
sulted from identifications made dwring visits and field trips with
State highway personnel.

The samples for study and number cbtained within broad age groups

are as Tollows:

Geologic Age Location Number
Pennsylvanian Tennessee Y
Pennsylvanian Western Kentucky T
Pennsylvanian Eastern Kentucky 3
Mississippian Indiana 5
Mississippian Western Kentucky 2
Mississippian Eastern Kentucky 3
Devonian Kentucky, Tennessee, Ohio 5
Devonian Virginia 3
Silurian Eastern Kentucky 3
Silurian Western Kentucky 3
Ordovician Kentucky, Indiana, Ohio 17
Ordovician Virginia 1
Cambrian Tennessee 13

Procedures for Variability Tests and Examinations

Sixty-nine samples were examined for variability in three general
ways: visual inspection, mineralogy, and laboratory testing (Tables 25-
27). Samples were described in a systematic manner to reveal any con-
sistent differences in color, structure, fragment shape, and texture.
Later, these samples were subjected to relatively simple ihdexing tests
from among the many available (Part VI) that, in combination, approxi-

mate processes involved during shale breakdown in embankments (Table 26).
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Table 25. Shale sample descripiionms.

Hatural

Water
Content, Fragrent
Peracnt Color Structure Shape Texture*

mentucky

8.8 Greenish-gray Bedded Platy With silty beds
12,4 Creentsh-gray Bedded Small pieces Soft, sandy
18.7 Tellowish-gray Indistinet Irregulayr Snft eclay

Y.L Brownish=black Thinly fissile Platy -

8.5 Sreenish-gray Indistinct Pebbles -

) Medium gray Laminated Tabular Siltstone

3.5 Olive gray Falatly bedded Thinly plety Sandy
11,6 Brownish-gray Indistinct Irregular -
iz.9 Medium gray Indiatinct Trregular Satt, stlty
12.% Medium yellowsh-brown Indistinct Blocky S1lty

6.5 Mediun gray Indistinet Platy -

7.8 ©lire black Laminated Thinly platy Silty

9.9 Medium dark gray Indistinct Tabulor -

5.9 Dork greenish-gray Indistinet Platy -
1a.%8 Greenish=-gray Fissile tabular Bilty
1317 Greeaish-gray Feintly bedded Bloghky -

8.6 Greenish-gray Indistinet Blocky Silty

3.0 Erovnish-bleck Thinly fissile Platy —

6.0 Greenish-gray Fissile Platy . 51ltstone

5.1 Dark gray Indistinct Thinly platy -

5.3 Greenlsh-gray Indastines Tabular S1lty

5.5 Dark reddish-brown Fissile Tninly platy S1lustone

§.q Dark greenish-gray Fisaile Tabular —

L4 Tark greenish-gray Indistinct Platy S1lty

8.4 Greenish=gray Feintly bedded Blocky -

12.1 Greenish-gray Ingistinct Prismatic —

7.5 - - -— --
1.k Tark greenish-gray Indistinet Prismatic -

4.2 Greenish-gray Faintly bedded Blocky -

6.3 Dark greenzsh-gray Faintly bedded Blogky -

fennessse

7.6 Yellowisa-gray indistinct Platy -

3.9 Greenish=gray Irndistiact Tabular Siltstone
10.4 Light olive gray Indistinct Tabular 8ilty
11.9 Light olive gray Indistinct TabWlar --

7.8 Pale yellowish-brown Indistuingt Platy -—

6.8 Light olive gray Indastinet 3locky Silvy
12.5 Yellawisn=gray Faintly bedded Tabnlar Silty
11.2 Fale yellowish=brown Indistinct Tabuler -

7.7 Grayish=crange pink Indiscinct Prispatic Silty
0.2 Pale yellowish brown Ingictinet Platy -—

8.3 Light olive gray Laminated Tabular Silty

- Medium bluish-grey Bedded Platy Sandy

1.2 - - - -

4.8 Mediun dark gray Paigtly bedced Irreguler -

-— Olive black Beaded Tabular Siltstone

- teglum dark gray Indistinet Tabular Siltetane

2.3 Medium dark groy Ingistinct Irregular --

- Olive black Thinly rissile rlaty -

Qliio
Dark greenlisn-gray Indistanct Prismatic Silty
Dark greenish-gray -— Irregular -~
Greemish-gray indistinct Tabular Silty
Creyish-red Faintly bedded Prismatic -
Ddark yellowish=brown Indistipnct Blocks -
- - Faintly [llssile Platy -
Indiang
- Greenish-gray iFaintly bedded Tabular Limestans
- Dark greenisn-gray Indistinct Irregular -
liedium dark gray Laminsted Tabulur Sandy
Medium dark gray Fisgils Irregular -

-- Derk greenish-gray Falntly bedded “abular --

- Datk gray Larinated Irregular Silty

-- Medium dark gray Faintly beaded Tabular --

Medium durk gray Falntly bedded Tabular Sandy

- Dark greenish-gray Indistines Irreguler -

- Dark gray Tinely lamineted Piaty -

¥irginia

- Dark gray Laminated Tabular Siltstane

—-- Dark gray Bedded Tabuler -

- Indistinet Tabuler -

Medium dark gray

Formatiuvn

Qsgoaod

Osgood

Osgnad

New Alnany

New Providence

New Praovidence
Tragevater
Tragewater
Tradewatear
Tradedater

Tredevater

Tradeveter 7
Tradevater T
Crab Qrchard
Crab Orchard

Creb Orclierd
Preecherville
New Albany
Nada
Breathitt

Hada ?

Crider Clay
Crider Clay?
New Provideace
€ope

#ope
Xope
Xope
Zope
¥ope

Purpkin Valley
Holichueky
Holichueky
tlolichucky
Uotichucky
llokichucky

Lolichucky
Uolichucky
Yolachucky
Holichuchky
folichucky
Rome

Bome

Redoak Mountain
Reduar Mounteln
Graves Gep
Cross Mountain
Chattancogs

Fairview
Kope
Kope
blkharn
Elkhorn
Bedford
Ohio

Whitevarer
Dillsbaro
Palestine
Palestine
Xope

Palestine
Palestine
Palestine
Dillsboro
Palestine

Arallter
Hillbaro
Millboro
Zdinburg

»

Otner than shaly.
? ® Tentative formation identiflcation.
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Toble 25, Shale test results.

Water Content Before Jar Glake Slake Durability Beleroscope Index
Shale Test, Percent Index Index, vereent Parallel  Ferpendicular Test Water, pH*
Humber 1 2 3 Avg Demp  Dry 12 i Aup Dumg Dry Damp Dxy Cycle 3 Cycle 2 Avg
Kentucky
KY 1 6.9 £.4 5.9 7.1 [3 El 30 5 10 15 - -- 15 26 8.6 - -
KY M1 19.6 - 20.3 3 1 11 3 -— g -— - - - g.0 9.L 9,2
B3 10k 16.0  18.4 18.3 L 2 2 2 2q 11 - - - - 9.0 G.2 [“3eN
K& L.1 LT 3.2 L. 0 & 3 99 o5 99 Qa 25 29 40 54 6.8 b5 5.6
KY 5 6.2 7.0 7.7 7.0 & L gz 73 7B 7€ 1. 20 18 27 7.7 7.1 7.7
Kt 6 3.6 3.5 3.0 3.4 5 6 g2 395 23 = 27 -- -- 9.3 5.0 9.2
YT 5.4 5.2 5.5 5.9 & 3 BE 90 83 89 - - 14 22 6.8 7.3 1.0
€ 8 17.0 6.3 B.2  1L.2 & 3 15 11 [ 1% -- -- - -- 5.1 6,5 6.3
o g 7.2 7T - 7.5 5 1 0 T 0 - w21 3.0 - -
K 10 11.8 12,3 10, 11.7 & L 3] ug Lt 52 12 16 - 20 6.7 5.3 6.5
Kr 11 4.0 6.1 6.7 ] S L 25 21 20 232 - - 1 28 £.1 6.1 €.1
KoLz R - - - 6 - 8L —. - gl - - - - 7.8 T.2 (.5
KY 13 2.0 9.3 6.8 9.0 & L 51 55 54 23 13 1 17 31 7.0 7.3 T2
KY 1b 3.1 2.7 i1 3.3 [ 5 70 By Lz 65 - -- 1L -- 8.1 s.2 8.z
KY 15 8.3 8.3 8.2 8.3 [3 2 5 5 2 [ 12 15 18 23 7.3 7.3 T3
KY 16 15.3 5.9 13.2  1L.8 6 1 0 0 a 0 11 14 -- -- 7.6 7.1 Tk
KY 17 6.6 7.1 7.1 6.5 G 1 1 L 1 1 1 17 18 26 B.6 - .-
718 3.0 L. L.o 3.9 [ 5 el 20 96 99 -— -- 35 37 L.g 5.3 5.1
HY 19 Lok LT L 4.5 ] 4 a5 23 96 95 - - feged 43 Toh 7.5 Tk
€Y 20 u,7 5.0 L8 4.8 6 L ga 91 90 91 - -- a0 29 7.0 Tk 7.2
Y 21 5.4 5.1 4.3 4.3 & 5 T £8 9k a7 2e - 22 26 7.8 7.8 1.8
KY 22 5.2 5.5 5.3 5.3 & L 75 7% 6L I - -- 2n 25 7.2 7.8 .k
KY 23 3.0 9.4 &b 8.6 & 1 9 2 G & 13 - 17 32 Q.2 T.0 3.1
KY 2k u.7 LG 4,3 L5 & [ 7% 72 13 Th - - 2 32 .1 a.u 5.2
Y29 8.8 8.0 £.5 6.4 & b 63 4 62 50 il 17 16 25 8.5 -- -
£ 26 8.k 3.3 8.5 8.4 5 5 59 go 37 52 10 14 18 27 8.6 8.4 8.5
KY 27 5.7 6.5 6.7 £.6 L 3 68 73 & &7 1L 20 @0 o7 9.0 9.0 9.0
KY 28 .5 0.6 111 10.7 3 1 26 26 22 25 13 15 17 25 8.8 8.6 8.7
€Y 29 5.9 8.8 3.4 8.7 & 2 26 22 25 2 11 15 16 29 8.2 6.4 8.5
Ki 30 5.6 5.9 5.6 5.4 6 L 17 719 1H 17 22 22 25 Toh 8.7 8.0
Tennessee
™ 1 .3 5o 7.1 6.2 [ [ Lyes 7 73 Tk -- - 18 24 E.6 6.3 6.k
TP 3.2 3.0 3.1 3.1 6 5 a3 g2 93 93 25 3P - - 8.9 6.8 4.8
™ 2 10.3 T.6 8.7 a.g 5 3 63 T 70 &9 - - 2h 30 6.4 6.2 £.3
™ L 10.3 10.3  1o.2 10.3 6 3 55 56 5k 59 15 24 16 33 6.3 5.4 4.0
™ 2 T-0 6.8 2.9 7.4 5 2 75 76 65 1 12 18 12 26 6.0 7.2 4.6
6 3.9 t.a S.h 4L [ 5 ek 29 36 3 17 25 - -- 6.5 6.6 6.6
™ 7 12.5 12.L 11,2 12.i [ A 73 7470 T2 -— - 12 30 é.1 6.3 6.2
L & 9.7 9.7 11.3 0.7 5 S a3 8L 85 Bl 12 17 15 30 5.8 5.8 5.8
9 6.8 5.8 7.6 7.1 5 2 & 83 19 a 15 - 18 26 5.6 6.1 5.8
10 8.0 &.7 G.T %.0 o3 3 4G 43 3 La 16 22 2y 40 4.1 5,2 6.2
™H 11 10.3 12.0 1.6 11,1 & 3 7 87 86 a3 1 % 15 a2 6.§ 6.6 6.7
T 12 LT 2.1 1.6 1.4 & b 6o 78 B6 a1 -- -- 13 13 6.8 6.0 5.8
0.8 0.8 1.3 1.0 & z a7 83 70 &a 20 21 - - 6.5 6.3 5.4
5.8 &6.0 5.3 5.7 g 4y N Ly 33 L3 15 eL 16 20 L.z 6.3 5.2
W15 3.7 3.6 3.6 3.6 3 5 93 a3 g2 93 17 23 19 27 6.5 6.3 6.1
TH 16 3. 33T 3% 6 5 89 oL 48 Bo 18 25 25 28 T.7 6.6 T.2
TH 17 1.8 2.0 L. 1.7 & 6 97 97 97 9T 25 35 30 Lk 6.2 6.6 6ok
T3 16 0.6 0.6 0.k 0.5 6 & 97 9 99 99 30 38 Lo Lg 5.6 6.1 5.8
Chin
08 1 Lok L5 5.0 b6 6 L 73 75 62 70 1u 26 10 29 7.8 E.6 8.2
o8 2 T.1 Tl 8.0 T.4 [} L 3 2 2k 10 12 17 18 2B 8.6 b7 8.7
OH 3 8.3 6.8 6.7 Te3 - 3 39 a7 3 36 15 21 16 L] -- 8.7 -—
o8 3.4 3.3 3.6 3.4 U 3 se 55 #9 go - - - -— 6.5 - -
[or Y 8.0 8.3 8.3 8.2 5 2 15 16 #1 17 14 18 23 a8 .1 - —-
o & y.2 8.k &7 &.8 - k) 50 7L 43 61 13 1B 17 25 - 0.2 -
oH T 1.5 1.0 2.3 1.6 6 & 09 99 59 95 24 31 28 50 6.3 - -
Indiana
IN 1 1.5 1.1 2.2 1.6 & 8 9k ad 95 96 - - - - 8.5 B.1 8.3
WP 8.4 8.5 7.5 8.2 5 L Z5 3u by 35 13 1k 16 klt] a7 B.s 8.¢
in 3 2.1 2.1 2.0 2.1 5 & 87 g7 93 a9 - - 27 3l 6.6 6.6 6.6
N & a7 3.7 3.3 3.6 £ 3 88 g2 88 a8 15 25 14 38 7.0 73 7.2
w5 7.2 0.9 11.8 9.3 & ] g 300 031 38 13 17 1 25 - -- 8.2
6 L7 5.0 4.8 4.8 6 5 76 g2 717 78 20 2h 1% 27 a7 T.2 7.0
IN 7 L,9 1.8 k.9 Lo 5 3 19 ThTh 76 19 22 23 kls] 6.0 6.1 6.0
m 8 L, 8 4.9 4.8 4.8 y 3 81 9 18 79 18 20 20 ES 6.8 £.3 £.6
oy 5.9 6.2 12.86 8.7 £ > 2k 18 £ 16 17 20 18 24 8.9 8.3 8.6
IN 10 5.3 5.8 5.6 4.6 & 2 20 17 21 19 15 23 15 33 6.3 5.1 6.5
VMirginie
Va1l 1.0 0.8 1.5 1.1 8 6 98 of 98 58 33 Lg 39 51 4.5 ug L.8
va 2 0.6 0.k 0.9 0.6 € & 39 99 99 99 25 Lo 37 ko 6.0 6.2 6.1
VA 3 1.3 1.3 1.5 .k ) 5 a7 98 97 97 - 35 Lk - 5.1 5.3 5.7
va b 0.2 0.2 o.6 0.3 8 & 98 g9 97 98 -- -- - - 8.2 3.k 8.3

-

* pH of distilled vater used in test is 6.0,
'Y Material 1 more weathered than accompanying 2 and 3,
+ <OCyele not idantified on one pH test.
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Table 27, Shale minerslogy and semiquentitative® composition.

Shele Clay liinerals Noncley Minerals
[umber Cloy-tiice Chlorite Keclinite Montmurillonite Quertc K-Feldspsr Plagicclasg Calcite Dolomite Siderite Pyrite Hecmtite
Kentueky

K1 c Tr H - c - P - M - . -

K 2 9 - R -— c - R -— M - - —_—

KI 3 [+ Tr R Kt c - R -— M - - -

Xy L H0T EXAMINED

Kt 5 4 R Tet#* - h - M - - Tr — —

K & 4 R Tr - A — C Is] - Tr — -

T C == c - L - M - - M - -

Ky @ [+ M M -— C - M - - R -—

K1 9 M -- M Rt A -— R —- - A -

KY 10 c 58 HE - A -— " - - B - _—

Ky 11 c M R - A - M - - R R -

KY 12 c M jaLid - A R R —-- - b -

KY 13 c 4 HER -— C - 15 - - M .

KY 1b C R - - [ R - - c -- R

KY 15 c R S - [ -- R -- M R - -

KY 16 o4 R - - ¢ - K -- R - - -

KY 17 C Ll - - c - R - C B -

K 14 c Tr M -— A - i1 21 - b3 M --

£ 19 c R - - A R M - - - - -

KY 20 c M M R A - ] - - R - -

£ 21 c M ——F - A R R B - - -- --

KY 22 [ - M Rt A M R e - -

XY 23 ¢ - [Fad - A 4 M - - R M -

KY 24 C M M -— A — M - M - - -

Y 25 C M - - c - M M M - R --

XY 26 c Kl . - c - R c - - R -

KY 27 [ H - - C -- it C M - -

KY 28 C i ——¥u - c -- " C R R R --

KY 28 c M -= - 4 - M ™ R I3 -- -

Ky 30 C M —-——tn - c - 15} M - -— R -
Tennessee

TH 1 C - - -- - A - - -- -- -- -

™ 2 C R - i [+ - - - — —

™ 3 c R - c M - - - - -

™ L C R - c M - M - - --

™ 5 c R -- -- C M - - - - -

™ & [ R - - 4 M M s - - - -

™ T < R -— [« M - -— - - — —

™ & c - -— [+ R -~ Trit -- -- - Trit

™ @ c - - c R R Trtt -— - - -

™ 10 c R - 4 B - - - - - -

TH 11 C R - - o R -— - - - - -

" 12 < R - - C C - - - -— - -

TH 13 NOT EXAMINED

Th 14 c M M - A - M - — R — _—

TH 1% 4 M s> -- A - M -- - M - -

TH 16 c M M - c - [ -— - o -

™ 17 < M M - A - M - - M -

™ 18 c - M - A - o - — R M -

Ohioc

OH 1 c M - - c - il M M - - -

CH 2 c M - e c - R B M - R -

CE 3 [ i —— - ¢ - M [+} M - hl

OH b fol " - —- M - R - A — R —

a9 < H - - c R - - M - - M

i 6 [ " M -- L -- M - - - - -

of 7 c Tr M - A - M - - E M -
Indiana

IN 1 M Tr - - M - 4 M - - -

In 2 [+ il - - [ -- R M M - ]

IN 3 C R ¥ - A - < - - M - -

IN 4 C R He* -- A -— ¢ — — o — -—

™5 c # - - c R &1 2} -- R k -

I 6 9 M - A - M - - R R

N 7 < R - A - M - - M -

8 c R - c - M - -— M -

m 9 c M - G - t R M . -

N 10 M R C - A -~ - R R Tr --
Virginie

va 1l c M ~— -— A - M - - B R -

va oz [ M -—- - A -- ¥ R R [ R -

va 3 c R - - A - M R R 4 R -—-

VA 4 M M — - M -- R A - - - .

* Relative amounts determined by X=ray diffrection peak intepsities: ([A) sbundent, greeter then 50 percent; (C} common, about 25-50 percent,

(M) minor, about 10-25 peccent, (R} rare, sbuut 5-10 percent, (Tr) trace, less than 5 percent, {--] not present,
n

+
tt

Composition projected from assecciated samples; no acid trestment ror distinguichang kaclinmite from chlerite.
Mixed layer cloy (mentmorillenite and clay-mics).
Tentallve mineral ideatification.
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The samples were also carefully examined by semiquantitative XRD analy-
sis to provide a semiguantitative mineralogical composition for each.

Sample description. Portions of about half of the samples were

sealed in jars in the field and subsequently tested for water content
in the laboratory. Water‘that normally sweats out after removal from
the ground was retained in the Jars, so these water contents are repre-
sentative of field conditions. A complete set of water contents was
determined later during the process of slake~durability indexing (Ta-
ble 26). These water contents do not appear to be substantially dif-
ferent from field water contents despite the sample sweating that had
occurred in plastic sample bags between the time of sampling in the
field and the laboratory determination.

Fach sample was examined visually in the laboratory and described
as follows in Table 25:

a. Color was determined on a representative hand specimen accord-
ing to the Munsell color system, and the nomenclature used in
Table 25 is according to that system.

The term "structure" refers to either bedding or fissility.
The particular terms chosen for this deseription are intended
to indicate the degree of intact fabric structuring.

|

¢, Under "fragment shape,” the following self-explanatory terms

were used for description: 'thinly platy," "platy," "tabular,"

1"

"prismatic,” "blocky,”" and "irregular."

Texture was described as "clayey," "silty," or "sandy™ with
emphasis on departures from a "shaly" texture. More than half
of the samples were shale or mudstone; the remaining samples
were silty or sandy, though still basically 'shale. When dis-
crete thin silty or sandy laminae were evenly dispersed, the
material was considered simply as silty or sandy shale rather
than a mixture of siltstone, sandstone, and shale laminae.
Seven of the rocks were siitstone rather than shale and are
identified as such on the table. One sample was an argilla=-
ceous limestone.

Ja7

The formation is also identified in the table. In a few cases,
this identification was tentative at best. The nonproblem
shales were from the New Albany, Palestine, Whitewater, Ohio,
Elkhorn, and Brallier formations. According to information
from highway departments, the remaining formations contain
known problem shales: Osgood, New Providence, Tradewater,

Crab Orchard, Preacherville, Nada, lLee, Crider clay, Newman,
Kope, Dillsboro, Fairview, Millboro, Chattancoga, Nolichucky,

|
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Rome, Edinburg, and Pennsylvanian formations of Eastern
Tennessee (including Redosk Mountain, Graves Gap, and Cross
Mountain formations).

Indexing and associated tests. The slake-durability test and two

supplemental index tests chosen for their simplicity were selected to
obtain indexes representing the pertinent physical behavior of shale.
Bince dry-wet c¢yecling is a conspicuous deleteriocus environmental factor
(Part VI) in behavior of soft rocks, the slake-durability test appeared
to be well suited to the study. A simple jar slake test was conducted
for comparison with slake-durability results. A second simple test,
sclerscope hardness was used to provide an index (discussed in Part VI
and Table 24) which might relate to strength and elasticity. Additional
supplemental determinaticns of water content before slake-durability
testing and of the acidity of the test water after testing were made.

The basic portion of the testing program was the slake-durability
test described by Franklin and Chandra (1972). This test measures the
resistance of rock to weakening and disintegration as s result of two
cycles of drying and agitation in a water bath. The test is accepted
as a standard by the International Sccilety of Rock Mechanics. The
apparatus for conducting the test consists essentially of:

a. A solid-ended drum cage of Z-mm standard mesh, 100 mm long,
and 140 mm in diameter.

b. A trough to be partially filled with water and to contain the
drum cage in a horizontal position.

c. A motcr drive capable of rotating the drum 20 rpm.

In the standard procedure, a representative group of 10 rounded
lumps of the rock, each weighing L0 to 60 g and together totaling 150
to 550 g, is placed in the drum and dried to a constant weight at 105°C.
In the present study in which the same pair of drums were used for run-
ning an overlaprping sequence of tests, all drying and weighing were done
in trays outside of the drum. The sample was then placed in the drum
and the drum mounted in the partially filled trough and coupled toc the
motor, The trough was filled to 20 mm below the drum axis with dis-

tilled water and the drum rotated at 20 rpm for 10 min.
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The drum was then removed from the trough and unlcocaded. The sample
was oven-dried and weighed, The same procedure was repeated in the sec-
ond cycle and the slake-durability index, ID , was calculated using
Equation & (Part VI). Water content of the material was obtained from
the moisture loss determined during the first drying for slake-
durability testing. The material remaining after testing (Figures 37-
L8) gives some suggestion of the type of breakdown that may take place
in embankments.

Jar samples were taken from the water bath shortly after the end
of agitation for both cycle one and cycle two of slake-durability test-
ing and sent to the chemical laboratory for determination of the pH of
the test water. The water samples were obtained 1 to 10 min after com-
pletion of test agitation. The delay in sampling allowed coarse and
gritty materials to settle out completely, but the water was still
cloudy from suspended fine material. After a day of settling, this sus-
pended material formed a thin layer of clay at the bottom of the jar.

A hardness index (termed "scleroscope index" in Table 25) was de-
termined using a Shore sclerosccope, which is designed to measure an in-
dex of hardness of metals somewhat similar to and correlatable with
Rockwell hardness. The Shore scleroscope {Model D)} is a nondestructive,
hardness measuring device which indicates relative values of hardness
by the height of rebound of a small diamond-pointed piston dropped
vertically within a tube onto the test surface from a set distance of
approximately 1 in. The height of rebound is indicated on a scale of
0 to 120 divisicns. The sample is held fixed during testing by the tube
being lowered until it bears against the sample resting in turn on the
flat metal base.

For the sclerosccope index tests on the shale samples, a specimen
weighing approximately 50 g was used. The most reliable readings were
obtained from pieces cut with parallel surfaces. Each impact damaged
the surface so that a new test area was required. The set of data
shown in Table 26 is applicable for tests parallel and perpendicular
to bedding or fissility and at moist ahd ovendry conditions. Ideally,

a number of impacts should be averaged fbr best scleroscope indexes;
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Material remaining after slake-durability testing, TN T7-TN 12.

Figure 43.
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however, in these tests, condition and configuration of the test blocks
were often poor, and the values listed in the table are based on what
was Jjudged to be a reasconable degree of reproducibility of test results.
A fifth test conducted on the shale samples was a Jar slake test
for direct compariscn with slake-durability results. For this study,
the test consisted of placing an irregular fragment of the material
weighing approximately 20 g in a dish of distilled water and describing

the resulting behavior in the following categories.

Category Behavior
1 Degrades to a pile of flakes or mud
2 Breaks rapidly and/or forms many chips
3 Breaks slowly and/or forms few chips
L Breaks rapidly and/or develops several
fractures
5 Bresks slowly and/or develops few fractures
6 No change

The test was conducted on both damp and ovendried material, but the damp
material was generally insensitive as indicated by the results shown in
Table 26. Reactions usually occurred the first 10 min. Therefore, care-
ful observations were made during the first half hour. It seemed that
further breakdown was very subordinate, and the cnly other observation
necessary was of the final condition after 24 hr. The only jar slake
behaviors observed were fracturing and flaking. A few samples seemed

to have experienced a subtle scftening, but no attempt was made to
identify this behavior systematically.

Mineralogical examination. Representative portions of shale sam-

ples were subjected to analysis of their mineralogy. XRD was used to
produce a semiquatitative evaluation of the mineral content. Fach sam-
ple was crushed and quartered. Ten grams were ground to pass a No. 325
sieve. The powder was placed in a 3-in. aluminum holder, backpacked to
minimize preferred orientation, and then X-rayed.

- Another portion of the raw sample, amounting to 25 g, was put into
500 ml of distilled water and agitated in a blender for 5 min. The
slurry was put intc a lOOO ml beaker, an additicnal 500 ml cf distilled

water was added, and settling behavior was observed. If settling was
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visible, the top 1-1/2 to 1-3/4 in. of suspension was siphoned into an
800 ml beaker after 4 hr and the beaker was filled with distilled water.
Two 3- by l=-in. glass slides were suspended in the beaker overnight and
then withdrawn. The sedimented slides were air-dried and X-rayed.

If settling was not visible, 500 ml of slurry was discarded, and
the remaining 500 ml of siurry was diluted again by adding 500 ml of
distilled water. If the settling was still too slow, 2 to 20 drops of
a dispersing agent were added. The sedimented slides were‘prepared as
described above and X-rayed.

Samples with a 1b R spacing were treaited with glucerol, allowed
to stand overnight, and then X-rayed again. Where the 1k X spacing
was caused by montmorillonite, absorption of the glycercl caused the
spacing to increase to about 17 X. One sample was examined for possi-
ble halloysite because of its especially moist condition; no halloysite
was found.

The remaining examination of clay minerals, in particular that for
kaclinite and chlorite, was accomplished selectively within groups of
related samples. Representative samples were ftreated with hydrochloric
acid diluted with distilled water in the ratio 1 part acid to L parits
water. The slurry was allowed to react for 6 hr at 80°C. The residue
was then washed, put cn a 1- by 1-in. glass slide, air-dried, and then
X-rayed. This procedure removed the chlorite which, when present in
substantial quantity, masks the kaolinite in an X-ray pattern.

The minerals searched for, at least selectively, are listed in
Table 27 in two groups, clay minerals and nonclay minerals. The nonclay
minerals were determined from XRD of the bulk sample. The clay minerals
were determined from the sedimented slides, with or without treztment.
Clay-mica describes a group of minerals with similar crystal structures;
the predominant mineral of this group in shale is usually illite.

The distinction of kaolinite and chlorite is based on the follow-
ing procedure. Chlorite can be positively identified by the presence
of its 4.7 3 spacing. A prominent and diagnostic spacing for kaclinite
at about 7 K is shared with chlerite. Treatment with acid breaks down

the chlorite structure and leaves only the diagnostic kaolinite peak.

183



The only other way kaolinite was identifiable was in the absence of
chlerite in the criginal sample, in which case there is no superimposi-
tion of two mineral peaks at 7T E. About half of the samples were not
acid-treated, and the identification of kaolinite was by association and
therefore not confirmed. The samples were studied in related groups and
apparently representative samples were selected from each group for acid
treatment. The abundance of kaclinite determined in these representa-
tive samples was then projected to the other samples in the group.

These projected compositions of kaclinite are indicated by asterisks in

the table.

Results of Tests and Examinations

The results of the laboratory work conducted on the total collec-
tion of problem and nconproblem shales are tabulated in Tables 25-27. In
this section, characteristics of shale formaticns and ranges within a
given characteristic are reviewed. OSamples are tabulated by State in
chronological order of collection sc that no meaningful trends will be
found in proceeding downward in each column. Similarly, the average
values or characteristics given below are not intended to do more than
generalize the entire heterogeneous collection.

Description of samples. Natural water content as sampled in the

field (Table 25) varied between values of approximately 1 and 19 percent;
45 determinations averaged 8.46 percent (standard deviation S = 3.90)
but these included 9 values of greater than 12 percent which guite pos-
sibly were affected by surface weathering. The remaining 36 determina-
tions averaged 7.05 percent (8 = 2.69). Color varied widely in the
shales sampled although there was a preponderence of greenish-gray in
some formations. The degree of bedding or fissility also varied from
relatively structureless to highly laminated material. This internal
structure was manifested to some degree in the shape of fragments that
resulted during natural or test degradéfion, i.e., tabular and platy
fragments reflecting internal anisotrophy.

The texture or fabric grain size of the rock was typically shaly
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but often with a silty component. The texture reflects to some degree
an intentional selectivity exercised in the field sampling program of
shales,

The formations that were sampled were all Paleozoic in age (Ta-
ble 25)., This fact should be kept in mind in drawing conclusions that
may eventually be extended to younger shale formations.

Physical test results. Table 26 indicates the results of physical

tests on shale and associated determinations of water content and test
water pH. The water content was determined before each of the three
slake-durability tests on each sample, as indicated in the table. An
average value of water content is alsc given. The range of average
water contents was from 0.3 to 20.3 percent, but again certain samples
were abnormally high in water as though they had been softened by sur-
face weathering processes, Omitting four values cf greater than 12 per-
cent, the average water content is reduced to 5.78 percent (38 = 2.99).
A more meaningful arrangement of water content averages is shown in the
groupings of samples according to formation. Such groupings are dis-
cussed in the next section,

Index values for the three individual slake-durability tests are
given in Table 26 along with average values. These indexes ranged be-
tween 0 and 99 percent. The mean of average index values for all 69
samples is 60,94 percent {8 = 32.60), The differences in indexes among
the three tests on essentially the same material indicate that the ftest-
ing did not always realize the reproducibility to within 5 percent
claimed by Franklin and Chandra (1972). Reproducibility was quite high
among the more resistant rocks, but was expected since these rocks did
nct degrade appreciably. Among the worst samples in terms of reproduc-
ibility were IN 9, OH 2 and 6, and KY 1, 3, and 14 (Table 26).

The results of pH determination on slake-durability test water
after each of two cycles are indicated in Table 26 as averages. The
pH averages ranged from 3.0 to 9.6. The mean of all 69 average values
is 7.16 (8 = 1.26). Again, this wide dispersion of values reflects the
wide variation of shale types sampled in the program. When the pH's are

grouped according tc particular formations, the dispersicn is reduced
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considerably and is not very great within a particular formation. It
is interesting fo note, however, that problem shales can produce either
acidic or alkaline water in the slake-durability test.

A considerable amount of judgment was necessary to arrive at repre-
sentative scleroscope index values. Irregular surfaces, sample sizes,
and cracking had major effects on the index and were difficult to re-
solve. It was possible to obtain an average based on several.clcsely
agreeing impacts in about half of the tests.

Mineralogical analysis results. The resuits of the mineralogical

analysis are presented in Table 27. Gross characteristics of the col-
lection as a whole include the abundance of quartz in approximately half
the’samples In “fact it is apparent, considering that the wvalues are
semléﬁéntltatlve, that quartz often exceeded the total of clay minerals.
Among clay minerels, clay-mica (presumably illite) almost always domi-
nated. Chlorite was usually second in abundance followed by kaolinite.
Only four samples contained significant montmorillonite, and in three

of these cases the montmorillonite was in mixed-layer relationship with
clay-mica.

Among the three carbonates identified (calecite, dolomite, and sid-
erite), the first two are most characteristic of marine shale and in
part, represent fragmental fossil debris. Siderite is the dominanf
carvonate in samples of Mississippian and Pennsylvanian formations,
particularly in coal-bearing strata. Siderite may largely constitute
a cementing material, and therefore it was considered subsequently in
regard to possible strengthening and increased slake-durability. Pyrite

was commonly found in marine shale.

Compariscns with Stratigraphy and Location of Problems

The extensive data presented in the tables are best considered in
terms of variability when compared within the confines of individual
formations. The sampling program produced sample groups of modest size
from three relatively confined stratigraphic sequences: the upper

Ordovician around Cincinnati, Ohio; the middle Cambrian near Knoxville,
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Tenn.; and the middle Pennsylvanian in western Kentucky. Numerous
smaller groups were obtained from thinner sequences of problem shales.
Figures 49-55 show the sampled strata and general lithology along with
sample characteristics that seem to correlate with stratigraphic posi-
tion and/or problem localization. Abbreviations used in these Tigures
are listed below.

a. Under "structure": ©No = no structure, Bd = bedded, and
Lm = laminated.

b. Under "texture'": Cl = clayey, Si = silty, and Sa = sandy.

The abbreviations under the mineral content columns are given in a note
cn Table 27.

Kope formation. The upper Ordovician formations near Cincinnati

consist of several hundred feet of marine limestone and shale in thinly
alternating beds (Gray, 1972). The sequence occurs over a wide area and
has caused embankment problems of considerable magnitude in the past
(Part III). The base of the sequence of interest is a limestone known
as the Point Pleasant or Cynthiana (Figure L9). The top of the sequence
is marked by Brassfield limestone at the base of the Silurian strata.
Stratigraphic names that have been or are being used for the formations
within this sequence are indicated on the figure, along with the approx-
imate positions of 15 samples used in this study.

The more interesting characteristics of the samples are shown
graphically cn the side for relative comparison in relation to strati-
graphic pcsition. The top three samples in the set are of lesser im-
pertance than those below because of their anomalous litholegy and re-
mote position with respect to problems. Samples OH L and 5 were taken
from a unit known as the Elkhorn beds composed of alternating red and
green shale and siltstone at the very top of the Ordovician strata in
central Ohic. ©Sample IN 1 is a limestone which at its leocality in
Indiana is situated a few feet below the Silurian strata.

Within the more pertinent portion of the sequence occupying the
lower two-thirds, the slake-durability index varies from low values to
intermedilate values of about 70 percent. Personnel of the Kentucky

Department of Transportation offered the cpinion that, if there 1is a
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weaker portlon of these strata, it probsbly is the upper Kope formation.
The only Ordovician problem of considerable magnitude in Indiana in-
volved shale embankments constructed of material taken near the Kope-
Dillsboro contact. Low slake-durability test results appear to be most
characteristically obtained for this problem interval.

An interesting correlative of the distribution of the slake-
durability index is calcite content. Calcite is a minor mineralogical
constituent for the most part in the low index zone but seems to in-
crease in the lower 50 ft of a formation where slake-durability also
shows a tendency to increase, The cther constituents of the rock appear
to have no relationship to slake-durability and localization of problems,
with the possible exception of water. Water content seems to be some-
what higher in the top of the Kope formation than in the bottom. An
abundance of calcium carbonate within or adjacent to the shale layers
accounts for the higher pH between 8 and 9. The pH does not appear to
correlate with slake durability.

Tradewater formation. The lower and middle Pennsylvanian strata in

western Kentucky consists of the Caseyville, Tradewater, and Carbondale
formations. In some areas, there is a clear distinction among these
formations in the above order progressing upward (Figure 50), but else-
where, as a conseguence of intricate facies changes in this type of
strata, the units are apparently contemporanecous with one another. The
Caseyville formation at the bottom of the sequence is usually distin-
guishable by cross-bedded sandstone in the upper 200 ft. The distine-
tion between Tradewater and Carbondale formation is less obvious since
both units consist of sandstone, siltstone, shale, limestcone, underclay,
and coal; however, the Tradewater is regarded as a major problem
formation.

Tradewater sandstone is light to medium gray and is micaceous. The
siltstone is light to medium gray and interbedded with thin-bedded sand-
stone. ©Shale is apparently quite subordinate to siltstone but does
cccur consistently in association with coal beds.

Seven samples of Tradewater formation were obtained in the field

(Figure 50). The stratigraphic pesition of the samples within the lower
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and middle Pennsylvanian sequence is indicated in the figure along with
selected characteristics. Since the field sampling was not extensive
nor positions well-established, the results in the figure cannot be
taken as more than a first approximation. Sample KY 9 contained coaly
material and probably was located near one of several coal beds (prob-
ably No. 6 coal} found in these strata.

Slake-durability results indicate an interesting distinction be-
tween upper and lower groups. The upper samples have indexes of 9 to
20 percent, whereas the lower sample indexes are all above 50 percent.
However, the three lower samples came specifically from cuts that pro-
vided material used in embankments that had failed; therefore, the lower
porticn of the Tradewater formation is apparently more troublesome, de-
spite slake-durability results suggesting more deterioration in the
Upper sroup.

The group of Tradewater samples shows a prominent correlation be-
tween slake durability and test water pH. This correlation is shown
graphically in Figure 50 by the approximately parallel trends of these
two parameters from sample to sample. The other mineralogical and phys-
ical characteristics shown in the figure tend to be either constant or
erratic through the strata and therefore suggest no reasons for a con-
sistent difference in the behavior of portions of this formation.

Nolichucky shale. The Nolichucky shale was one of several Cambrian

units specified by the Tennessee Department of Transportaicn for which
problems had been experienced within compacted embankments. Two of the
other specified units were the Rogersville and Rome shales lying several
hundred feet lower in the stratigraphic section. Sampling in the field
was conducted along fresh cuts made for a relocated section of Tennessee
Highway 92 south of Jefferson City, Tenn.

Ten samples were taken from cut surfaces along the route. BStrati-
graphic positions were deduced on the basis of known geolcogical struc-
ture, Four of the samples were taken apart from the others, and their
positions in the figure depend on the effects of two thrust faunlts be-
lieved to cut the sampling traverse. If the thrusting is insignificant,

samples TN 8, 9, 10, and 11 are out of position and should be located
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in the Rogersville shale., Actually, the Rogersville shale is very sim-
ilar to the Nelichucky shale, and they are grouped with other units in
the Conesauga group where details for subdivision are lacking.

The Nolichucky shale consists of well-bedded, yellowish to olive-
green calcareous shale. Beds of limestcne to a few inches in thickness
comonly occur at irregular intervals {Bridge, 1956). In the sampling
program, a variation in texture was noted, as indicated in Figure 51,

The slake-durability index of this material was relatively high,
usually well cver 50. Nolichucky shale behaved distinctly from all
other shale by bulking conspicuously upon breakdown in slake-durability
testing. The material (Figures 42 and 43, samples TN 2-10) character-
istically degraded into flakes about 1/2 in. broad, not enough to pass
through the screen of the slake-durability apparatus. No well-defined
trend in slake-durability index is apparent through the strata. Test
water pH shows a correlation with slake-durability index, and the pre-
test water content seems to be inversely related to the index. Hardness,
structure, texture, and chlorite and calcite content are shown in the
figure but apparently have no consistent variation from top to bottom.
Because of the uniformity in appearance and test results, the Nolichucky
is inferred to be uniform in its behavior in embankments.

New Providence formation. The New Providence formation occurs in

eastern and western Kentucky and has been responsible for embankment
problems in both areas. The New Providence formation is approximately
200 ft thick and constitutes the lower half of the Mississippian Borden
formation in stratigraphic nomenclature proposed most recently (Hoge and
Chaplin, 1972). Figure 52 shows the arrangement and position of this
formation in the stratigraphic column near Morehead, Ky., but a similar
sequence occurs in western Kentucky between Devonian black shale (New
Albany) and limestone of the Meramecian series (Peterson, 1G66).

The New Providence consists of shale and siltstone that is dark
greenish-gray, tc bluish-gray. The siltstone may have thin bedding,
and ironstone lenses and concreticons are common. The New Providence
grades upward into the Brodhead formation by an increase in the silt-

stone percentage; above that lies the Muldraugh formation, a third
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member in the newly defined Borden formation. At the top is a thin
shale in eastern Kentucky known as the Nada member. The Muldraugh
formation contains an appreciable percentage of limestone in complicated
facies arrangements with siltstone, .

Five samples were collected from New Providence and associated
formations. Two of these were taken in western Kentucky and three in
the east, but they are combined in the figure because of the similarity
in nature of the formation in the two areas. The pertinent test results
and characteristics are shown for each sample. Three samples of super-—
Jacent rock in the lower Pennsylvanian are shown in the same illustra-
tion. The kaolinite and siderite contents of the eight samples appear
to show the distinction between the lower Pennsylvanian and lower Mis-
sissippian shales. The lower Pennsylvanian shales are richer in kaolin-
ite and siderite as a group. During the collection of samples, failed
embankments of New Providence and related shales were pointed out but
more troublesome porticns of the shale strata could not be pinpointed,
Apparently all shale from the Breathitt formation to the top of the
Devonian black shale has potential for causing trouble., It is perhaps
not surprising, therefore, that the slake-durability and hardness tests
show wniformity of results, and among other characteristics, there is no
consistent trend progressing through the strata.

Lower Pennsylvanian formation of eastern Kentucky. Three samples

of shale from lower Pennsylvanian strata of eastern Kentucky were col-
lected in the field. The shales were identified as problem shales by
state highway representatives. The Breathitt and interfingering Lee
formations are composed of shale, siltstone, and sandstone. A prominent
shale member of the Lee formation cccurs at the bottom and includes a
bed of flint clay, the Crider clay. Sample positions are shown in Fig-
ure 52 along with those of samples of underlying Mississippian rocks.
The three Pennsylvanian samples show inconsistent characteristics
except in the content of kaclinite and siderite. Kaolinite is appar-
ently characteristically present in minor amounts and siderite in rare
amounts, but both minerals occur in greater amounts than in the under-

lying Mississippian strata. The outstanding characteristic of these
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lower Pennsylvanian strata appears to be a measurable content of mont-
morillonite, either alone or i mixed-layer relation with clay-mica.

Redoak Mountain and associated formations. A thick sequence of

middle Pennsylvanian formations from eastern Tennessee was sampled.
According to State highway representatives, these coal-bearing shale
and sandstone units had presented problems in past embankmenis and were
viewed with concern for future construection. Samples taken at random
over a stratigraphic thickness of 1000 £t can be regarded as typical of
the entire 4000 ft of middle Pennsylvanian sirata {Johnson and Luther,
1972).

The characteristics and test results in Figure 53 provided useful
information not only about this sequence but for comparison with Penn-
sylvania strata in Kentucky (Figures 50 and 52). The slake-durability
index was high in three of the four samples. Correspondingly, the water
content was low. Samples TN 14 and 17 were freshly broken rock from
coal strip mines and gave representative water contents. One of the
factors that may account for the high slake-durability index is the
comparative abundance of siderite versus the exclusion of calcite and
dolomite. The siderite probably constitutes a cementing agent holding
the material together and resisting slaking.

Crab Orchard formatlicn. The Silurian shaly unit lying immediately

above the Brassfield dolomite 1s c¢alled the Crab Orchard formetion in
eastern Kentucky and the Osgood fgrmation in western Kentucky. Both
units are regarded as troublesome by the Kentucky Department ¢f Trans-
portation and were considered together in this study. Three samples
were obtained from each part of the State, and they are shown in their
relative positions in Figure 5k. This figure is based on the strati-
graphic column near Owingsville in eastern Kentucky (Hoge and Chaplin,
1972); the comparable Osgood section in the west is less than half as
thick.

As described by Peterson (1969), the Osgood in western Kentucky
consists of shale and dolomite. The shale is greenish-gray and pale red
and is nonfissile dolomitic shale and mudstone and weakly fissile clay

shale, The unit grades into the underlying Brassfield dclomite by
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interbedding of shale and dcolomite. Serious embankment problems have
occurred in both Osgood and the Crab Orchard formations near the sam-
pling sites (Table 28). The entire group of samples therefore can be
regarded as problem shale. Their nature appears to be reflected in the
slake-durability test results for which five of six samples average less
than 20 in slake-durability index. Figure 54 shows this trend as a
stark contrast toc results from the overlying Ohio shale. The slake test
water was generally alkaline, but there was considerable variability.
Dolomite is a particularly interesting material compcnent. A rather
consistent decrease in dolomite content occurs upward through the Crsb
Orchard-Osgood formations. This trend apparently is related to the
presence of dolomite in the shale and the transitional contact with the
underlying Brassfield dolomite. One of the Osgood samples contained
montmorillonite in mixed-layer relation with clay-mica.

Qhio shale. The Ohio or New Albany shale is relatively thin but
very persistent and widespread black shale. The geological age is upper
Devenian. The thickness ranges from about 50 to 150 ft in the Ohio,
Kentucky, Tennessee region.. The shale is grayish-black, very carbona-
ceous, brittle, and fissile. The four samples collected and tested came
from three States but are shown together in Figure Sk in relation to the
Crab Orchard formatlion.

In contrast with most of the other shale units, this widely dis-
tributed black shale has relatively uniform characteristics, The water
content is 4 percent or less, slake-durability index is consistently
near 100 percent, water pH is slightly acidie, and scleroscope hardness
is high.

The mineralogy of the unit is also consistent based on sampling in
this study. Quartz is consistently abundant, and the dominant clay
mineral is clay-mica (illinite). Chlorite is subordinate to kaclinite.
A substantial amount of pyrite was present in the four samples examined
mineralogically.

Palestine formation. 8ix samples for the Palestine formation

(Mississippian) in southern Indiana were supplied for study by the

Indiana State Highway Commission. The samples had been cbtained in
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work for ccastruction on I-64 through Perry County. The Palestine for-
mation is not considered a problem shale but under different construc-
tion procedures could conceivably cause problems. The samples were
taken along a section of about U4 miles and the stratigraphic position
within the thin Palestine formation was not established. In Figure 55,
they could be shown only as a group, providing no information on vari-
ation through the formation.

Figure 55 shows that the water content and slake-durability index,
with one exception, are fairly uniform among the Palestine formation
samples., Similarly, the pH of the test water and chlorite content are
uniform. The material contained an appreciable amount of siderite, but
only one sample contained dolomite. Interestingly, this one sampie with
a small percentage of dolomite gave anomalously low slake-durability
results.

Millboro formation. The characteristics and behavior of samples

of the Millboro formation (Devonian) from Clifton Forge, Va., are given

in Tables 25 through 27 and related to problem behavior in Part VIII.

Discussion of Observations and Testing

The testing program indicated that, despite the sampling of numer-
ous categories of shale formations with at least several samples, more
comprehensive sampling and testing are warranted. The results of the
testing of Ordovician strata near Cincinnati suggest that patterns of
variation within formations will appear if encugh samples are studied.

One ¢f the most obvious needs for further study involwves shale
younger than Pennsylvanian. Otherwise, they should not be included in
any projections from this study.

Typical shale formations and their characteristics. The following

categories of shale formations were sampled and studied: interbedded
limestone and shale; sandstone, siltstone, and shale formation without
coal; sandstone, siltstone, and shale formations with coal; carbonaceocus
black shale; and thick uniform shale. Most of these category examples

came from structurally undefcrmed areas that except for age effects
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have undergone approximately the same history since deposition. The
selection of examples for testing was designed to exclude structurally
or historically complex materisals.

Among the various categories of shale, certain generalizations can
be made. Each category has its own combination of properties and char-
acteristics that tends to set it apart from adjacent rock units and even
other shale. On the other hand, certain variations seem to exist within
each shale formation. These are manifested in physical test results or
as subtle changes in mineralogy. The lower half of the upper Ordovician
sequence, i,e,, the Kope and Dillsboro formation, exhibits a general
trend of increassing slake durability and increasing calcite content in
shale downward from the lower Dillsbore formation (Figure 49). This
apparent ccrrelation ;mplies that calcite is acting as a cementing agent
in the shale and incre;sing its durability.

One of the most interesting tests during this study was that for pH
of the test water after slake-durability testing. This test may provide
very inexpensive information of the chemistry of pore water and perhaps
an indication of the ion exchange taking place in the clay minerals.

The sclercscope hardness can advantagecusly accompany the slake-
durability test as an indication of relative material hardness related
perhaps to strength and modulus. A disadvantage of this test is the
rather expensive cutting procedure for preparing a suitable surface for
testing. The test is highly susceptible to: specimen configuration and
condition, a factor which may limit its usefulness for routine testing.

Jar slake testing. Throughout the test program, a simple Jjar slake

test was conducted along with slake-durability tests. The results of
these two tests are shown in Table 26 and Figure 56 for comparison. An
approximate parallelism is apparent between the results for the jar
slake test of dry material and the slake-durability test. The Jar slake
test has the advantage of being inexpensive, and many tests can be con-
ducted in the same time as a few slake-durability tests. This study

has suggested that a simple jar slake test may be more useful than
slake-durability testing in reoutine highway construction where system-

atic testing of many samples, e.g., on core pieces, will provide
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continuous data for the geclogical strata being excavated and used in
embankments.

Certain mineralogy 1s characteristic of certain shale types.
Chlorite is consistently found in shales from a marine environment.
Kaolinite is characteristic of formations formed mostly in nonmarine
environment. To a lesser degree, siderite shows this same nonmarine
assoclation.

Montmorillonite was absent from most of the samples tested, and
this fact tends to confirm previous observations that it is rare in
Paleozoic formations (Part V). A mixed-layer combination of montmoril-
lonite and clay-mica was found in three samples and in one other mont-
morillonite was present uncombined, Since many of the problem shales
contaln no montmorillonite, this particular clay mineral is not con-
sidered a major factor in embankment deterioration in Paleozoic and
oider rccks such as those sampled.

Useful parameters. Several of the characteristics used to study

shale appeared to be more useful than others. The slake-durability test
is useful because it provides index numbers for comparing one material
with others previously tested and having known field behavior. The
manner of breakdown in the test (Figures 37-48) may indicate embankment
breakdown possible in the field. The Indiana State Highway Commission
is currently using slake-durability tests to eclassify shaly materials
for use in highway embankments. Certain limits are prescribed at which
the designation of the material changes from rock to soil (Wood and Dec,
1975).

Simpler parameters that appear to be useful and to have potential
for further clarifying shale problems include water content determined
supplementary to the slake-durability test. Natural water content can
be determined also, tut this determination does not appear to be neces-
sary since values are about the same as those determined prior to slake-
durability testing. The water content appears to correlate in most

cases with the slake-durability index.
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VIIT. DETERIORATION PRCPERTIES OF SHALES AT KHCWN
LOCATIONS OF PROELEM EMBANKMENTS

A limited assessment of shale deterioration as a cause of problems
in shale embenkments was attempted as fcllows.

a. A review of collected information was made to identify problem
embankments involving possible shale detericration and for
which the following information was known or could be deduced,

(1) specific location.

(

2)
(3) Embankment material and source (i.e., geclogic unit).
L)

(

b. The embankment location and geologic source cf embankment mate-
rials were used to identify applicable shale test results pre-
sented in the variability study (Part VII).

Embankment construction.

Problem and extent of foundation involvement.

c. The detericoration properties for those shales associated with a
problem embankment were then compared to determine if meaning-
ful trends existed.

The problem embankments identified are listed in Table 28 and are
limited to locations in Indiana, Ohio, Kentucky, Tennessee, Virginia,
and West Virginia. Embankments where foundation conditions were known
tc be the principal cause of the problem were excluded (three in Ken-
tucky). However, it was not possible to establish the degree of founda-
tion influence for several embankments and these were included in the
table with an appropriate remark.

The majority of those embankments listed in Table 28 were probably
placed as rock fill except for the I-T5 and I-275 interchange fills in
Kentucky. These fills were ccmpacted in 1-ft 1lifts using a sheepsfoot
roller.

The applicable shale samples indicated in Table 28 by sample number
(from Table 25) were obtained at the embankment location from the same
material used in the embankment. The short time and scarcity of new
excavations needed in obtaining unweathered shale samples as well as the
objective of the variability study prevented sampling at several of the

problem embankments listed.
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best available. copy.

Table 28. Problem shale embankments identified for useé in assessing shale deteriocration.
Applicable
Shale
Samples,
Original Local (Sample No. Type of Problem and
State Location Fill Material Geologicsl Unit en Table 29)  (Number of Hmbankments)
Indiana I-7h, 5-mile section in south- Shale and Eden group, 5 Slope fai.ure {3},
eastern Indiana, 25 miles nurih- limestone ¥ope formation settleme t (5 or more)
west of Cincinnati
Chio I-75, Warren County at Penn. Snale and Maysville group -- Settlement {1}
Railroad north of SR&3 limestone
I-7h, Hamilton County at Shale and Maysville group — Settlement {1}
Wessellman Road limestone
SR 22, Fairrield County, west Sandstone Logan formation - Settlement (1)
of Rushville at Rush Creck and shale
I-T0, Licking County, 138 miles Gandstane assillen member, - Settlement {1}
west of Zenesville and shale Pottsville formation
Sk 57, Lorain County, south- Shale Bedford formation — Settlement {1}
east of Elyria at Black River
Kentucky Us 11%, Harlan County, Sandy clay Breathitt group, -- Slope failure (1)
sta 1263, east of Tremont end shale Hance formation ?
¥Y 1930, Kentan County, Shale and Eden group, - Slope failure (1)
sta O to 6,near Decoursey limestcne Kope formation foundation involved ?
[-7% - 1-275 interchange fills, Weathered Fairview lormation - Slope instability (1)
Xenton County near Covington shale and (no distinct failure
limestone plane)
I-7%, hHoone-Kenton Usunties, Shale and Bull Fork formavion - Slope failure {5)
mileposts 179.7, 179.9, 141.6, limestone
182.1, and 188.5
Western Kentucky Parkwey, Clay shale, Tradewater formation KY 12 Slope failure (1)
Grayson County, milepost 92, siltstone, XY 13
near Caneville and sandstone
I-AL, Bath County, milepost 118, Shale and Crab QOrchard tormation KY 24 Slope failure (L),
near Owingsville dolomite KY 15 partly in foundation
KY 16
I-6l, Carter County, Sundy clay Breathitt group KY 20 8lope failure (1),
milepost 152.7, near and shale KY 23 partly in foundation
Vaneeburg-0live Hill
Blue Grass Parkway, Nelson Limestane Louisville and Slope failure (1),
County, milepost 21 and shale Sclleraburg limestones Kf 1 foundation invalved ?
underlain by Osgood KY 2
shale formaticn KY 3
Tennessee I-75, Campbell County, Shale asnd Hance, Lee, and - Slope failure
Caryville to Jellico sandstone Pennington formations {approximately B
enbankments)
West US 460 east of Princeton Shale and dinton formaticn -- Settlement (L)
Yirginia sandstane
Yirginia I-6L, Clifton Forge Shale Brallier and Mitlboro va Settlement () ang
formeticns* va 2 deformation of
VA 3 embankments

206



Comparison of Results

The five problem embankments and test results on unweathered shale
semples associated with these embankments are listed in Table 29. Sev-
eral important points can be made from this limited comparison.

a. The natural water content and slake-durability index suggest
that éetericration would be expected for most of the shale
samples associlated with the embankments in Indiana and Kentucky.
The low jar slake indexes of 1 and 2 correspond to very low
slake-durability indexes and indicate that deterioration could
be determined quickly without the slake-durability tests. Jar
slake values of 4 would require slake-durability tests as a
second step, Similarly, the scleroscope index could not be
used alone as an indicator of susceptibility. These last two
tests require further refinement as indicated in Part VII.

The relatively high average slake-durability index (Ip) values
of 84 and 91 percent for two of the shale samples for embank-
ments in Kentucky (KY 12 and KY 20) suggest the importance of
the type of breakdown during the slake-durability test. Both
samples had an asbundance of quartz (usually associated with
stronger shales) and broke apart into numerous tabular pieces,
as shown in Figures 38 and 40, although there was little loss
of material. Large blocks of this shale placed as rock £ill
could break apart (e.g., under stress at block contacts). The
presence of large voids would allow broken pieces to move into
vold spaces and produce a general loosening leading to settle-
ment. Weathered shale or overburden soil, incorpcrated in the
£ill during construction, could be washed downward (by infil-
trating water) into the smaller voids and eventually form a
weak soil matrix around the broken shale pieces and lead to
eventual slope instability.

|

A1l three shale samples from Clifton Forge, Va., had low water
contents, very high Ip values (97 to 98 percent), and an
abundance of quartz. One sample, VA 1 (Brallier formation), is
not considered a problem shale in Virginia. The samples did
not break apart significantly during the slake-durability test.
However, the. low pH indicated high acidity conducive to chem-
ical weathering as discussed in the following section.

g

Example of Chemical Weathering

The material used in the rock fill for the Clifton Forge bridge
approach embankments consisted of hard, laminated, tan to black shale of

the Millboro formation (Devonian age). Results of tests on samples of
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this shale, collected from the cut section adjacent to the embankment
fill, have been presented in Table 29, The slake-durability indexes and
the Shore hardness values suggest that this shale is gquite hard and pre-
sumably durable, Acid envirommental conditions are indicated by the
sample pH determined after the slake-durability test.

The Virginia Department of Highways and Transportation collected
split spoon samples from borings on the embankment. The boring plan is
shownn in Figure 57, Portions of the sampled material were sent to the
Virginia Highway and Transportation Research Council (VHTRC)* and to
WES for examination.

The hlow counts given on the boring log showed that the material
was relatively soft at scme depths. Blow counts ranged from a low of
5 to a high of 50. The water contents were alsolvariable and ranged
from a low of 3.0 tc & high of 28.9 percent.

Visual inspection of split spoon samples received at WEES indicated
that two types of material were present in each sample., The two types
were (a) relatively fresh, hard, gray tc tan, relatively well-laminated
shale frequently exhibiting silt laminae and (b) highly weathered moist
shale exhibiting the characteristics of clayey, silty soil. Both types
of materials appeared more-or-less intermixed in each sample although
one type would usually predcminate.

Examination of the relatively fresh rock by binccular microscope
revealed the presence of the predominate quartz, some sili-size mica
(10 percent or less), and some pyrite (10 percent or less), Planes and
fractures were coated with a yellowish mineral belileved to be jarosite
(substantiated by XRD) and occasionally contained silt-size crystals
believed to be gypsum.

XRD analyses were conducted by VHTRC and WES¥*¥¥ on the clay-size
fraction and bulk sample, respectively, from selected borechole samples.
These analyses revealed that the clay mineral constituents in decreasing

abundance were illite, kaclinite and/or dehydrated hallcysite, and

* David F. Nobel (1975), personal communication.
*%  pAllen D. Buck (1975), personal communication,
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chlorite. The nonclay mineral component was predominately guartz accom-
panied by smaller and variable amounts of feldspar, pyrite, hematite,
Jarosite, and lepidocrocite., Carbonates were not detected in any sample.

¥RD analyses at WES were conducted on both the fresh and weathered
material, Analyses of the weathered samples indicated a significant
decrease in pyrite and increase in jarcsite, hematite, and lepidocrocite.
The X-ray diffractograms of the weathered samples suggested that the
clay minerals.were more disordered structurally and that more amorphous
material probably was present.

The glteration of the embankment material is shown in the flow

diagram below.

Fresh Shale Weathered Shale
T1lite, kaclinite,  More disordered
chlorite clay minerals
Quartz -»— Quartz
Feldspar Feldspar
Pyrite —»— Jarosite, hematite,
lepidocrocite

The processes which lead to the softening and deterioration of the
shale are believed to be mainly chemical in nature and were initiated by
the weathering of the pyrite and the production of sulfuric acid which
in turn attacked the clay minerals (see Equations 2 and 6, pages 128
and 134 ). The acidization of the clays resulted in an increase in their
structural disorder and an increase in their hydration state and
plasticity.

The foregoing analyses have shown the necessity of a complete test
program for materials used for large embankments. It is noteworthy that
the slake-durability index was not predictive in this case. However,
the pH test might have been the warning that acid conditions were pres-
ent and therefore that more attention was needed on the mineralogical

composition of the embankment material.
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1X. CONCLUSIONS AND RECCMMENDATIONS

Conclusions

All of the States in this study are having or have had problems
with embankments constructed with shale except for Oregon, Pennsylvania,
and North Carclina. The known causes of the unstable conditions of the
embankments were identified by the State highway representatives to be
the following:

a. IExcessive 1lift thicknesses,

o |

Inadequate compaction (specifications and control).

c. Deterioration (physical and/or chemical).

d. Expansive characteristics.

e. Excessive steepness of side slopes.

f. Infiltration of water.

g. Lack of sidehill benching.

h. Inadequate drainage.

i. Rendom mixing of shale with harder rock types (limestone,
sandstone, etc.).

4. Fallure to consider all geological conditions.

k. Lack of established tests and criteria to reliably predict

shale behavicr after emplacement.

These causes are not necessarily listed in order of importance and
may not have been experienced by all of the highway departments. Une
or any combination of these factors may contribute to unstable condi-
tions in compacted shale embankments. One cr more of these factors may
contribute to or initiate the occurrence of ancther factor or factors.
Other unidentified causes could be contributcrs to embankment problems.

The above causes except ¢, d, and k have rather obvious sclutions,
such as using flatter élopes, thinner lifts, increased compaction, and
more extensive drainage, However, a requirement for the general use
of all these measures may not be warranted and would be expensive, both
to the design and constructicn of a project. Consequently, criteria

are needed to determine when specific measures are actually reguired.
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The capability of predicting the performance of shale used as an
embankment material is lacking in almost every instance. This lack is
due in part to the variability of the physical character of shales in
their natural enviromment and the lack of proven test methods to clas-
sify shales in terms of durability when used as a construction material,

The shale occurrence maps develcped in the study show a widespread
distribution in all of the States concerned except four. In California
and Oregon, most of the shale occurs along the coastal areas, while in
North Carolina, shale occurs in a limited area in the Piedmont. Shale
in Virginia is restricted to the Appalachian region in the western part
of the State.

The amount of shale that occurs in a State is not necessarily pro-
portional to the number of problems encountered in constructing shale
embankments. TFor example, shales in West Virginia occur throughout the
State in various quantities; however, the problem areas are located in
the scuthern and northwest part of the State. Shale 1s widespread in
Oklahcma; however, problems are restricted to the eastern part of the
State within the higher rainfall belt. The States east of the Missis-
sippi River have more severe problems with shale embanlments than those
to the west. The Cretaceous formations in the western States have swell-
ing charécteristics which are presenting the major problems. In con-
trast, the eastern States did not report any swelling problems associ-
ated with the shales.

All of the 16 States concerned have recognized the problems in
using shale in embankments, and 12 States indicated problem shale for-
mations ranging from one to two in three of the States to nine in cne
State.

Nine States compact shale only as a soll and seven States place
shale either as soil or as rock, according to current highway practices
for design investigation and construction of shale embankments. Three
of the States that use shale as rock fill have special provisions or
criteria for determining when a shale can be used as rock fill. Indiana
uses the results of laboratory durability tests (see Figure 27) define

rock-like shale and limits the 1ift thickness to 24 in. West Virginia
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classes shale as scft or hard depending on whether it can be broken down
with the approved compaction equipment and also limits the 1ift thick-
ness to 24 in. Kentucky has reduced the allowable 1ift thickness to

12 in. desirable and 18 in. maximum for shale materials considered a
problem from past experience. California specifies the maximum 1ift
thickness for all rocky materials on the basis of percent of rock having
a size greater than 6 in. and requires 90 percent relative compaction.
In general, shales placed as soil and adequately compacted have not pre-
sented embankment problems.

Current design investigation and construction practices for those
States constructing shale embankments are not uniform. Obviously weak
practices by some States ineclude relying on the project engineer's judg-
ment for density control and not specifyling the criteria to be used.
Acceptance or rejection criteria are not sufficiently quantitative or
standardized among the States. Field exploration practices vary signif-
icantly between States, and criteria used have not generally provided
the necessary data for proper construction. Segregating shale from hard
rock (limestone and sandstone) is often not economically feasible and
is not generally practiced. Using a mixture of shale and hard rock as
rock fill can contribute to unstable conditions through differential
weathering after placement.

Identifying exact locations of problem shale embankment was not
accomplished in all Stateé. One or two locations of shale embankments
currently exhibiting distress were indicated in four States, and three
States indicated several locations. The source of the shale used in a
distressed embankment with regard to its position in the stratigraphic
column was not ildentified except in a few cases. Both types of data
somewhat restricted the completeness of this part of the study. Records
of construction were indicated to be insufficient in detall to be use-
ful in determining specific construction conditions and procedures,
sources, and sequences of materials used in embankments, and types of
compaction equipment and procedures. Thus, important infecrmation
needed for determining the influence of possible factors contributing

to shale embankment distress and fallures was not obtained.
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The major sources of experience with shales in embankments other
than for hisghways were the CE and, tc a limited extent, the USBR. The
successful use of shale materials generally from spillway excavations
in some 26 CE and 3 USBR earth and rock-fill dams provides pertinent
information on shale durability, use of test fills, compaction proce-
dures, and engineering properties of compacted shale, including consid-
erable data on shear strengths.

With only a few exceptions, shale materials for CE projects are
processed and/or broken down and compacted using heavy rollers such as
tamping rollers for 1ift thickness of 8 in. and a 50-ton rubber-tired
roller for lift thickness up %o about 18 in.

The infrequent use of even durable shales or shale-rock mixtures as
compacted rock fill (compacted by a 10-ton vibratory roller) indicates
the importance of compacting shale materials as soil to densitles equal
to or higher than G5 percent of standard effort (AASHTO T 99) maximum
density. No settlement or stability problems have been experienced with
compacted shales in dams in the States of interest,

Considerable data on unconsolidated, undrained (Q) shear strength
of compacted shales indicate a significant decrease in strength with
inereases in water content. The consolidated, undrained (R) shear
strength of shales saturated prior to shear is significantly lower than
that of shales in an unsaturated condition. However, the consolidated,
drained (ﬁlor 8) shear strengths of compacted shales are high and about
equal to the R strengths for unsaturated shales. Thus, saturation leads
to high pore water pressures during increases in loading and a large
reduction in strengths based on total stresses. The strength data pre-
sented are considered useful for design guidance.

The probable intrinsic causes of shale deterioration are a combina-
tion of chemical, physicochemical, and physical processes which result
in weakening and softening of the material. These processes affect thé
clay and nonclay mineral constituents by changing the hydration charac-
ter of the clay minerals and by weathering the nonclay minerals. Shales
containing expansive clays such as montmorillonite as a discrete mineral

species or in mixed-layer form are potentially troublescme. Among the
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nonclay mineral constituents, the presence of pyrite, jarosite, and
secondary gypsum suggests susceptibility to weakening by weathering
within the embankment. Most of the potential deterioration processes
are caused by and occur in the agqueous envircnment present in the
embankment.

The tests believed necessary to predict potentially unsound shales
include XRD, slake-durability tests, dispersion tests, and standard soil
mechanics tests are applicable for the materials in question. The slake-
durability index appears to be particularly useful but more study is
needed with this method.

The laboratory testing conducted as part of the study of shale
variabtility indicated, in achieving the objective of covering several
categories of shale formations with at least several samples, that more
comprehensive sampling and testing are warranted. Results of the test-
ing of Ordovician rocks near Cincinnati suggest that variations within
the formation will appear if enough samples are studied, Further study
of rocks younger than Pennsylvanian age is one obvious need; present
results cannot be used in any projections of the variability study to
younger rocks,

The time available limited this part of the study to prcblem shale
formations in Indiana, Ohio, Kentucky, Temnessee, and Virginia where
the problems with shale embankments were more prevalent than in other
States.

For each of the several categories of shale formations sampled and
studied, a2 unique combination of properties and characteristics was
evident and set the formation apart from adjacent rock units and even
other shale., Conversely, certain variations within each shale formation
were apparent from physical test results and subtle changes in mineral-
ogy. Certain mineralogy is characteristic of certain shale types, e.g.,
chlorite in shales from a marine environment; kaolinite and siderite in
shales from a nonmarine environment. $Shale structure and texture
appeared to have 1little bearing con the results of tests for durability
or on the localization of embankment problems.,

Results of the laboratory study indicated that the slake-durability
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test using standard procedures provides a useful index number related to
shale durability. The greatest potential appears to be for use in a
routine manner in which the test can provide an index for comparison of
one material of interest with others previously tested and with known
field Dbehavior.

Several simpler tests appear to be useful. The natural water con-
tent of as-received samples (sealed in plastic bags) correlated in most
cases with slake durability. The pH of the slake water after tests may
rrovide an inexpensive bit of information on the pore water chemistry
and perhaps some indication of ion exchange occurring in clay minerals.

A simple jar slake test showed an approximate parallelism with the
slake-durability test. This simple test may be more useful than the
slake-durability test for routine highway construction. Systematic test-
ing can be done quickly on many samples such as on core pleces to pro-
vide continuous data for the geological strata being excavated and used
in an embankment.

The scleroscope test and resulting hardness index is a useful sup-
plement to the slake-durability test. However, the cutting procedure
required to prepare a suitable surface for testing is relatively time-
consuming and thus expensive. The test results are highly susceptible
to specimen configuration and conditions and may 1limit its ﬁsefulness
for routine testing.

The results of a 1imited evaluation of shale deterioration proper-
ties of unweathered samples from the location of five problem embank-
ments indicated that physical shale deterioration was a primary factor
in most cases. However, the type of breakdown in the slake-durability

test, especially when high 1 values are obtained, is important and in-

D
dicates that the ID value may not be meaningful for hard shales that
break apart only along bedding or other discontinuities. The I_. value

D
using distilled water for the test is not an indicator of possible

chemical weathering except in conjunction with pH measurements of the
residue water and XRD tests as indicated from a study of shales at cne
location in Virginia. The slake-durability test also may not be appli-

cable for other shales which soften but do not degrade. The use of the
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simple Jar slake test as the primary test in such cases needs to be in-
vestigated. The applicability of the ultrasonic disaggregation test

needs to be evaluated as an alternate method when the slgke-durability
test appears inadequate and for possible use in predicting rate of de-

terioration with time.

Recommendations

It is recommended that Phase III be initiated and that priocrity be
given to the following items:

a. Extend the study to assess shale deterioration of other younger
formations not studied, especially in the western States. This
is considered important in establishing the validity of simpler
index tests and the limits of applicability of the slake-
durability test. ©OSome shales may soften and become plastic but
remain intact. In such a case, no loss of material would occur
and a highly misleading slake-durability index would result.

Develop an eccnomical laboratory test to evaluate the decrease
in shear strength with time after compaction.

o

¢. Develop a suitable and economical laboratory type test that
also can be used in the field toc evaluate compressibility of
representative gradations, loads, and groundwater conditions
expected in shale embankments.
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A. APPROACH FOR PHASES 1I AND ITIT

Phase IT: BStrength and Compressibllity Evaluation

and Remedial Treatment of Existing Embankments

Current methods and procedures used to determine in situ conditious,
in situ strength, and compressibility and stability of existing embank-
ments will be identified and evaluated, and the state of knowledge on
material properties will be summarized. This portion of the study
effort will be performed concurrently with the collection of infermation
and data (Phase I).

Representative embankments of shale mixture typifying problem con-
ditions not associated with foundation distress identified during
Phaze I contacts with State and Federal agencies will be selected for
detailed studies to develop prcbable causes of embankment distress. If
required information is found, the properties of the materials as they
were excavated and changes occurring during compaction will be compared
with material properties existing in the embankment.

The results will be developed to provide preliminary information on
cauges of distress in existing embankments of compacted shale mixtures
and methods for evaluating existing strength and compressibility proper-
ties and expected changes with time.

Based on the type of detrimental conditions identified in the
field, Teasible remedial measures identified under Phase I, Task A, will
be evaluated to determine field conditions for which a given treatment
will be effective. Remedial measures considered will include:

a. Drainage systenms.

b. Lime or cement slurry injection and grouting.
¢. Chemical inJection.

d. Electrokinetic chenmical infusion.

e. Electroosmotic stabilization.

This phase of the study will provide preliminary results and sug-

gested remedial procedures required to develop the complete methodelogy.
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Phase IIT: Development of Design Criteria

and Construction of Control Techniques

Many of the tasks to accompiish the desired research will be studied
under Phase III. For that reason tasks are discussed individually.

Task A, sampling program. Field observations, field tests, and a

sampling program, based on a review of important intrinsic factors and
needed type and quantity of samples identified under Phase I, will be
formulated for trial use with current state highway department sampling
programs for shale embankments in problem areas. A research civil
engineer from the WES research team experienced in field sampling and
testing will work in the field to provide technical guidance on modifi-
cations required to obtain suitable samples. If warranted, WES will
perform limited supplemental sampling to establish practical methods and
sample size limitations for cores, blocks, and fragmented in situ
materials required for testing of shale mixtures. Guidelines on allow-
able sample disturbance and weathering will be verified. Required
samples will be obtained for laboratory studies at WES as discussed in
subsequent tasks. From the field study and results of Phases I and II,
a recommended sampling program will be developed.

Task B, index tests. The applicability of index tests identified

under Phase I will be determined for use in predicting the behavior of
shale mixtures considering important intrinsic factors and results of
field studies under Phase II. Necessary modifications or new index
tests will be determined, using appropriate tests or examination tech-
nigques identified under Phase I, Task B, as being related to strength
and compressibility behaviocr.

Task C, laboratory tests. Information from the literature, results

of field data and cbservations, and past experiences with laboratory
testing of compacted shale mixtures to duplicate prototype conditions
will be used to prepare a needed test program for compaction and shear
strength. ©Samples of shale mixtures used in embankments exhibiting both
stable and unstable behavior obtained while conducting studies under

Phases II and III, Task A, will be used., The WES Soils Research
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Laboratory compaction and triaxial shear testing egquipment that accommo-
dates 18- and 15-in.-diam samples, respectively, will be used. Prelimi-
nary tests will be made tc develop methods for adding desired water and
determining curing conditions representative of prototype conditions.
Tests will then be conducted to determine the effects of scaled grada-
tions with 6-in.-diam specimens on consclidation and strength properties
when compared with companion tests on specimens containing near prototype
gradations and maximum grain size. Specimen preparation by kneeding
compaction and impact compaction will be compared to determine degrada-
tion and the procedure most suitable to duplicate field compaction
methods.

Task D, test strips, evaluation of short-term characteristics.

Based on review of past experience with test embankments and the current
state of the art gathered under Phase I, a program will be developed for
constructing test strips of shale mixtures, control testing, and evalu-
ating the results. Procedures will be recommended for field tests to
determine compressibility and shear strength applicable to end-of-
construction conditions. Technical guidance will be provided for con-
struction, testing, and evaluating test strips in connection with current
highway projects. Technical personnel will be provided to conduet the
field tests, and the results will be evaluated, Recommended requirements
for test programs will be developed using test strips and methods for
conducting the tests and evaluating the'results.

Task E, test strips, evaluation of long-term characteristics.

Possible methods of testing compacted mixtures in the laboratory or in
the field (such as large-scale shear and compression tests with cyeclic
wetting and drying) will be considered. However, long-term strength and
compressibllity characteristics depend in parft on seasonal cyclic wetting
and drying, softening of the initially hard particles, stress changes,
deformaticns, and intrinsic property changes from physicochemical
phencmena. These changes could not be adequately represented in test
embankments or in the laboratory. A more feasible approach involves
instrumentation of aged embankments of shale mixtures exhibiting distress.

Piezometers to measure pore pressures, and slope indicators or plane-
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cased holes with sounding pipes on cables to locate shear planes, could
furnish in situ data for backcalculating an averaged long-term shear
strength from stability analyses. This approach has been successfully
used by WES in recent studies of c¢lay shale slopes along the Panama
Canal. Field shear tests at other aged embankments exhibiting no insta-
bility or deformation could be used to obtain limited data on long-term
shear strength of competent embankments of shale mixtures, Limited data
on compressibility characterigstics cculd be cobtalned from large-scale
plate loading tests in test pits in existing aged embankments.

Task F, field compaction and control. The results of previous

tasks, collected field information, and in-house experience with embank-
ment compaction and control technigues for earth and rock-fill dams will
be assimilated and evaluated. ©Specifiec recommendations will be developed
with detailed guidance for varying field conditions. Use of heavy
compaction equipment or shale breaker rollers to break down large
particles instead of separating out large particles on a grizzly would
be considered in cases in which extrapolation of laboratory data is not
feasible. Methods of relating field in-place density test resulis with
comparable compaction test results on scaled gradations of material will
be studied., Guidance for proper methods to use under specific field
conditions will be emphasized and suggested guide specifications will be
developed.

Task G, pretreatment technigues. Information gathered from the

field, other agencies, the literature, and in-house experience on compacted
shale masses will be evaluated to identify and evaluate the effectiveness
of pretreatment techhiques based on past experience. Treatments such as
soaking borrow areas, adding chemical or lime during compaction, batch
mixing, and effectiveness of various types of compaction equipment will

be included in the study. Recommendations will be made and tests

suggested concerning the selection of suitable pretreatment technigues

and compaction equipment for different types of shales.

Task H, design and analysis considerations. Results of all previous

tasks and accumulated in-house experience will be reviewed, evaluated,
and condensed to provide detailed technical guidance for design, analysis,
and selection of necessary features.
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CHECKLIST FOR INFORMATION ON TESIGN AND CONSTRUCTION
OF COMPACTED SHALE EMBAWNKMENTS

Definitions

Shale - the term shale for the purpose of this study includes
shale, c¢lay shale, claystone, siltstone, and mudstone.

This study is restricted to compacted embankments only and ex-
cludes cut slopes and foundation conditions. IEmbankments
greater than 3 ft high are to be considered.

Pergonnel Contacted

Names, position or title, address, and telephone number.

s o ot |

1o

|+

|

General

Map of Federal and State highway systems.
Organization chart of highway departments.
Personnel responsible for design, construction, and maintenance.

Copy of contract specifications for embankments (or standard
specifications for highways).

Sources used by Stgte to obtain guidance for geoclogy, design
studies, construction, and remedial treatments.

Availability of published reports pertinent tc embankments.

List of types of information furnished.

Experience

Stability problems in embankments:

(1} If no problems exist, are problem shale materials used
successfully because of special construction processing
techniques?

(2) Location and areal extent of shele or similar sedimentary
rock formations from which borrow material has caused em-
bankment stabiliiy or deformation problems; location and
areal extent of nonproblem shale or similar sedimentary
formations based on local experience.
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(1)

Specific locations of embankment problems and borrow
sources and availability of samples.

Type(s) of embankment problems (excessive settlement,
slope failure, surface sloughing, etc.).

Techniques used to monitcor embankments.

Methods used to evaluate and determine source of problem
(types of field investigations, field tests, and instru-
mentation; types of laboratory tests and special tests).

Factors causing problem (softening, deterioration of em-
bankment materials, chemical change, seepage, inadequate
processing of borrow materials, inadegquate compaction, and
combinaticn of factors).

Preconstruction or design investigations:

(1)
(2)

(3)

(L)

(5)

(6)

Geological investigations (type and how detailed).

Field sampling and testing (type, frequency, type of in-
formation obtained).

Laboratory tests (type for engineering properties, chemical
analyses, mineralogical data, etc.).

Classification systems or criteria for determining suit-
ability of borrow or excavated material for use in embank-
ment fill (Atterberg limits, gradation, slaking, etc.) as
either rock fill or as soil fill (after some special proc-
essing during construction).

Criteria for compaction, settlement, shear strength, and
moisture cor seepage control.

Evaluation of end of construction and long~-term stability,
deformation, and compressibility. Are any embankment
slope stability analyses performed?

Construction practices:

(1)

Processing or pretreatment of borrow or excavated materials
used in embankment fills (type eguipment and procedures).

Field compaction specifications (type of equipment, locse
1lift thickness, number of passes, etc.).

Control during construction (gradation, in-place density,
moisture content, ete.).

Embankment slopes, base and crown widths, height, zconation,
seepage measures, surface water control on fill, and pre-
vention of saturation after placement.

Maintenance and remedial treatment:

(1)

Types of remedial treatment used (replacement, drainage,
chemical stabilization) and procedures for evaluating and
selecting best procedures to use.
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(2) Subsequent behavior of selected remedial treatments (which
types work best for different situations). .

Special Investigations or Research Efforts

Test fills or embankment sections: locatlon, age, water con-
tent, density, present conditions, type of material, construc-
tion history, type of borrow source, types of samples, field
tests, instrumentation (pore pressures, stresses, movements),
laboratory tests, results, availability of samples and data to
WES.

Embankment evaluation techniques: <type of tests conducted,

were results meaningful (if not, why not), which types of tests
are more promising, could predicticns be made of future com-
petency of the embankment section, and were predictions accurate.

Available reports.

Specific Projects

Availability and types of information on specific project,
where located and who to contact, and can copy of information
and data be mailed to WES.

Availability of current problem embankment section for detailed
study by WES, what assistance could be given by highway depart-
ment forces, and type of information available on borrow areas,
design investligations, and construction.

Are there any test fills or special embankment sections being
investigated or planned for investigation within next two years
in which WES could participate by providing technical input,
observation, and modest field investigations?

Are there any remedial projects under way or planned in which
WES could participate within the next two years?

Are there any studies of geological and engineering properties
of sedimentary formations within the State and variability of
properties of different strata with areal extent or along
particular highway routes?
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Engineering Properties of Material Used in Ccmpacted

Fill and Test Procedures

Classification data.

(1) Gradation.

(2) Atterberg limits.

(3) ©Specific gravity.

Test data on degradation, slaking, abrasion, etc,
Compaétion data.

(1) Type of test and materials tested.

(2)

(3) Test preccedures.
()

Consclidetion data.

Size of mold and rammer.

Test results (optimum water content, maximum dry density).

Shear strength data.
Field test data,

Geological Information Desired

Petrology.
(1) Classification.
(2) Grain size distribution, including percent clay (-2pm).
(3) Cenment(s).

(L) Color.

(5) Other visual identification characteristics.

(6) Fabric (micro), bedding, ete.

Mineralogy.

(1) Clay-fraction; clay minerals + others.

(2) DNonclay fraction.

(3] Cement(s).

(4) Quantitative mineralogy.
(5) Organic.
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¢. Btratigraphy.
(1) Formation.

(2) Age.

(3) Thickness.

(L) Facies changes.

(5) Vertical homogeneity.
(6) Areal extent.

(7) Enviromment of depositicn.

4. Physiography.

(1) Outcrop occurrences.

(2) Exploration techniqﬁes.

(3) Scil development; type, amount, etc,
e. Structure.

(1) Shear zones.

(2) Slickensides.

{3) Folding.

(4) TFaulting.

(5} Evidence of metamorphism or hydrothermal alteratiocn.
(6) Extent of diagenesis and/or consolidation.

Variation in Material Properties of Problem Shale

When problem shale strata or formations are indicated during visit,
the following information is needed (from State geological agencies or
other sources that may be suggested).

a. OSource of information, name of person, title, address, tele-
phone number.

|o

Areal extent, access, and exposure fcr further field study.
c. Availability of existing data.

(1) Air photos, geological data, extent of areal coverage, and
extent of study.

{2) Rorings and samples.
(3) TField and laboratory test data.
(4) Available reports.

d. Arrange to obtain as much detailed data as possible during
visit or by mail or sources for further contacts.
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Gradation
havural lexi-
Water mrm i Specific
Content Tize Passing Sieve, % flazs ALSH  Gravity
Project Sample Descrivtion ' % i, Mo, 10 FHo. LD No. 200 Svsterms TO Solids
1. VWarm Springs Dam, CA Fine grained black shale, browa - 3 Ll 26 17 GC p-2-5 2.72
Try Creek, 6 miles north- sandy shale, and arkosic 1 £2 Lo 30 2o E-2-6
east of Healdsbhurg graywacke crushed from 6-in.- (Gradetion used for fests)
diameter cores (Franciscian
Formation, Creteceous Age)
2, (achume Dam, CA Siltstone crushed from cores 33 3/8 - -- 16 - - -
Senta Ynez River, 18 miles {Monterey Formation, Tertiary
northwest of Santa Barbare Age)
(Gibbs et al, 1960)
3. DBear Creesk Leke, CO Clay shale, composite of cores -- 1 1y & b4 Cil A=2=T 2.76
Bear Creek, 2 miles east crushed to (-) 1-in. (Denver
of Morrison, near Denver Formation, Tertiary Age)
Clay shale, composite of test -- 37k 50 1k N cH 2=2-7 2.77
pit samples (Arazpahoe Forma-
tion, Tertiary Age)
Y, East Tork Lake, CH Crushed gray shaley limestone 2.1 3 10 S 2 GH 4=le 2.73
East Fork of Little Miami and calcareous shale (50% {Shale 3I* 26 1 5 GW-GC  1-2-6rx
River, L miles southeast limestone, 50% shale) {Mays- £.1)
of Batavia ville Group, Ordovician Age)
3 10 Pl 2 Gv A=l-2 2.73
Fen 2l 11 L Gw A=@-Grr
3 10 5 2 GH f=l-a 2.73
3w 28 13 6 GW-60 A-P-Hx
3 10 5 2 GW A-1-a 2.73
3 25 11 L GW R-2-bw
3 10 5 a GW A-1-a 2,73
ESd 26 1L 7 GH-GZ  A-2-6%%
3 10 5 2 GH 4=l-3 2,74
I 26 13 6 GW-GC  A-2-E%x
5. Carr Fork Lake, KY Crushed shale and sandstone -- 1 18 Q L GF_ A-l-a 2.73
Carr Ferk, Kentucky River {Pottsville Series, Pennsyl- 1¥e 31 20 11 GP-GM  A-l-a¥*
2 miles from Vicea vanien Age)
6. TFishtrep Lake, KY Crushed sandstone and shale from 0.8 2 10 [ 3 GP A=l-a 2.73
Levisa Tork, Big Sandy NX cores -
Piver, 7 miles scutheast 3.7 2k 13 10 3 GP-GM  A=l-a**
ol milkeville 0.8 2 10 6 3 GP-GM  A-l-a 2.72
3.7 o 21 13 7 GP-GM  A-l-a¥**
Crushed gray shale (Norton and -- 2 25 1h 3 GP A=l-a 2,57
Gladeville Formatjon, Pennsyl- 1% 15 Lo iz GlW=GM A=lage®
vanian Age)
7. Paintsville Lake, KY Gray, silty clayey shale crushed -- 3 15 13 11 CP-CM  A-l-a 2,74
Peint Creek, Paintsville from f-in.-diameter cores
(Breathitt Formation, Penmsyl-
vanian Age)
8. PRed River Lake, KY Gray and green-gray shaley lime- 3 9 5 3 GP £=2-5 2. 74
Red River, LS miles east stone and shale crushed from -- s 2L 12 7 GF-GC  h-2-6
0f Lexinguon. €-in,-diemeter cores
Light gray clayey shale crushed £33 B 8 7 GV-GC  a=E-F .77
from 6-in.- diameter cores. Fax Jiis] 32 30 GC —Qalw¥
(Waverly Group, Pennsylvenian
age)
9. Tavlorsville lake, XY Brown to green-gray weathered soft 11 3 67 33 52 CH &=T 2.77

Chaplin River, 20 miles
southeast of Taylorsville

shale and gray interbedded lime- --
stone (68% shale, 32% limestone) 1k
crushed from 6-in.~dlameter cores
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Table 14.

Summary of test data on compacted shale.
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Triagxial Shear Test Dats

Standard Effort Compaction Sample bLs Tested
Maximum Optimum Maximum Permeability Diameter Ha:imam 45 Compacted Confiring
Mold Particle  Water Dry Hold Permeability and Pariicle Water Dry Sztu-  Sebu- Consolidatic
Diameter Size Content Density Diameter Density k Height Ske Content Density ration ration Pressure
in. in. % nef in. cm/see in. . % nef % % tsf
12 3 10.5 129.5 - -~ 8 by LL 1 11 121 75 100 3, €, 12+
Standard Proctor Effert: 3.25 38 32 B5 57 - 0.9, 1.8, 3.5,
by end 7.2
Double Standard Proctor Effort: 9 38 32 g 63 --
6 1 23.8 8.5 -- -- 5.8by 12 1 26 08 91 az L, 8, 12%
26 95 84 35 L, 8, 12+
ok 3/n 25.3  9%6.5 -~ -- Lhby 3 3k 21 ol €9 87 n, 8,12
3k 27 9u B89 a8 L, 8, 12
1.4 by 3 30 28 93 il 106 h, 8, 12
3k 28 gl 95 100 u, 8, 12
3-in 0z 28 93 az 100 4, 8, 12
sguare
12 3 2 129 -- -- 15 by 32 3 1.9 129,14 1£.7 o0 7 L4, 8, 12«
Natural
water
cont
-~ -- -- - -- -- 15 by 32 3 1.5 130.1 12.9 -- L, 8, 12«
-- - -- -- -- -- 15 by 32 3 1.9 129.5 16,5 19.2 4, B, 12
-~ .- -- -- .- .- 15 by 32 3 2.3 129.0 19.6 25.5 4, §, 12
-- -- -- -- - -- 15 by 32 3 2.1 129.5 18.¢ -- 4, §, 12
-- -- - - -- - 15 by 32 3 1.6 130.0 134 100 L, B, 12+
& 1 10.7 128 ) 5% 10°° 15 by 38 1 5.8 123.1 L1t 100 6.5, 1, 3, 6
G 1.5 T 123 & 2y 10t 1meyes o Y 120 25 - 1,4 6,9
-- -- -- -- - - 12 by 28 2 L 120 26 -- L, o
-- - -~ -- -- - 6 by 15 2 0-3 128 0-79 -- 0.5, 1, 5, 9
12 3 7.8 135.6 -- -- 15 by 32 3 7 179 59 100 2, 6, 13+
3 7 129 3 100
12 e b 121 -- -- 15 by 32 3 5 120 30 ~- L, B, 12
Natural 3 5 120 30 100 L, 8, 1a*
water
. cont
12 2 5.3 124 -- - 15 by 32 3 6 123 Lo -- L, §, 12+
Hatural 3 5 12k 35 -- L, 8, 12+
water 3 5 1254 35 100 L, 8, 12%
cont .
12 2 11 116 -- -- 15 by 32 3 12 115 66 -- 2, 6, 10.5%
Vatural 3 11 116 63 100 2, 6, 10.5%
water 3 11 116 65 100 2, A, 10.5%
cont 3 12 115 65 - 2, 6, 10.5¢
3 12 116 6l -- 2, 6, 10.5¢
(Continued)







Triaxial Shear Test Tets

Ay Tested

As Compzcted ConTinin, or Snear Jtrensth Dermesbility
T Iry Satu-  Satu- fonsolidation G (1] G = or 3 (CD)
it Density ration ration Pressure [3 { el o} 4 £
el % ¥ £sf st deg tsf deg s’ dag Deaign Strensihs
121 75 100 3, 6, 12¢ -~ -- 0.0 1o -- ~= @ e =2 tsf
f = C deg
R: o = 0.0 tsf
= 15 deg
S: ¢’ = 0.0 tsl
B = 30 deg
G and § from tests on
undisturbed foundation
zamples
55 57 -~ 0.9, 1.8, 3. -- -~ 4.5 3k 056 38
and 7.2 )
&9 £3 -- -- -- 0.8 al.2 0.9¢ 37.2
a8 g1 23 L, 8, 12% 0.8 25 - - -- -- G: ¢ = 0.8 ust
a5 RIS 84 L, B, 1o% - -- 0.15 18.2 0.0 31.5 ¢ = 2.3 deg
R: % = 0.25 £sf
= 15.5 deg
. , . . o . 5.5 deg
. 9b bo 87 4y, 8, 12 0.k 0.0 51 o' = 0.0 ben
- - -- .- =230 8
’ 9k 80 98 L, 8, 12 2.0 0.8 -  -- - - g SR
} 93 91 100 4, 8, 12 -- -- 0.33 156.0
3 oL 25 100 L, 8, 12 .- -~ D.26 1k.2
> 93 82 100 L, B, 12 Direct Shear: 0.5 25
1.9 129.4 16.7 100 L, 8, 12¢ -- -~ 1.0t 1wt 0.7t 361 G: ¢ = 2.0 tsf
&= 17 deg
Pi ¢ = 1.5 ts?
B = 28 geg
L.5 130.1 12.9 -- L, 8, 12% i.u0 38.5 - -- -- -~ S: ¢ = 0.0 isf
. gt = o deg
1.9 129.5 16.5 1% L, 8, 12 - -- 1.9 3% -- --
2.3 129.0  19.6 25.5 1, 8, 12 - -~ 1.6 355 -- -- -
2.1 129.5 15.6 -- 4, 8, 12 1.30  36.5 -- - - -
1.6 130.0 13.4 100 L, 8, 12* - -- 1.5t 1.5t 0.7t 384
5.8 123.1 L1.1 100 0.5, 1, 3, 6 - -~ 1.2 18 -- -- R: ¢ = 1.2 tsf
¢ - 16 deg
S: ¢' =0 taf
8! = 33 deg
L 120 25 -- 1, 4, 6, ¢ --- ~- 1.1% 10.7 D.% 35
4 120 26 -- 4, 9 - ET— -~ 0.5 34
G-3 12f 0-29 -- 0.9, 1, 5, -- -- 1.0 18.5 0.5 36
7 129 59 100 2, 6, 13+ -- -- 1.0 18.5 0.0 37t B:-c = 0.9 tsf
7 129 53 100 0.0 33% 6= 16.8 de
S 2= 0.0 tsf
6 = 29.4 dec
5 120 30 -- bk, B, 12% a.5 35 - -- - - R: ¢ =+ 0.9 tsf
5 12 klel 100 4, 8, 12+ - -- 0.4, 16 0.6 36 8= 19.8 deg
3 ¢' = 0.0 sy
dr o= 23 deg
& 123 Lo -- L, 8, 12+ 1.5 28,5 . - -— -
5 12k 35 - L, 8, 12r 0.5 s oo -- - -
g a2k 35 100 L, &, 12+ .- ~-- g.25 1F 0.0 28.5
12 115 66 -- 2, &, 10.5% 1.4 5 1.2 20 - - Hot wve: available
1l 114 a3 100 2, 6, 10.5% - -- 0.0 1k 0.3 35
11 116 65 100 2, £, 0.5 -- -- 0.3, 10 C.0 i
12 115 65 -~ 2,6, 10,5 125 18 - -- -
12 116 5L -- 2, 6, 10.5% - - 1.1 21 - -
—
(ERI







Table Lk,

Gradation Clasgification Standar
Netural Mexi- Uniform M
Water omm Seil Specific Atterberg Mold P
Content Size Passing Sieve, ¢ Class LASH  Gravity Limits Diameter
Project Semple Descrintion % in. No. 10 No. L0 No. 200 Systems TO Solids LL PT in.
9. daylorsville Lake, KY Gray interbedded moderately hard - 3 12 9 8 GP-GC  A-2-6 2.76 38 17 12
{Contimled) to moderately soft calcareous -- 3FH 38 27 26 GC A-D-gw¥ 32 15
shale and hard fosilliferous -- KX 27 18 16 GC A-D-EH%

limestone crushed from G-in.- .
diameter cores

N W (o8

10. Yatesville Lake, KY Red to gray cley shaele, indu- 4.2 3 1h 12 9 GP-GC  A-l-g 2.75 37 15 12
Elzine Creek, L miles rated clay and siltstone -- 3 36 21 13 GC A-2=G¥¥
south of Louisa crushed from A-in.-diemeter 5.4
cores (Allegheny Series,
Pennsylvanian fge)
11, Beech Fork Lake, WY Indurated clay crushed from 12.7 1 26 ] 3 GW-GC  A-2-6 z2.82 32 13 5.8
Beech Fork, Twelve Pole 6-in.-diameter cores (Cone=-
Creek, 6,5 miles south of maugh Series, Pennsylvenian
Funtington Age)
12, E. D. Bailey lake WV Brown clay shale crushed from 3.8 3 11 3 1 GW A-l-2a 2.76 2} 5 --
Cuyandot River, Justice §-in.-diameter core Ixx 33 18 13 GM-GC  A-1-b**
Gray clay shele crushed from 3.1 3 1= & 3 13 A-1-2 2.77 26 L --
f-in.-diemeter core 3¥F 33 18 10 GM-GC A-1-D** -
Brown weathered shale and clay- 7.3 12 e} 28 22 oM A-2-1 2,76 32 8 12
stone from test T111 {Kanawha -— 2 50 38 36 oM Lol
Formation, Pennsylvanian Age) 10.3
13. Beltzville Dem, PA Weathered shale from test pit, 13.8 1 25 18 14 M A-1l-a 2.72 38 8 6
Pohopoco Creek River, 4 crushed 1xt 38 31 26 GM A-2-hxx
miles east of Lehighton
Brown broken weathered shale 1L 1 23 7 1k GM A-l-g 2.73 3B 10 6 1
from test fill (all mate- -- 1 L9 36 27 GM A-D-
riels from Trimmers Rock 15
Formation, Devonian Age)
Gray silty weathered shale from & > 8 17 12 9 GP-GM  A-l-a 2.75 32 g -- -
test £ill -- I 29 20 14 GM Am2=lpr
10
Partly weathered shale from 7.6 2 17 10 7 GP-GC  A-l-a2 2.76 30 g8 12 2
test fill 2% 25 19 17 GM A=Bm b
7.6 3 20 15 1h it t-l-2 2.76 31 8 -~ -
Eiad 2y 17 15 GM
14, Raystown Dam, PA Mixture of siltstone, shale, 1.8 2 5 3 2 GP L=1-a 2.70 3 9 12
Raystown Branch, Juniata and sandstone from test quarry 2% 17 g 7 GP-GC A-P-lew
River, 3 miles southeast plus 3 in. crushed N
of Huntingdo . : g
uptingaen Mixtures of shale, siltstone, and  -- 26 b 3 2 GP-GM  5-1-a 2.79 21 3 12
sandstone from test fills plus 3= 20 11 S ar-Gc A-O-lww
3 in. crushed {Catskill Forma- 2,5 15 15 11 8§ GP-GC  f-l-a 2.78 27 10 12
tion, Devenian Age) ciad 28 17 1k a0 pad-bxx 2,97 25 8 12
15. Trexler Lake, PA Browm-gray btrorken shale from -- 6 10 5 3 oW £-2-4 2,69 30 7 12
Jordan Creek, 12 miles test pit
- .
northwest of Allentown Brown-gray Lroken clayey shale -- 3 22 1 9 GF-GC  A-2-4 2.71 307 -
from test pit Ehaa a5 16 10 CP-GM  A-2-Lxx
Brown-gray broken silty clayey - 3 25 17 9 GP-gM  A-2-L 2.70 25 L .-
shale from test pit (Martins- ¥ 26 1y 10 GP-GM  A=2-lx
burg Formation, Ordovician -
Age] ' B

¥ Deviator stress continued to increase during the tost.
~#  After triaxisl test.
t Apparent cohesion neglecled in § fesh; velues are pveraps for curoed envelope.
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Table k.

Summary of test data on compacted shale.

{concluded }

Trizxial Shear Test Data

Standard Effort Compaction Semple A5 Tested
Maximum Optimum Meximum Permeability Diesmeter  Marimom As Compacied Confining or
Mold Particle Water Dry Mold - Dry Permeability and Particle Water Dry  Satu- Satu~ Conselidation
Diameter Size Content Density Diameter Density k Height Sice Content Density ration ration Pressure
in. pef in. nfc e/ sec in. in. % pef 5 9, tsf
12 2 2.5 127 -- - -- 15 vy 32 3 2.4 127 18 100 2, &, 10.5¢
Natural 3 2.5 127 19 100 2, 6, 10.5%
water 3 2.7 127 21 -- z, 6, 10.5
cant
12 3 10.3 130 1h 126 1% 1073 15wy 3e 3 kb 108 35 100 2, 5, 8+
3 S 127 41 -- ”, 5,8
5.8 1 11 128 3 128 1% 1073 2.8 vy 1 9.3 123 A0 -~ 1.4, 2.9, and L.3
5.6
1 1.1 123 73 -- 1.k, 2.9, and 4.3
1 3.0 123 ) - 1.4, 2.9, and k.3
2.8 EY 1 9.0 123 59 100 1.4, 2.9, and L4.3
5.
1 11.1 123 73 100 1.4, 2.9, and L.3%
-- - -- - -- - -- 15 by 32 3 2.5 113 12 100 5, 10, 20
3 2.3 11h 13 100 5, 10, 20
- - -- -- .- -- - 15 vy 32 2 1.1 115 6 100 5, 10, 20
2 1.1 115 3 100 5, 10, 20
12 2 9.8 Field 12 124 2 x 1073 15 by 32 2 &.5 125 62 100 2, 7, 10%
2 8.0 126 58 A5 2, 7, 1o
it 1 15 116.8 - - -- 6 by 15 1 17.0  11h 9L - 1, 3.5, 6, 8%
1 15.1 117 90 -- 1, 3.5, 6, &%
1 17.0 11k 100 -- 1, 3.5, 5.7
& 1 11.6 125 - -- -- 6 vy 15 1 4.5 117 85 -- 3.5, 8, 1hx
1 14.3 119 S0 -- 3.5, 8, 1
1 3.8 119 25 -- 3.5, 8, 1k
1 11.1 120 71 -- 3.5, 8, 1l
1 14.2 121 oL -- 3.5, 8, 1
1 14.0 120 89 100 3.5, 8, 1L
1 147 116 86 100 3.5, 8, 1L
1 L.2 119 26 100 3.5, 8, 1k
1 12.2 118 76 100 3.5, 8, 14
-- - -- -- -- -- - £ by 15 3 8.3 121 55 8 2, 5, 10, 15*
3 7.2 126 5L ag 2, 5, 10, 15*
3 £.8 130 74 100 2, 5, 10, 15
3 7.9 131 71 100 2, 5, 10, 15
3 5.8 132 Sh 100 2, 5, 10, 17+
12 2 10.5 123.3 -- -- -- 12 by 28 2 7.1 126 Sk 99 2, 5, 10, 15*
2 9.1 126 68 7 2, 5, 10, 15
2 8.8 130 76 100 2, 9, 10, 15*
-- - -~ -- -- -~ -~ 12 by 28 3 S.4 121 55 29 2, 5, 10, 15¥
12 2 2.4 124.7 .- - -- 12 by 28 2 3.0 12k 21 100 2, 5,6
3. 116 17 100 2, 6, &
12 3 7.5 136.% 18 125 1 2w el 3 6.9 128 90 g2 =, 2,6, 10
3 7.3 136 72 99 2, 6, 10
12 3 7.5 1h2.6 18 140 px 103 12wyoes 3 7.0 136 T W0 2, 6, 10
12 3 7.5 139.6 3 7.1 142 91 ] 2, 6, 10
12 2 7 124 -- -- -- 15by 32 3 2.8 1L 28 001, 0k, &
- - - - 14 116 5x 1070 15wy 30 3 2.1 115 13 106 1.7, b, B
1L 118 6 x 1073 -
14 122 L x 1073
-- - - - - - -~ 15 by.32 3 2.5 122 17 100 1, b, &

Shear
Q (W
c o
tsf deg
1.5 35
0.75 31.5
1.28 17.6
0.98 1L.5
0.68 11.3
0.8 0.0
2.6 0.0
2.5 1
1.9 4
2.0 32
2.0 22.5
2.4 6

% 2 Q1—L5

—_—
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Triaxial Shear Test Jata

A3 Tesced
Cenfining oOr

As Compacted

Shear 3trength Permeability

ter Dry Satu-  Satu- Consolidation q {t} R_(CU) R or 8 (CD)
tent Density ration ration Pressure ¢ [ : c -]
pef % tsf tsf deg  tsf deg tsf deg Design Strengths
2.4 127 18 100 2, 6, 10.5% -- -- 0.25 16.5 0.25 37t
2.5 127 19 100 2, 5, 10.5% -- -- 0.25 15.5 0.0 Lot
2.7 127 21 - 2, 6, 10.5 1.5 136
b 128 35 00 2, 5, 8 .- - 0.25 20 0.0 3.5t @ c - 0.75 tsf
5 127 Ll -- 2,5 9 0.75 31.5 B = 31.5 deg
R: ¢ =0.23 t=T
B = 20 deg
S: e' = 0.0 tsf
pr = 25 deg
2.3 123 60 -- 1.4k, 2.9, and b3 1.28 17.6 - - -- -- Q: ¢ = 0.8 tsf
BH= 9 deg
1.1 123 73 -- 1.4, 2.9, and L3  0.98 IL.5 -~ - -- ~- R: ¢ = Q.17 tsf
3.0 123 86 -- 1.4, 2.9, and .3 0.8 11.3 - -- -- -- B = 19 deg
9.0 123 59 100 1.h, 2.9, and 4.3 -- - 0.17 16.8 -- - §: ¢’ = 0.0 tsf
¢ = 25 deg
1.1 123 73 100 1.h, 2.9, and UL.3% - - 0.21 16.7 - -
2.3 113 12 100 5, 10, 20 -- - 0.0 16 0.0 35+ T: ¢ = 0.0 tsf
2.3 11k 13 100 5, 10, 20 - - - -- fale] et = 16 deg
1.1 115 6 100 5, 10, 20 - - 0.0 16 0.0 1% 81 ¢' - ©
1.1 115 £ 100 5, 10, 20 - -- - -- 0.0 31 ¢ = 32 deg
8.5 125 62 00 2, 7, o -- — 0.5 18 0.0 35
8.0 124 58 65 2, 7, 10 - -- -~ -- 0.0 31.5
7.0 114 oL -- 1, 3.5, A, 8= c.8 0.0 -- - -- -
5.1 117 90 -- 1, 3.5, 6, 8% 2.6 0.0 - -—- -- -
7.0 11k 100 -- 1, 3.5, 5.7 -- -- 0.0 24 0.0+ 35% Weathered silty shale:
4.5 117 85 -- 3.5, 8, 1 2.5 1 - - -- -- Q@ ¢ = 1.9 tsf
L.3 119 a0 -- 3.5, 8, 1b* 1.9 & - - -- - # = k deg
3.8 119 25 -- 3.5, 8, 14 2,0 32 -- -~ -- - R: ¢ = 0.3 taf
1.1 120 71 - 3.5, 8, 1w 2.0 22.5 - -~ - -- 6= 19.2 deg
b.2 121 L -- 3.5, 8, 1L+ 2.L 6 -- -- -- -- 5: ¢! = 0.0 tsf
4.0 120 89 100 3.5, 8, 1k -- - 0.0 22 0.0 37 g = 32.1 deg
4.7 116 86 100 3.5, B, 1b* -- -- 6.7 19.5 0.0 36
k.2 119 26 100 3.5, 8, 14 -- -- 0.6 25 0.0 3C.5
2.2 118 76 100 3.5, 8, 14 - -- 2.0 20 0.0 36
8.3 121 55 98 2, 5, 10, 15+ - -- 1.5 12 Partly weathered
7.2 125 5k 93 2, 5, 10, 15% -- -- 1.5 13 shale:
8.8 130 76 100 2, 5, 10, 15% -- - 2.3 15.5 R: ¢ = 0.0 tsf
7.9 131 71 100 2, 5, 10, 15 -- - 0.0 25.5 0.0 38 $=25.5 deg
5.8 132 5k 100 2, 5. 10, 15% -- -- o.L 28 0.0 38.5
7.1 126 -5l 99 2, 5. 10, 15 -- - 1.5 13 0.0t Lot
9.1 126 68 a7 2, 5, 10, 15 -- -- -- -- 0.0t 35t
5.8 130 76 100 2, 5, 10, 15 -- -- 3.3 1k 0.0t L3t
8.4 121 35 99 2, 5, 10, 15 -- -- 1.2 10 0.0+ 42t
3.0 12y 21 00 2,4, 6 - - - - 0.0 37 8 ¢ =0
3.1 116 17 100 2, 4, & .- -- - - 0.0 3k A = 45 deg
for g < 3.6 tsf
6.9 128 50 92 2, 2, &, 10 -- -- - - 0.0 39 @' = 34 deg
7.3 136 72 93 -2, 06, 10 -- -- -- - 0.0 35 for § > 3.6 tsf
7.0 136 7 100 2,4, 10 - - - - 0.0 33 "
7.1 142 o1 99 2, 5, 10 -- -- -- - 0.0 35
2.8 114 14 100 1, Lk, 8 - -- 1.15 18 0.65¢ L43.5t R: o = 0.55 tsf
é = 19 deg
N L. 8 - - G $: e¢' =0
2.1 115 13 ) jale] 1.7, b, & 0.65 19 0.65¢ L5+ £ - L0 deg
2.5 120 17 100 1, 4, 8« - -- 0.80 20 0 &0t L5t
Preceding page blank < 23 ¢






