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FOREWORD 

Laboratory investigations of the properties of clay shales by the 

u. S. Army Engineer waterways Experiment station (WES) were requested and 

authorized by the Office, Chief of Engineers (CXjE), in fiscal year 1965 

under ES 529 and later under ES 5420 

The study of clay shale properties has consisted of both laboratory 

testing by WES and the review of laboratory test results from other offices 

of the Corps of Engineerso Particularly helpful in providing information 

have been Messrs. Ao H. Feese of the Southwestern Division and G. So Spencer 

of the Missouri River Divisiono Work at WES was performed by Mro B. N. 

Maciver, Project Engineer, and lLT William Heley, both formerly of the 

Embankment and Foundation Branch, Soils Divisiono 

This report was prepared by lLT Heley and Mro Maciver under the 

direction of Mr. Jo Ro Compton, Chief, Embankment and Foundation Branch, 

and Mr. Ao A. Maxwell, Acting Chief, Soils Division, and was reviewed by 

Mr. s. J. Johnson, Special Assistant, Soils Division. 

Directors of WES during the conduct of the study and the preparation 

of this report were COL John Ro Oswalt, Jr., CE; COL Levi Ao Brown, CE; 

and COL Ernest D0 Peixotto, CEo Technical Directors were Messrs. Jo Bo 

Tiffany and F. Ro Brown. 
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CONVERSION FACTORS, BRITISH TO METRIC UNITS OF MEASUREMENT 

British units of measurement used in this report can be converted to metric 
units as follows: 

Multiply By To Obtain 

inches 2.54 centimeters 

feet 0.3048 meters 

square feet 00092903 square meters 

gallons 3. 785412 cubic decimeters 

tons 907.185 kilograms 

pounds per square inch 0.070307 kilograms per square centimeter 

pounds per square foot 4.88243 kilograms per square meter 

pounds per cubic foot 16. 0185 kilograms per cubic meter 

. 
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SUMMARY 

Characteristics of clay shales are reviewed with regard to construc
tion and maintenance problems encountered on Civil Works projects of the 
Corps of Engineers. Confusion in the description and definition of clay 
shale results from the variable character of the material and the subjec
tivity of most classification methods. It is considered inadequate to 
distinguish only good shales from bad shales; rather, standardized indexes 
are required for the quantitative classification of shales. 

From consideration of the several factors controlling the charac
teristics of clay shales, both qualitative and quantitative indexes are 
defined and standardized apparatus, procedures, and descriptors for each 
index are proposed. Particular emphasis is given to the methods for 
disaggregating clay shale material for index tests and the apparatus and 
procedures for ~asuring residual shear strength. 

It is recommended that Atterberg limits and particle-size analysis 
be performed on material processed (a) from undried material, (b) after 
a single cycle of air-drying and slaking, and (c) after disaggregation 
by a high-speed food blender. Oven-drying and cyclic air-drying proce
dures are not believed to provide as useful information as these three 
methods. Detailed procedures are suggested for the three standardized 
methods for disaggregating material, including specific equipment and 
operating requirements for high-speed blending. 

Apparatus and procedures for performing repeated direct shear and 
annular (or rotational) shear tests are reviewed and compared. variations 
in measured residual shear strength with type of test, type of specimen, 
normal stress, and rate of shear displacement are discussed and illustrated 
with test results. The concept of both a frictional component and a geo
metrical component to measured residual shear strength is introduced and 
used to interpret the effect of reversing the direction of shear displace
ment in the repeated direct shear test. Details of a standardized method 
for determining residual shear strength are proposed, and objectives for 
future investigation are suggested. 

. 
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ENGINEERING PROPERTIES OF CLAY SHALES 

DEVELOPMENT OF CLASSIFICATION INDEXES FOR CLAY SHALES 

PART I: INTRODUCTION 

Background of Study 

1. The Corps of Engineers (CE) has long had a direct interest in 
construction and maintenance problems associated with clay shales. 
Massive landslides along the Panama Canal began when excavation in 
clay shales was begun by the CE in 1905, and the slides have never 
completely stoppedo Later, under an expanding Civil Works program, 
many flood control projects in the central United states required slopes 
and tunnels to be excavated through cJay shales and large water-impound
ing embankments and structures to be supported on clay shales. Besides 
problems encountered at dams constructed on the Missouri River, diffi
culties and uncertainties have attended the construction of dams and 
appurtenances along the Kansas and Arkansas Rivers and in central Texas. 
In 1961, a major slide occurred in the clay shale foundation of Waco Dam 
in Texas during construction. 

2. The Office, Chief of Engineers (OCE), initiated an investi
gation in November 1962 under the program of Engineering Studies (ES) 
designated ES 529 and entitled "shear strength Characteristics of 

Clay-Shale Foundations." The original purpose of this investigation, 
which was assigned to the Uo S. Army Engineer District, Fort Worth, 
was "to detect and evaluate the effect of testing techniques on the 

" t strength values of clay shales. ES 529 was directed mainly award 
the difficulty of correlating results of laboratory tests on clay 
shales with in situ behavior of such materials. Direct shear (and • 
other) tests of the Pepper and Del Rio shales from the foundation of 

. Waco Dam were performed by the Southwestern Division Laboratory from 
late 1962 through 19640 The results of this work have been published 
. t 1 1n par • 



3. The U. S. Army Engineer Waterways Experiment Station (WES) was 

authorized in November 1964 to design and construct an annular shear ap

paratus to study the residual shear strength of clay shales. From July 

1965 (when ES 529 was transferred to WES) through 1968, the work at WES 

was devoted almost entirely to development of apparatus for residual 

shear strength determinations. The high-capacity armular shear apparatus 

presented many difficult design and fabricat i on problems, as did special 

equipment needed to trim the annular specimens from intact samples of 

stiff to hard materialso However, by late 1968, the techniques of 

specimen preparation had been developed and testing of clay shales was 

started. 

4. ES 529 was terminated in 19680 However, the need for more 

knowledge of the properties and behavior of clay shales resulted in a 

new study, having broader objectives than ES 529, that was initiated 

by OCE in July 1968 as ES 542, entitled "Engineering Properties of Clay 

h " S ales. 

Objectives of Study 

5. One of the several long-range objectives of this study is to 

establish satisfactory and standardized procedures for the quantitative 

classification and identification of clay shales by CE officeso An 

investigation of tests and test procedures useful in identifying and 

classifying clay shales forms the subject of the present report. The 

significance of residual shear strength as a measure of long-term 

stability and as a classification index for clay shales is being studied 

along with methods for determining residual shear strength. Portions of 

this study are included in this report. Another objective is to develop 

information on the macrostructure of clay shales and the effect of gross 

geological features on in situ behavior. The mass shear strength of 

clay shale is a difficult property to evaluatee A study of this property 

will be complicated by the need to reproduce in situ conditions of stress 

and strain, as well as to test sufficiently large specimens to include 

2 



representative g;eological featureso At the present time, little knowledg;e 

is available on in situ stresses in clay shale formations, or on the 

relationship between stress conditions and fissures or slickensides. Ex

perimental investigations of the development of excess pore water pressures 

must be considered as yet another objective of this study, particularly in 

view of the high piezometric pressures measured at both Fort Peck and Waco 

Dams. Stress deformation-time relationships for clay shales also require 

study. 

60 The above-described objectives are being pursued by a variety of 

methods. One activity is a continuing collection, review, and evaluation 

of available information on clay shale properties and behavior. Information 

copies of laboratory reports, field investigations, and design memoranda 

related to clay shales are obtained from various CE offices; correspondence 

is being maintained by WES with private firms, educational institutions, 

and other governmental ag;encies involved with clay shale problems; and 

published literature is being studiede This growing fund of information, 

besides being a source of input to the several separate phases of the study, 

provides a basis for the long-range objective of correlating field behavior 

with laboratory test resultse 

Scope of Report 

7e This report is directed solely toward the problem of classifica

tion indexes and determination of residual shear strength for clay shaleso 

In the parts that follow, currently used classification indexes, both 

qualitative and quantitative, are defined and discussed, tog;ether with 

recommended methods for determining them. In some definitions, arbitrary 

and specific restrictions are introduced to provide standardization. In

vestigation of classification indexes is continuing under ES 542. 

3 



PART II: DEFINITIONS AND CHARACTERISTICS OF CIAY SHALES 

2 
As described by Underwood, shales are often considered to fall 

into either of two groups: the good shales or the bad shales. These two 

groups are also recognized by differentiating shales as rock-like or soil

like, inactive or active, cemented or compacted, stable or unstable, and 

nonproblem or problem. Unfortunately, this is only a subjective, relative 

grouping since some shales have definitely good or bad behavioral histories 

while others have mixed records. However, it is this variable character 

of shales which causes confusion in the description and definition of shale 

and which requires quantitative indexing. 

9" Shale is defined in one dictionary
3 

as "a fissile rock that is 

formed by the consolidation of clay, rrrud, or silt, has a finely stratified 

or laminated structure, and is composed of minerals essentially unaltered 
2 

since deposition." Underwood defined shale as "the fissile equivalent of 

claystone and/or siltstone." While these are correct definitions from a 

geological viewpoint, they do not adequately describe the characteristics 

Whi. ch gi· ve the words "clay shale" · 1 · t · spec1a meaning o engineers. For the 

Specialty session on Engineering Properties and Behavior of Clay Shales at 

the seventh International Conference on Soil Mechanics and Foundation 
4 Engineering, Peterson defined clay shale as "uncemented bedrock containing 

a hi ·gh proportion of illi te and montmorilloni te which has been highly over-

" consolidated and breaks down on weathering to form a clay. Taylor stated 

that the material ITRist incorporate some litho relics of the original shale 

or else it would have to be considered as merely an overconsolidated clay. 

In an unpublished conference at WES in June 1969, Beene (of OCE) suggested 

that "clay shale is an uncemented or poorly cemented, highly overconsoli

dated primary sedimentary rock comprised of predominantly clay minerals." 

10. The difficulty with the term "shale" lies in its application to 

material which is considered a soil by one person and a rock by another. 

Obviously, there can be no clearly drawn line between soil and unaltered 

sedimentary rock; materials can be found which represent every stage in 

the continuous process of densifying an initially soft sediment into an 

4 



eventually hard rock. During a particular period in the densifying process, 
the material may possess considerable strength because of consolidation and, 
possibly, cementation, but bonds between particles may not ensure permanence 
of that strength. A shale may appear as substantial as rock, but the engi
neer is often uncertain whether the material will behave like soil or like 
rock. This from an engineering viewpoint is the potentially treacherous 

'' '' material to be called clay shale. 

11. For the purposes of this study, clay shales having a wide vari
ation in properties must be investigated to seek correlations between these 
properties and in situ behavioro Both uncemented and somewhat cemented 
materials must be examined, as well as materials of different mineralogical 
composition. Thus the definition of clay shale adopted for this study must 
not be too restrictive; it must cover both the good and the bad typeso Clay 
shale will be considered to be, first, a heavily overconsolidated sediment. 
Second, when the material is completely disaggregated into individual parti
cles, it has the properties of clay (that is, the position of its Atterberg 
limits values on a plasticity chart is above the A-line)o Materials included 
in this study may be massive, fissile, laminated, or slickensided. Degree 
of cementation, degree of overconsolidation, mineralogical composition, 
degree of weathering, etc., cannot be specified at this time. 

12. The character of shales is so strongly influenced by stress his
tory that many of the common bases for differentiating earth materials are 
inadequateo The geological age of a material is not a significant indicator, 
even though most of the formations containing troublesome shales belong to 
the Cretaceous or Tertiary period. Formation names must be used with care. 
Most formations that are identified with troublesome clay shales also con
tain members that are not clay shales but limestones and sandstones. For 
example, the Pierre Formation consists of eight different members, and only 
a small part of the total formation consists of the clay shales which have 
given the formation a bad reputation. Therefore, it is misleading to refer 
categorically to the behavior of a formation when the intended reference is 
to the behavior of a member that may constitute only a small part of a given 
formationo Also, the conditions under which a member of a formation occurs 

5 



at one locality may be so different from the conditions under which the 

same member occurs at another location as to preclude correlation of behavior 

between the twoo 

13. Chemical analyses are of limited value in classifying shale since 

the average chemical composition of all shales is essentially the same: 

60 percent silica (Si02 ), 17 percent aluminum oxide (Al
2
o

3
), 5 to 10 percent 

ferric oxide (Fe
2

o
3

), 2 percent magnesium, 2.5 to 3.8 percent potassium mon

oxide (JSO), and other salts (Tourtelot, as reported in ref 2). Mineralogi

cal analyses, despite the progress being made with these, are of questionable 

value in predicting behavioro In some instances, troublesome clay shales 

have been found to have montmorillonite as the predominant clay minera1, 5 ' 6 

though such predominance was not found in the Pepper shale from the foun-
7 dation of Waco Damo 
2 

14. Underwood proposed that shales could be evaluated for engineer-

ing purposes only by assessing the relative values of a number of physical 

propertieso Some of these properties, such as shear strength and perme

ability, are poorly defined and probably cannot be related with in situ 

values because of the influence of geological discontinuities. The remain

der, however, can be considered to be indexes, amenable to definition and 

standardized procedures for determination. The need, therefore, is to 

develop standardized indexes which eventually can be related to the charac

teristics of clay shales. 

6 



PART I I I : FACTORS CONTROLLING 
'IHE CHARACTERISTICS OF CIAY SHALES 

15. The physical properties and behavioral tendencies of a clay shale 

depend on complex mineralogical, chemical, and structural features. These 

cannot be evaluated directly to provide a basis for computing the overall 

condition and future behavior of a clay shale o Instead, indexes must be 

obtained which reflect certain combinations of the factors controlling its 

physical properties. Since almost every index is affeGted by more than one 

factor, no single index can describe a material, and a number of indexes 

nrust be used and compared. The following discussion is intended to identi

fy mineralogical and structural characteristics which are considered to be 

of primary importance in a clay shale. Each factor must be viewed with 

regard to the geological history of the material. In particular, the 

dependence of structural patterns and features on past and present stress 

systems should be recognizedo 

Character of Individual Particles 

16. The first factor to be considered must be the type and size of 

individual particles comprising the material. A large percentage of clay

sized particles would indicate a potentially more bothersome material than 

one containing large amounts of coarser particleso However, the quantity 

of clay-sized particles is not necessarily significant by itself; the type 

of clay-sized particles present must also be considered. A relatively 

small percentage of the more active types of clay minerals (such as mont

mor i lloni te and illite) can influence the properties of a material more 

than a larger percentage of less active types of clay minerals (such as 

kaolinite and chlorite) 0 Mineralogical analyses can detect the presence 

of different types of clay minerals and can establish the relative quantity 

of each type present. While these analyses require complex equipment and 

interpretation by highly qualifi e d specialists, they yield information t hat 

is helpful in classifying a material. 
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17. The quantity and type of clay-sized particles in a soil are 

typically evaluated by a combination of particle-size analysis and 

Atterberg limits. The presence of a very active clay mineral would be 

indicated by a high plasticity index resulting from even a relatively 

small perc..entag-e of clay-sized particles. In the case of a clay shale, 

however, the strength of interparticle bonds may not permit determination 

of gradation or plasticity characteristics of its individual particles. 

These determinations may, in fact, be made on aggregations of particles, 

giving rise to index values which depend on the effort used to disaggre

gate the material. While the chang-e in index values with increasing 

effort to disaggregate is a measure of interparticle bond strength, the 

meaning of the values themselves is less clear. 

Fabric 

18. The geometrical arrangement of particles in a clayey material 

is mainly controlled by the depositional environment and by the stress 

history following deposition. Material deposited in a brackish or marine 

environment will become flocculated and produce a fabric of randomly 

oriented particles. Upon consolidation, such a material can develop high 

strength, but it will tend to be brittle and sensitive. In addition, 

clays with randomly oriented particles, having a high percentag-e of edge

to-face interparticle contacts, are capable of storing considerable strain 

energy by the flextu"e of particles and, therefore, produce shales which 

can be troublesome. Clays deposited in water with low salt contents tend 

to have less randomly oriented particles; that is, the particles are 

oriented in a largely parallel fashion with a low percentage of edge-to

face contacts. While high strength and high modulus can develop in a 

fresh water deposit, such material would not show high sensitivity, and 

it would not be capable of storing a large amount of recoverable strain 

energyo 

19. Interparticle geometrical relationships are important to the 

behavior of a clay shale, particularly when considered together with the 
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interparticle bonding. A qualitative evaluation of fabric is possible by 

microscopy using thin sections of the material. Recent developments in 

the scanning electron microscope provide striking displays of fabric with 

great clarity and depth perception.
8 

Methods for making quantitative 
9 measurements of fabric by X-ray diffraction are being perfected, and 

these measurements may eventually prove extremely valuable for the classi

fication and identification of clay shale. Indirect methods for indexing 

fabric, such as shrinkage and swell characteristics, compression moduli, 

etc., also reflect the type of clay particles and strength of inter

particle bonds, so that rather general assessment of the effect of fabric 

is possible. 

Character of Interparticle Bonds 

20. The significance of interparticle bonding on the behavior of 

overconsolidated clays and clay shales was emphasized by Bjerrum10 in 

his explanation of the mechanism of progressive failure. He described 

the relationship between the strength of the bonds (weak, strong, or 

permanent) and the capacity of a material to store recoverable strain 

energy. The reduction in strength of interparticle bonds due to accel

erated weathering following excavation releases strain energy and, as a 

result, causes time-dependent movements of the material. 

21. Little is known about the physicochemical character of the 

bonds between clay particles or about the process, termed "diagenesis," 
. 10 by which these bonds develop and strengthen. BJerrum postulates that 

"in the zone of contact between particles the stresses are very large 

and recrystallation occurs, causing each pair of contacting surfaces to 

physically conform to one another, and here there might develop adhesion 

resulting from molecular bonds." Depending on the type of clay particles, 

the magnitude of the overburden stress, environmental conditions, e tc., 

extremely strong bonds can form over periods of thousands of years. 

cementing agents of various types (calcareous, siliceous, etc.) may 

further strengthen the bonds and, in some instances, produce a permanently 
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bonded material which must be considered rock rather than soil or clay 

shale. 

22. Visual examination of interparticle bonds is not possible, nor 

can the strength between two given particles be measured. Instead, the 

overall strength of interparticle bonding must be indexed by indirect 

methods. As discussed later, the stronger the bonding, the more effort 

is required to disaggregate the materiale With increasing disaggregation, 

classification indexes such as particle-size distributions and Atterberg 

limits will increasingly reflect the character of individual particles 

rather than clumps of particles. Therefore, the relative strengths of 

interparticle bonds can be evaluated by the change in measured index 

properties with increasing effort to disaggregate the materiale The type 

of bonds (whether uncemented or, if cemented, the type of cementing agent) 

can be revealed to a limited extent by chemical tests. 

Macrostructure 
• 

23. The type, intensity, and geometrical pattern of discontinuities 

through a clay shale depend to a large extent on the stress and tectonic 

histories of the formation. However, depositional patterns and conditions 

may produce bedding or fissility in a clay shale which is essentially 

independent of past or present stresses. Clay shale formations were 

consolidated under high overburden stresses accompanied by high horizontal 

stresses and will, because of residual horizontal stresses, rebound hori

zontally toward slopes cut by rivers. Horizontal shear movements follow

ing stress relief will produce patterns of fractures and shear surfaces 

related to (a) the magnitude and direction of the stress relieved, (b) the 

capacity of the material to store and to release strain energy, and 

(c) the distance from the slope formed. The intensity of slickens.ides in 

clay shales along the Missouri River decreases with depth and with hori

zontal distance from the river, a very low intensity being found below 

the river bottom. 

24. Additional discontinuities are formed in clay shales by faulting 

10 



and sliding. Because of the effect of local conditions, structural dis
continuities cannot be used as indexes of an entire formation. yet, whe n 
samples of the same formation are taken at different depths and distances 
from an eroding river, differences in macrostructure among the samples 
provide information helpful for classi f ication purposese 

25. Macrostructure is still an essentially qualitative index, 
subject to the interpretatiQ,11 of individual observers. However, this 
important factor merits the closest attention. Means for quantitatively 
evaluating macrostructure eventually may be developed through the appli
cation of X-ray techniques. For an example, a radiograph of a piece of 
Dawson shale from the site of Chatfield Dam in Colorado is shown in fig. 1. 
Details of intensity and orientation of discontinuities revealed by the 
density-sensitive X-rays cannot be detected by visual inspection of the 
shale. The graphical display of these discontinuities provides a basis 
for direct measurement and statistical analysis. 

11 



Fig. 1. Radiograph of 2-cm-thick specimen of Dawson shale 
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PART IV: QUALITATIVE CI.ASSIFICATION INDEXES 

26. The first step in examining and testing an intact soil sample 
is to prepare a description of the material. This description, by itself, 
yields information helpful in classifying the material. By per f orming a 
number of simple, standardized operations on pieces of the sample, the 
examination can produce a complete set of qualitative i ndexes; in many 
instances, these indexes may be sufficient to classi f y the material. No 
special equipment is required to obtain the information, and the exami
nation may be made in the field as readily as in the laboratory. However, 
standardization of the meaning of the descriptive words is essential to 
ensuring the value of these indexes. In the following paragraphs are 
defined the qualitative classification indexes which appear to be the most 
important and, at the same time, the simplest and most amenable to 
standardization. 

Color 

27. The color of a material at its natural water content should be 
described as completely as possible, since it is indicative of certain 
minerals or organic matter and the degree of weathering. Charts are 

·1 bl t d th d . t• f 1 ll,l2 Th . d . t• ava1 a e o gui e e escr1p ion o co or. is escr1p ion 
should be limited to the continuous portions of the material and should 
not include any difference in color on or near discontinuities; the dis
coloration of fissures and slickensides should be given under the descrip
tion of the structure of the material. 

Consistency 

28. The resistance of a material to distortion or compression is a 
reflection of the strength of interparticle bonds. Gross structural dis
continuities should not be permitted to affect the measure ment of con
sistency; only the resistance of intact pieces of material should be 
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determinedg Several scales of consistency have been used, often oriented 

toward a limited range of local soil types. However, it is believed that 

the AS'IM standard definitions of soil consistency
19 

should be followed 

rather than to introduce special definitions applicable only to clay shales 0 

The standard definitions are given in table 1, with a single modification: 

the addition of a ''very Hard" category to distinguish materials which are 

essentially rocklike in character. 

29. Two determinations of consistency (made either with the hands 

or with a pocket penetrometer) are required to indicate sensitivity. One 

should be performed on an intact piece of material at natural water content, 

while another should be performed on the same piece of material after it has 

been thoroughly remolded without reduction in water content. The difference 

between these two determinations, of course, is a measure of the sensitivity 

of the material. Such a comparison of consistencies may not be possible for 

many clay shales, but both determinations should be attempted in order to 

provide documentation of the character of a material not obvious to an 

engineer who cannot have the advantage of handling a piece of the materialo 

30. When an unconfined compression test is performed on a specimen 

of the material, as discussed later, the results of that test should be 

used to indicate consistency. For relatively soft materials, a remolded 

specimen could also be tested in unconfined compression to provide a 

quan.titative measure of sensitivityg 

Dry Strength 

31 0 An indirect measure of the quantity and type of clay-sized 

particles in a soil is given by the crushing strength of a piece of the 

material after it has been remolded to near the liquid limit and then 

air-dried0 High dry strength is indicative of high plasticity caused by 

the presence of active clay mineralsu A similar test of dry strength on 

an intact piece of material should also provide an index of the fabric 

and interparticle bondingo It is suggested that this second test be 

included in a standard classification procedure, especially since 
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Consistency 

very soft 

Soft 

Firm 

Stiff 

Very stiff 

Hard 

very hard 

Table 1 

Quantitative and Qualitative Definitions of Consistency
13 

Unconfined 
Compressive 
Strength 
kg/sq cm 

< 1/4 

1/4 - 1/2 

1/2 - 1 

1 - 2 

2 - 4 

4 - 8 

> 8 

Identification Procedure 

Easily penetrated several inches by fist 

Easily penetrated several inches by thumb 

Can be penetrated several inches by thumb with moderate effort 

Readily indented by thumb but penetrated only with great effort 

Cannot be indented by thumb; readily indented by thumbnail 

Indented with difficulty by thumbnail 

Cannot be indented by thumbnail 



intact pieces are to be air-dried for other purposes
0 

32. The recommended procedure would be to test two types of speci

mens as follo.vs: 

a. An intact piece at natural water content at least 1 cu cm 
in volume (preferably a cube cut by a knife). 

b. A cube or ball at least 1 cu cm in volume of material remolded 
with the addition of distilled water to a water content approx
imately equal to the liquid limit. 

Each specimen should be dried to a constant weight at a temperature less 

than 50 C and then tested by crushing between the thumb and fingers. The 

follCWJing standard definitions
13 

should be used to describe the dry 

strength of the specimen: 

very low 

LOW 

Medium 

High 

very high 

Crumbles with any attempt to handle 

Crumbles into ponder with little finger pressure 

Considerable fing-er pressure required to crush 
into powder; usually, a smear of powder can be 
easily rubbed from a smooth surface of the 
specimen 

Cannot be crushed into powder by finger pressure, 
but can be broken into pieces; usually, it is not 
possible to rub a smear of powder from a smooth 
surface of the specimen 

Cannot be broken between thumb and hard surface 

Gloss 

33. The degree of polish or gloss that can be produced on the 

surface of a clayey material is an indicator of the quantity and type of 

clay minerals present. Two methods have been used to produce surfaces 

for estimating gloss: (a) cutting with a knife into a piece of intact 

material at natural water content and (b) rubbing a fing-ernail on a ball 

of material remolded to slightly belCWJ the plastic limit.
14 

For the sake 

of simplicity and to keep the number of indexes to the minimum required, 

it is sugg;ested that gloss should be estimated only by remolding the 

material with the addition of distilled water to a water content slightly 

below the plastic limit and then repeatedly rubbing a ball (about 1 cm 
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. 
in diameter) upon the thumbnail. The follo.ving standard descriptors for 

gloss are recommended: 

None 

L~ 

Medium 

High 

No discernible reflection of light 

Slight reflection of light, as from a sheet 
of vellum 

Similar to an unpolished fingernail 

Similar to glazed porcelain 

Reaction to Hydrochloric Acid 

34. If the cementing agent in a clay shale is calcare ous (that is, 

consists of calcium carbonate), this can be revealed by the reaction of 
• the material with a dilute hydrochloric acid. The reaction, expressed 

as CaC0
3 

+ 2 HCl~~~~ co
2 

+ H
2

0 +Ca Cl
2 

, produces carbon dioxide, 

which bubbles and froths in a drop of acid placed on the surface of the 

material. This examination should be applied to the claye y material, 

rather than to discrete inclusions, for identifying the type of cementing 

agent; ho.vever, the reaction to hydrochloric acid of any inclusions should 

be noted separately. 

350 To provide a standardized procedure for detecting the presence 

of calcium carbonate, it is suggested that an intact piece of the material, 

with at least one plane surface cut with a knife or a saw, should be air

dried (that is, dried to a constant weight at a temperature less than 50 C), 

and then a single drop of 0.1 N hydrochloric acid be placed on the hori

zontal plane surface. The reaction should be observed (preferably using 

10- to 20-power magnification) from the moment the drop is placed. The 

following descriptors are suggested: 

None 

Slight 

Slow 

Rapid 

No discernible reaction 

A very few, discrete bubbles detected in drop 

Many bubbles formed, but process continue s slowl y 
for several minutes 

Foaming and frothing completed within a minute 
~ ~o 
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Slaking Behavior 

36. The disintegration of an intact piece of clayey material upon 

immersion in water reflects the type of clay minerals present, the fabric 

of the material, and the character of the interparticle bonds. several 

investigations have been and are being made on slaking with regard to the 

effect of drying before immersion, the type of liquid used for immersion, 

and the result of repeated drying and immersing. until these investiga

tions are completed, it is sugg;ested that slaking behavior be indexed 

using at least the follo.ving two types of slaking tests: 

a. Immerse in distilled water an intact piece (at least 1 cu cm 
in volume) of the material at natural water content and 
describe its behavioro 

b. Immerse in distilled water an intact piece (at least 1 cu cm 
in volume) of air-dried material (dried to a constant weight 
at a temperature less than 50 C) and describe its behavioro 

37. To describe the slaking behavior, three effects must be noted: 

(a) the volume of material which has become completely disaggregated (that 

is, reduced to individual particles), (b) the rate at which the slaking 

proceeds, and (c) the size and shape of the pieces that were not dis

aggregated. Suggested standard descriptors are as follows: 

a. The volume of material reduced to individual particles sh<X.tld 
be estimated and compared to the initial volume of materialo 
The degree of disaggregation is described as follows: 

None 

Slight 

Some 

Much 

Complete 

No discernible reaction 

Less than 5 percent of the volume disaggregated 

Between 5 and 25 percent of the volume 
disaggregated 

More than 25 percent but not all of the volume 
disaggregated 

No intact pieces of the material remain (sand 
particles should not be confused with pieces of 
clayey material) 

b. The rate of slaking is described as follows: ...... 

Slow 

Me dium 

Action continuing for several hours 

Action completed within 1 hr 
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c. -

Rapid 

Sudden 

Action completed with 2 min 

Violent, explosive-like reaction 

The character of remaining pieces of material is described 
as follo.vs: 

No change 

Plates remain 

Flakes remain 

Chunks remain 

Grains remain 

Initial piece of material remains intact 

Material broken into platy fragments of 
essentially uniform thickness 

Flaky or wedge-shaped fragments of uneven 
thickness · 

Bulky fragments all larger than 3 mm (1/8 in.) 

No pieces larger than 3 mm remain 

Structure 

38. A complete description of discontinuities in a clay shale is 

very important, though rather difficult to prepare. Even the size of the 
sample to be examined cannot be specified as this will depend on the 

spacing of the discontinuitieso Nevertheless, every effort should be made 
to work (with fingers and knives) a sufficiently large sample into smaller 
pieces to expose the type and intensity of structural discontinuities 

present in that sample. 

39. In general, it is necessary to distinguish two types of material: 
fissile, with cleavage or parting having a parallel orientation, and 

massive, with no preferred direction of cleavage. For a fissile material, 
the average spacing of theparting surfaces and the shape of the resulting 

fragments {plates or flakes) should be observedo For a massively bedded 
material, the details of the description are more critical. The follow

ing types of observations are suggested: 

a. The pattern of joints, that is, whether the joints appear 
to occur randomly or whether there is a preferred orienta
tion or variation in intensity with direction. 

b. The average spacing of joints (as a measure of intensity). 
In most cases, this would be an estimate of the average 
dimension of the average-sized fragment of material produced 
by separating the sample along discontinuities. Where a 
preferred orientation of joints is noted, it is necessary 
to estimate the average spacing in more than one direction. 
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c. The continuity of jointso Joints which pass through the 
entire sample should be distinguished from those which have 
a limited extent. Where both continuous and short-length 
joints are found, the percentage of each type (based on the 
total area of joint surfaces present) should be estimated. 

d. The character of the joint surfaceso This description must 
include the following three factors: 

(1) Texture. Roughness, undulations, striations, whorls, 
etc., should be observed. 

(2) Glosso The relative shininess of the surfaces should be 
estimated using the descriptors suggested previously. If 
a marked variation is found in the gloss of joint surfaces 
through the material, the percentage of the highest gloss 
surfaces (based on the total area of joint surfaces present) 
should be estimated. 

(3) Color. Discoloration along joint surfaces (whether due 
to weathering or the deposition of soluble minerals) 
should be describedo If only a portion of the joint 
surfaces show coloration different from the intact 
material, the percentage of discolored surfaces (based 
on the total area of joint surfaces present) should be 
estimatedo 
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PART V: QUANTITATIVE CIASSIFICATION INDEXES 

40. While the qualitative determinations described previously can 

be helpful in identifying potentially troublesome materials, especially 

when in the field, quantitative indexes determined by standardized proce

dures have more specific meaning and are less subject to bias and in

consistency. The quantitative classification indexes defined and dis

cussed in the following paragraphs are proposed to provide the complete 

suite of values necessary to characterize a specific material 0 Determina

tion of all these indexes can be made on a single 6-in.-diam core of 

clay shale about 2 ft long. 

Natural Water Content 

41. The simplest and easiest property of a material to determine is 
15 natural water content. Besides being simple to measure, it is also quite 

valuablee The water content of every sample being classified should always 

be determined, and frequent (less than 2-ft depth intervals) determinations 
-should be made through the entire formation. The variation in water content 

adjacent to major discontinuities and shear planes should be determined from 

closely spaced (about 2-in. depth intervals) specimens. Thin layers of 

bentonite can be detected from their high natural water contents. 

Dry Unit Weight 

42 0 When the sample of material has been obtained from below the 

groundwater table and can be considered completely saturated, the natural 

water content is an adequate indicator of the density of the materiale If 

the sample is not completely saturated, the dry unit weight (or density) 

of the material will have to be determined separately, and the water 

content then used to compute the degree of saturationo 

43. Determining the dry unit weight requires a volumetric measure

ment which is time consuming since the volume of a sample must be 
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determined with considerable precision. However, the preparation and 

measurement of specimens for other tests (unconfined compression, free 

swell, and residual shear) provide both weight and volume determinations 

as a matter of course. It is suggested that data from other tests (prefer

ably the unconfined compression test) be used to compute the dry unit 

weight rather than making a special volumetric measurement. 

Minus 2µ Fraction 

44. Particle-size distributions, based on hydrometer analyses, are 

typically used in a rather qualitative manner; that is, the relative 

positions of several gradation curves show which materials contain more 

finer or coarser particles. To obtain a numerical value from a gradation 

curve, it is necessary to select a reference value of either particle size 

or the percentage of particles finer than the given size. One of the more 

common reference values is the particle size of 2µ (0.002 mm) which is 

often taken to be the upper limit of clay-sized particles. It is sugg-ested 

that the percentag-e of particles finer than 2µ be used to summarize the 

results of particle-size analyses for classification of clay shales. 

45. The minus 2µ fraction should be a measure of the percentag-e of 

clay-sized particles present, but interparticle bonding will produce ag

gregations of particles and, thus, will produce an apparently coarser 

material. The strength of interparticle bonds can perhaps be evaluated 

by the increase in the minus 2µ fraction with increasing effort to break 

the bonds. 

46. It is recommended that three conditions be standardized for the 

hydrometer analyses used to classify clay shales: (a) material processed 

without drying from the natural water content, (b) material air-dried and 

slaked in distilled water a single time, and (c) material air-dried and 

slaked in distilled water a single time and then subjected to a standard

ized duration of dispersion in a high-speed food blendere These three 

conditions of the material are hereafter referred to as (a) undried, 

(b) air-dried, and (c) blenderized. Recommended procedures for 
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disaggregating clay shale material for particle-size and Atterberg limits 

determinations are given in Appendix A together with a review of procedures 

used previously. 

47. While laboratory investigations have shown that increased dura

tions of blenderizing and repeated air-drying and slaking will both in

crease the disaggregation of a clay shale and the measured clay fraction, 

the number of variables all~ed to influence this classification index 

must be minimized by standardized procedures to prevent the classification 

of each material becoming a minor research project in itself. The three 

recommended conditions are thought to cover an adequate range of dis

aggregation efforts to assess the strength of the interparticle bonds, and 

yet are attainable by simple, inexpensive laboratory methodsQ 

Atterberg Limits 

48. The liquid limit and the plastic limit constitute two important 

quantitative indexes of the potential behavior of a clay shale. However, 

the determination of these limits (particularly the liquid limit) will be 

affected by interparticle bonding in the same way that the particle-size 

analysis is affectede Therefore, it is suggested that the liquid limit 

and the plastic limit be determined on material processed by the three 

methods (undried, air-dried, and blenderized) described in Appendix A. 

49. Increased effort to disaggregate will increase the liquid limit 

more than the plastic limit, so the plasticity index will be increased. 

Since the increased effort will increase the minus 2µ fraction also, it 

is of interest to determine the variation in activity ratio of the material 

with increasing effort. The expression "activity ratio" is preferred for 

the ratio of the plasticity index to 

"activity," as originally defined by 

the minus 2µ fraction instead of 
16 Skempton, in view of the frequent 

qualitative applications of the word activeQ 
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Compressive Strength 

50. Results of unconfined compression tests can be considered as 

classification indexes as well as strength data. For classification of 

clay shale, it is recommended that the standard unconfined compression 
15 

test be performed on specimens approximately 6 in. in diameter (that 

is, nominal 6-in.-diam samples without peripheral trimming). Any vari

ation from this standard size should be clearly noted. The specimen should 

be prepared as rapidly as possible and encased in a thin rubber membrane 

during the test to minimize deterioration due to drying. Complete stress

strain data should be recorded and plotted for each test so that a modulus 

of deformation can be determined graphically. 

51. Anisotropy of strength is a very significant characteristic of 

a clay shale, and the classification of a material would be incomplete 

without an assessment of strength anisotropy. However, no standardized 

method can be applied in all cases, so the tests to determine anisotropy 

of strength cannot be prescribed until a detailed description (particularly 

with regard to macrostructure) of the material is availableo Samples should 

be reserved at an early stage in the exploration program from which shear 

test specimens can be trimmed with axes inclined at different angles from 

the horizontal or from bedding planes. 

Modulus of Deformation 

52 0 The modulus of deformation, as determined in the unconfined 

compression test, reflects the strength of interparticle bonds and may 

help in identifying a cemented material. In addition, a logarithmic plot 

of modulus versus compression strength, which has been widely accepted for 

the classification of hard rocks,
17 

is believed to be equally applicable 

to clay shales. To ensure consistency with the classification method for 

hard rocks, the tang-ent modulus of deformation (the slope of a straight 

line tang-ent to the stress-strain curve at the point where the axial 

stress is 50 percent of the compressive strength) should always be 
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determined rather than the secant modulus (the slope of a straight line 

from the origin through the point on the stress-strain curve where the 

axial stress is 50 percent of the compressive strength). 18 

Residual Friction Angle 

530 The different apparatus and procedures currently being used for 

determining residual shear strength are discussed in Appendix B along 

with recommendations for standardizing these determinations. The residual 

shear strength, besides being a measure of the minimum shearing resistance 

of a soil, is considered in this report to be an important classification 

index. For this purpose, the expression "residual friction angle" is 

suggested for the angle having a tangent equal to the ratio of the residual 

shear strength to the corresponding normal stresso The magnitude of the 

residual friction angle, if it were dependent only on the character of 

individual particles, should be independent of normal stress, though it 

might be affected by strain rate. However, as discussed earlier, inter

particle bonding may result in this angle being a measure of the shear

ing resistance between clusters of particles instead of between individual 

particleso In that case, an increase in normal stress could cause in

creased disaggregation of the material and, in turn, a reduction in 

residual friction angle. Any effort to disaggregate the material (such 

as air-drying and slaking) would reduce the residual friction angle for 

a material with strong interparticle bondso 

54. For classification purposes, the residual friction angle should 

be determined under a standardized normal stress and at a standardized 

rate of strain, as discussed in Appendix B. Additional information can 

be gained, on an optional basis, by determining the chang-e in the standard 

residual friction angle caused by increasing the normal stress and, in 

another stag-e, by decreasing the strain rate; procedures for these addi

tional determinations are also recommended in Appendix B. 
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Linear Shrinkage 

55. '!be percent reduction in the dimensions of a piece of intact 

material upon air-drying from the natural water content should be indica

tive of the quantity and type of clay-sized particles presentQ Also, the 

difference in the amount of shrinkage in different directions should be 

a reflection of the fabric of the material and be related to in situ stress 
• 

conditions. Some measurements of linear shrinkage are being made at 
14 19 

present, ' and these values are believed to be helpful indexesQ To 

provide a standardized procedure, it is suggested that two prisms about 

4 cm long by 2 cm wide by 1 cm high (approximately 105 in. by 1.0 in. by 

0.5 in.) should be trimmed from intact material at its natural water 

content with the longest axis of one prism parallel to the bedding (or 

horizontal) and the longest axis of the other prism perpendicular to the 

bedding (or vertical). All surfaces should be essentially plane and end 

surfaces of each prism should be essentially parallel. Using a caliper 

or a dial comparator, the length of each prism should be measured and re

corded0 The prisms should then be dried to a constant weight at a tempera

ture less than 50 C and their lengths measured again. The results of the 

tests should be reported as (a) the shrinkage (as a percentage of the 

initial dimension) parallel to the bedding (or in the horizontal plane) 

and (b) the average shrinkage perpendicular to the bedding (or in a 

vertical direction). 

swell Potential 

56. several types of tests can be performed in a consolidometer to 

provide bases for estimating the potential rebound or swelling pressure 
20 21 of a clay shale 0 ' These are not classification tests, and they must 

be carefully planned with regard to the depth of each sample and the 

expected changes in conditions caused by construction. For classification 

purposes, either of two types of measurements might be used: (a) the 

pressure required to prevent a consolidation test specimen from swelling 
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upon inundation and (b) the change in height of a consolidation test 

specimen when permitted to swell under a low pressure upon inundation. 

Each has major disadvantages. Measurements of swell pressure using a 

single specimen are difficult because of the problem of completely prevent

ing volume change; a very small increase in specimen height can produce a 

substantial reduction in pressure. A relatively close estimate of the 

swell pressure has been found possible by inundating a specimen while 

under a pressure equal to the computed overburden stress and then adjust

ing the applied pressure manually to counter any tendency for the specimen 
22 to swell. In the other case, where swelling is permitted, considerable 

time may be required to complete the test, and friction on the wall of 

the consolidation ring may be sufficient to restrain a portion of the 

swelling movement. However, these problems may be solved in part by 

using a specimen with as small a height as possible and by using a 

well-polished consolidation ring. 

57. It is believed that the amount and rate of swell under a low 

stress are more closely related to the important in situ behavioral 

tendencies of clay shales than is swell pressure. Thus, a free-swell 

test would be preferable to a swell-pressure test for classification 

purposes. However, the swelling pressure should be determined as a part 

of the standard consolidation testo 

58. For a standardized measure of swell potential, it is suggested 

that a thin, large-diameter specimen of intact material at natural water 

content be trimmed to fill a rigid consolidation ringo The cross 

sectional area of the specimen should be at least 100 sq cm (4.44 in. in 

diameter) and, if possible, should be as large as 150 sq cm (5.44 in. in 

diameter). The height of the specimen should be no more than 2.5 cm 

(1 in0 ) and, if possible, should be as small as 1 cm (0.4 in.). The in

side surface of the rigid ring should be highly polished or have a hard 

ceramic or chromium plati ng to minimize fric tion. The top and bottom 

surfaces of the specimen should be trimmed parallel to the bedding (or 

horizontal). Preparation of the specimen, of course, should be as rapid 

as possible to avoid drying effects. 
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59. The ring containing the specimen should be placed in an empty 

water reservoir between two air-dry, rigid porous disks. The ring should 

not be fastened against the lower disk, but permitted to "float" so that 

the material can swell from both the top and the bottom of the ringo A 

dead weight should be placed on the upper porous disk to apply a total 

stress on the specimen of 0.1 kg per sq cm (for a specimen 4.44 in. in 

diameter, a weight of about 22 lb would be required). A dial indicator 

should be rapidly mounted and adjusted at the center of the dead weight. 

Then, the specimen should be inundated with distilled water, and changes 

in specimen height with elapsed time should be measured until a straight

line secondary time effect can be clearly defined. 

60. The follONing values from the standardized free swell test should 

be reported: 

ao Amount of primary swelling. This is the increase in specimen 
height, expressed as a percentag;e of the initial height, during 
the period of primary reaction, that is, until the reversal in 
curvature of a plot of height chang;e versus the logarithm of 
elapsed time. 

b0 Rate of secondary swelling. This is the increase in specimen - height, expressed as a percentag;e of the initial height, during 
a tenfold increase in elapsed time (one logarithmic cycle) 
after a straight-line secondary time effect has been established • 

• 
61. The first of these two values should be related to in situ stress 

conditions 0 That is, some portion of the elastic rebound of the material 

upon removal from the ground should be resisted by tension induced in the 

pore water 0 Destroying the pore water tension by inundation should permit 

an additional rebound in proportion to the preexisting stresso The value 

of the rate of secondary swelling is sugg;ested as a possible index of the 

tendency for long-term rebound of a clay shale. 

Calcium Carbonate Content 

62. The qualitative evaluation of the presence of calcareous cement

ing material by the reaction with dilute hydrochloric acid was described 

previously. A quantitative measure of the percentag;e of calcium carbonate 
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contained in a clay shale would be helpful, though the most satisfactory 
method for making this measurement has not been established. One method 
being used is to soak a specimen for several hours in dilute hydrochloric 
acid at an elevated temperature (about 40 C) and determine the percentage 

d t cir . ht 14,19 re uc ion in y we1g o 

Predominant Clay Minerals 

63. Results of mineralogical analyses are included under quantitative 
indexes, although they are often used only in a qualitative sense. Mineral
ogical studies are not within the capabilities of most soils laboratories, 
though some CE laboratories are equipped to perform chemical, X-ray dif
fraction, differential thermal, and spectrographic analyses. The results 
of these analyses must be evaluated by an expert to indicate the types of 
clay minerals present and the quantity of each (expressed as a percentage 
of the total dry weight of material). Identification of the predominant 
clay minerals may be valuable information, and obtaining such information 
should be encouraged. 
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PART VI: CONCLUSIONS AND RECOl\'IMENDATIONS 

64. At present the reliability of applying the results of laboratory 
• 

tests in theoretical analyses for predicting in situ behavior is not well 

established. One of the few exceptions is a stability analysis where 

sufficient previous sliding has occurred to permit the assumption that 

only the residual shear strength could be mobilized. For most othe~ cases 

an essentially empirical approach must be followed. That is, the future 

behavior of a material must be assumed to correspond with the past behavior 

of a similar material. A key element in the empirical approach is evidence 

that the materials are similar. Another equally important element is the 

evidence that the conditions of materials are similar; ha.vever, this 

evidence (joints, faults, stresses, etc.) must be obtained from field 

mapping and geologic surveys which are beyond the scope of this report. 

To provide the required evidence of similar material, a number of index 

properties specifically applicable to clay shales must be compared. The 

importance of these indexes for the classification of clay shales is ap

parent in the studies conducted by the CE relative to a prospective sea

level interoceanic canal through the Central American isthmus. 

65e Classification indexes become valuable only when such determina

tions have been made on a large number of projects involving different types 

of ma·terials with widely varying properties and behavior records. In ad

dition, the method for determining each index must be standardized or the 

value of an index from one project cannot be related to the value from 

another project. A common basis is needed among CE offices regarding, 

first, which indexes should be used for the classification of clay shales 

and, second, how the chosen indexes should be determined. Once established 
• 

and employed, such standards should result in the accunrulation of informa

tion of much greater value from each future Civil Works project and, under 

special studies such as ES 542, valid comparisons can be made relating 

both good and bad records of behavior. 

66. It is recommended that both the qualitative and quantitative 

classification indexes described and defined in this report be used as 
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the basis for standardization. However, considerably more work will be 

required before reliable correlations between indexes and behavior can be 

established. A large quantity of data from which to seek correlations is 

being produced in several active studies of clay shales. The first of 

these is a study of slopes along the upper Missouri River valley involving 

field and laboratory investigations by the Nuclear Cratering Group, Missouri 

River Division, and WEs.
22 

The second is an extensive program of laboratory 

classification, examination, and testing by the South Atlantic Division of 

clay shales from along several possible ~outes of the prospective inter

oceanic cana1.
23 

The third is a study of slopes along the Panama canal 

being conducted 

. t . t 24 d Dis ric , an 

studies program. 

by WES for the Panama Canal Company and the Jacksonville 

being continued wider the Soil Mechanics Engineering 

Thorough analysis and synthesis of the data from these 

studies should be a major effort under ES 542. 

67. 1\vo difficulties in determining standard index test values are 

the methods employed for disaggregating clay shale materials and for 

determining residual shear strengths. These methods are discussed, 

respectively, in Appendixes A and B, together with recommended procedures. 

Disaggregating a well-bonded and possibly a partially cemented material 

to evaluate the character of individual particles requires a technique 

which gives complete, yet expeditious, separation of the particles but 

does not alter the character of the individual particles. It is recommended 

that all CE division laboratories be encouraged to disaggregate clay shale 

materials, in investigations for Civil Works projects, by the methods sug

gested in Appendix A. 

68. Investigation of methods for determining residual shear strengths 

shou1a continue, using the variety of laboratory apparatus required and n<N 

available. The objective of highest priority should be to evaluate the 

adequacy and efficiency of the repeated direct shear test on precut speci

mens. This work will require comparative annular and repeated direct 

shear tests on essentially identical specimens. Where differences are 

found between the results of such tests, further study will be needed to 

determine the reasons for the differences and to establish criteria for 
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equipment and procedures which will give the most satisfactory measure

ments of residual shear strength 0 

69. Another objective of the study should be to evaluate the 

suitability of residual shear strength determinations obtained by using 

remolded clay shale material. If remolded specimens yield appropriate 

values, relatively inexpensive annular shear apparatus could be used for 

expeditious determinations of residual shear strength in the manne~ being 

studied at Harvard University.
25 

It is believed that the difficulty in 

preparing annular specimens of undisturbed clay shales may limit the 

possible use of annular shear tests by CE division laboratories to remolded 

material. 

70. Other aspects of the residual shear strength test must continue 

to be examined. Factors to be considered include the magnitude of the 

normal stress, the influence of the rate of shear displacement, the ex

trusion of material from between the two halves of the shear box, and 

many details in the procedures for preparing specimens and performing 

the tests. These aspects, as well as methods for determining all other 

classification indexes, must be investigated by testing clay shales from 

an adequate number of formations, including both those with good reputa

tions and those whose names have become notorious in foundation engineering. 

71. It is recommended that the procedures described in Appendix B 

serve as a basis for the introduction of a standardized residual shear 

strength test 0 Some standardization is needed immediately to provide 

comparable results from the different CE division laboratories. However, 

the initial restrictions shculd not be so inflexible as to stifle the 

interest and freedom of individual laboratories to investigate alternative 

procedure so 
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APPENDIX A 

ME'IHODS FOR DISAGGREGATING 

CIAY SHALE MATERIAL FOR INDEX TESTS 

1. Determinations of such classification indexes as Atterberg limits 
and particle-size distributions are based on the presumption that individual 
clay and silt particles are free to move relative to each other in a slurry. 
In most instances, this condition can be readily obtained by manipulating 
a remolded material while increasing the water content. However, the 

interparticle bonds in clay shale material cannot always be broken by 

normal manipulation, and some of the material will remain in the form of 

aggregations or clusters of individual particles. The measured index 

properties will depend, in this case, on the effort used to disaggregate 

the material. 

Variations in Procedure 

2. While the procedures for determining Atterberg limits and particle-
15* size distributions of soils are standardized among CE offices, this does 

not ensure consistent or correct results for clay shale materials due to 

the dependence of results upon techniques of sample preparation. In ad

dition, the variation in procedure permitted in the hydrometer analysis 

would affect the results obtained on clay shales since the analysis can be 

performed on material that has been either processed from its natural water 

content or oven-dried and slaked. Thus merely following the standard CE 

laboratory procedures is no assurance of comparable resultso 

3. Special procedures have been developed for processing clay shale 
material, and the development of these procedures is continuing in the 
laboratories of MRD, SAD, SWD, and WES. In \ general, the objective of the 
processing is to disaggregate the material so that the classification 

* Raised numbers refer to similar numbered items in Literature Cited 
which follows the main text. 
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indexes reflect the character of individual particles to the greatest extent 

possible . variations in procedures currently in use for clay shales are 

discussed in the following paragraphs. 

Missouri River Division 

4. The MRD standard method for preparing clay shale material for 

Atterberg limits is to shave a piece of material at its natural water 

content using a salad grater and allON the shavings to air-dry for 48 hr. 

Then, the dry material is ground in a mortar with a rubber-tipped pestle 

(or a steel pestle, when needed) to pass the Noe 40 sieve. The powder is 

slaked in distilled water for 48 hr. After reducing the water content to 

a point still well above the liquid limit, the material is worked in a 

thin layer on a glass plate with a steel spatula to crush any remaining 

lumps. 

5. . 22 As part of a study of slopes in clay shale sponsored by NCG, 

MRD determined Atterberg limits on material (a) processed from natural 

water content, that is, undried, (b) after oven-drying and slaking, 

(c) after one cycle of air-drying and slaking (the MRD standard method), 

(d) after several cycles of air-drying and slaking, and (e) after air

drying, slaking, and blenderizing. The procedure for preparing oven-dried 

material was identical to the MRD standard method except that the shavings 

were oven-dried rather than air-dried. 

· 6. Material processed from natural water content was shaved using a 

salad grater and the shavings were immediately placed in distilled water 

for 48 hr. Then, the material was ground while wet in a mortar with a 

rubber-tipped pestle to pass the No. 40 sieve (a steel pestle being used 

on harder portions) and the resulting breakd~n microscopically inspected 

for any breakdown of nonclay materialQ After reducing the water content, 

the material was worked on a glass plate with a steel spatula to crush any 

remaining lumps. 

7. For repeated air-drying and slaking, the material at natural water 

content was broken into pieces approximately 1 in. in diameter or smaller. 

The pieces were then alternately air-dried for 48 hr and slaked in distilled 

water for 48 hr until judged, by feeling for lumps with the fingers, to be 
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completely disaggregated. After reducing the water content, the material 

was worked on a glass plate with a steel spatula. 

8. Material to be blenderized was first treated in the standard MRD 

method: shaved, air-dried, ground to pass the No. 40 sieve, and slaked. 

The slurry was then blenderized for 20 min in a food blender (Sunbeam 

make) having a no-load speed of 18,000 rpm; the resulting breakdcmn was 

microscopically inspected for any breakdcmn of nonclay material. After 

reducing the water content to a point still well above the liquid limit, 

the material was worked on a glass plate with a steel spatula. Results 

of these different preparation methods are discussed in subsequent 

paragraphs. 

9. All material for the hydrometer analysis was prepared similar to 

the MRD standard method, except that a quantity of the dry pa.vder was 

removed from the batch and split into two equal parts; one part was slaked 

in distilled water for 48 hr to serve as the specimen for analysis, while 

the water content of the second part is used to compute the oven-dry 

weight of the first part. Thus the particle-size analysis is performed on 

material air-dried but neither oven-dried nor worked on a glass plate with 

a steel spatula. 

South Atlantic Division 

10. SAD has conducted extensive laboratory testing of clay shales 

for the Atlantic-Pacific Interoceanic Canal Commission studies.
19 

For 

Atterberg limits determinations, SAD processed the material in essentially 

the same way as MRD did under the NCG study: (a) from natural water content, 

(b) after oven-drying and slaking, (c) after one cycle of air-drying and 

slaking, (d) after several cycles of air-drying and slaking, and (e) after 

air-drying, slaking, and blending. Air-drying by SAD was done in a special 
room with a high temperature (38 C) and a low relative humidity (about 

10 percent). For cyclic air-drying and slaking, SAD used ten cycles. 

Blending times of both 10 and 20 min were tried when using the high-speed 

blender (Waring make). All material for Atterberg limits determinations 

was worked on a glass plate with a steel spatula. 

11. Material for the particle-size analysis was taken from the batch 
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disaggregated by cyclic air-drying and slaking, and worked on a glass plate 

with a steel spatula in the same manner as used for limit determinations 0 

Dispersing the material for the hydrometer analysis was accomplished by 

the high-speed blender (for approximately 4 min) instead of the standard 
. 15 milk-shake stirrer. 

Southwestern Division 

12. Classification tests on clay shales are typically performed by 
15 SWD with only the minimum required departure from standard CE procedure 0 

For both Atterberg limits determinations and hydrometer analyses, material 

at natural water content is soaked overnight in distilled water and, then, 

is either (a) worked wet in a mortar with a pestle to pass the No. 40 sieve 

or (b) blended for 1 or 2 min in a high-speed food blender (Oster make) to 
. 26 pass the No. 40 sieve. The water content is reduced to just above the 

liquid limit, and the material is tempered overnight before testingo No 

special attention is given to working the material with a steel spatula, 

though some working is inherent in the liquid limit test. 

13. Special methods for processing clay shale material are being 
. 7 26 27 developed by SWD for specific proJects. ' ' These include air-drying 

and oven-drying the material and the use of the high-speed food blender 

and an ultrasonic bath for varying periods of time. Some results of these 

methods are discussed in subsequent paragraphso 

Waterways Experiment Station 
28 Clay shales tested by WES in 1968 for the Panama Canal Company 

were broken into 1-in.-diam pieces (or smaller), air-dried for 96 hr, and 

slaked in distilled water for 24 hr. The material was then subjected to 

an additional three to five cycles of air-drying for 48 hr and slaking 

for 24 hr. Atterberg limits were determined on the repeatedly slaked 

material following each of four types of further processing: (a) worked 

on a glass plate with a steel spatula, (b) not worked on a glass plate, 

(c) oven-dried, slaked in distilled water overnight, and worked on a glass 

plate with a steel spatula, and (d) blended for 5 min in a high-speed food 

blender (Hamilton-Beach make). All material was washed through the No. 40 

s i eve be f ore testing. 
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15e Particle-size analyses were performed on the repeatedly slaked 
material following each of three types of additional processing: (a) worked 
on a glass plate with a steel spatula, (b) not worked on a glass plate, and 
(c) blended for 5 min in a high-speed food blender. 

160 Subsequent testing of clay shales by WES for the Panama canal 
14 Company is being done in accordance with the MRD procedures. 

Effects of Drying and Slaking 

17. The results of the work by MRD;
2 

as shown in table Al, indicate 
clearly the increased disaggregation of the material by air-drying and 
slaking. This is dramatically shown by the liquid limit of the cemented 
bentonite of the Claggett formation which more than doubled in value. 
Oven-drying and cyclic air-drying of chunks produced results which are 
difficult to interpret; in one instance the liquid limit would be higher 
than that produced by the MRD standard procedure, while in another instance 
it would be lower. The source of this variability may be incomplete dry
ing of material before slaking. Where oven-dried material produced a 
higher liquid limit than air-dried (rather than a lower value as reported 

29 by Casagrande for Bearpaw shale from Canada), this might be an indica-
tion that the air-dried material was simply not sufficiently dry (perhaps 
due to a high relative humidity of the air) to give a strong slaking 
action. 

18. The results from the WES laboratory test program on the bentonitic 
Cucaracha shale from the Hodges Hill investigation in Panama

28 
showed t~at 

oven-drying produced increases in liquid limits by 3 to 16 points over the 
air-dried method. These results are shown in table A2e The minus 2µ 
fraction also increased with mixing effort. Working the material on a 
glass plate with a steel spatula raised the minus 2µ fraction as much 
as 20 percent. 

190 Results of tests by SWD on the Dawson shale showed a distinct 
increase in liquid limit due to air-drying and oven-drying, while the 

26 plastic limit remained unchanged. Tests performed by WES on the Dawson 
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Table Al 

Effect of Disaggregating Effort* on 22 
Atterberg Limits of Clay Shales from Upper Missouri River Valley 

Formation ----
Colorado 

Claggett 

Claggett (cemented 
bentonite) 

Bearpaw 

Undried 
LL PL 

33 20 

52 25 

75 36 

64 20 

Air-Dried 
and Slaked** 

LL PL 

42 20 

83 22 

171 35 

81 21 

Oven-Dried 
and Slaked 

LL PL 

39 21 

90 23 

173 34 

93 20 

Cyclic Air-Drying 
and Slaking 
of Chunks 

LL PL 

45 21 

95 21 

142 38 

89 18 

Air-Dried, 
Slaked, and 
Blenderized 

LL PL 

42 20 

112 21 

200 37 

117 19 

en Fort Uni on 115 23 133 22 113 22 111 21 145 22 

Pierre 85 34 143 34 130 36 142 36 168 36 

* Descriptions of the procedures for disaggregating the materials are given in paragraphs 4 thru 8. 

** MRD standard procedure for clay shales. 



Sample 
No.** 

5 

7 

13 

16 

17 

23 

55 

Table A2 
28 Effect of Disaggregating Effort* on Atterberg Limits and Gradation of Cucaracha Shale 

Atterberg Limits Minus 2~ Fraction 
Air-Dried, Oven-Dried, Air-Dried, 

Air-Dried Slaked, and Slaked, and Air-Dried, Air-Dried Slaked, and Air-Dried, 
and Slaked Worked with Worked with Slaked, and and Slaked Worked with Slaked, and 

Only Spatula Spatula Slenderized Only Spatula Slenderized 
LL PL LL PL LL PL LL PL % % % 
29 28 38 20 39 20 51 18 2 13 18 

35 25 43 22 44 24 53 21 4 20 30 

40 27 52 26 45 30 67 28 5 24 41 

42 23 49 22 49 26 61 24 3 25 37 

42 22 54 23 47 24 61 24 2 23 36 

39 29 48 28 49 34 66 32 6 17 40 

56 35 57 31 58 32 72 31 12 16 27 

* Descriptions of the procedures for disaggregating the material are given in paragraphs 14 and 15. 
** All samples from boring No. CRW-15, Hodges Hill Investigation. 



shale (using MRD procedures) produced liquid limits of 58 for undried 

material, 63 for air-dried material, and 59 for oven-dried material 0 Tests 
7 by SWD on Pepper shale from Waco Dam produced nruch the same results ; how-

ever, the material from Warm Springs Dam showed essentially no change due 
27 

to dryingo 

Effects of Mechanical Dispersion 

200 An even greater amount of disaggregation than that produced by 

drying and slaking appears to occur when a high-speed food blender is used 

to disperse the material. Blenderizing was used by MRD in their study for 

NCG, and these results are sho.vn in table Al. WES has also used a high

speed blender, and some results are given in table A2o With a single ex

ception (MRD tests of the Colorado formation), no other method produced 

a liquid limit or a minus 2µ fraction as high as that produced by 

blenderizing. Liquid limits were increased by as much as 70 percent over 

values obtained after only air-drying and slaking. Tests performed by WES 

under ES 542 showed the liquid limit of Bearpaw shale from Gardiner Dam to 

increase from 132 after only air-drying and slaking to 152 after 2 min of 

blenderizing and then to 196 after an additional 15 min of blenderizing. 

21. Considerable work was done by SWD to evaluate the effects of 

blenderizing on Dawson shale, Pepper shale, and the foundation material 

from Warm Springs Dam. The effect of blenderizing on particle-size distri

butions and Atterberg limits was examined as a function of cunrulative time 

of blenderizing combined, in some instances, with a curing period between 

increments of blenderizing. SWD also used an ultrasonic bath to disaggre

gate one material. It should be noted that the materials disaggregated 

mechanically by SWD were all processed from natural water content without 

drying. 

22. The first material systematically tested by SWD was Dawson shaleo 

Figure Al shows a summary of the results of liquid limits tests conducted 

after different blenderizing periodso However, the curing periods between 

blenderizing and testing were not constanto The trend toward an ultimate 
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liquid limit is evident in all testso 

23. In fig. A2 are presented the results of an extensive series of 
liquid limit determinations on a uniform batch of Pepper shale from Waco 
Dam. Again, the pattern of large increases in liquid limits with short, 
intermittent blenderizing periods can be seeno Of more interest in these 

results is the increase of liquid limit with time of curing; a 6-month 
curing period caused an increase of 2 to 6 points in liquid limits. There 
appears to be an upper limit to the curve, but when plotted on a logarithmic 
time axis, the curve sho.vs little sign of levelingo It must be remembered 
that the data sho.vn in figso Al and A2 were obtained on material which had 
not been dried and slaked previously. The increase in liquid limit caused 
by blenderizing a material which had been previously dried and slaked is 

not so dramatic, as is sho.vn by the results given in tables Al and A2. Also, 
unpublished work by MRD, SAD, and WES shows that the time-dependency of dis
aggregation is largely eliminated with previous drying and slaking; a 

blenderizing period of 20 to 30 min does not cause an increase in the 

liquid limit from that determined after a blenderizing period of only 

5 to 10 min. 

240 The warm Springs foundation material was disaggregated by both 
blender and ultrasonic batho Results of these comparative tests are shown 
in fig. A3. Characteristics of the ultrasonic bath are not kno.vn; however, 
the same effects were realized by its use, with the exception of the much 
longer time required for disaggregationo Ultrasonic devices with different 

. 30 31 characteristics have been used by other investigators. ' 

250 Blenderizing not only produces an increase in liquid limit, but 
has a marked influence on the gradation curve of a clay shale material. 

The degree of disaggregation attained is a function of effort appliedo 

Table A3 shows the response of the Warm Springs material to varied dispersive 
efforto A similar variation can be seen in tests on the Dawson and Pepper 
shales. The minus 2µ fraction of Bearpaw shale was increased 11 percent 
by 17 min of blenderizing0 The measured clay content is probably more 

dependent on disaggregation effort than material type. 
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Table A3 

Effect of Type and Duration of Dispersing Effort 
27 on Index Properties of Material from Warm Springs Dam 

Type of Treatment 

Processed from natural water 
content 

Blended for 5 min 

Blended for 600 min 

Dispersed by ultrasonic bath 
for 1440 min 

Atterberg Limits 
LL PL 

24 17 

38 19 

65 21 

63 21 

Al3 

Mi.nus 2µ Fraction 
% 

10 

25 

49 

50 



Suggested Standardized Procedures 

26. Currently, it is difficult to correlate classification indexes 

of clay shales between laboratories due to variations in preparation 

methods allowed by ~tandard CE testing procedures and by further variations 

being introduced by the laboratories specifically for clay shales. It seems 

paradoxical to specify the dimensions of a liquid limit grooving tool to 

close tolerance if one laboratory dries and slakes all its material while 

another works from the natural moisture, or if one laboratory oven-dries 

its material for hydrometer analyses while another does not. Unless uniform 

procedures are followed, there can be no simple indexes for classificationo 

27. Investigations are showing that classification indexes are af

fected by air-drying and slaking, by oven-drying and slaking, by the type 

and duration of mechanical dispersing, and by other variations in proce

dure. While the methods for preparing clay shale material for testing 

should cover a sufficient range of disaggregation efforts to assess the 

strength of interparticle bonds, the number of variables allowed to 

influence the indexes must be minimized by standardized procedures to 

prevent the classification of each material becoming a minor research 

project in itself. Therefore, it is recommended that only three methods 

of processing clay shale material be considered for standardization. 

First, to provide a reference value, the material should be tested with

out any drying. second, a single cycle of air-drying and slaking should 

be used to disaggregate the material, similar to the MRD standard proce

dure for clay shaleso Finally, to provide an essentially complete dis

aggregation, the material should be subjected to high-speed blenderizing. 

Oven-drying and cyclic air-drying and slaking merit additional investiga

tion, but the value of these two methods does not appear as great as that 

of the three recommended methods. Cyclic air drying and slaking, of 

course, require several weeks to complete and appear too cumbersome for 

normal usage. 

28. Suggested standardized procedures for preparing clay shale 
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material are as folla.vs: 

a. Undried. Material at essentially natural water content 
should be shaved or shredded, immediately placed in 
distilled water, and allowed to soak for at least 48 hr. 
After removing excess water by decanting, the wet material 
should be ground in a mortar with a rubber-tipped pestle 
and washed through the No. 40 sieve. Excess water should 
be removed using a plaster-of-paris dish lined with filter 
paper. The sieved material, at a water content above the 
liquid limit, should be worked in a thin layer on a glass 
plate with a steel spatula until no further reduction in the 
size of lumps can be achieved. 

b. Air-dried. Material at essentially natural water content 
should be shaved or shredded and dried to a constant weight 
in an atmosphere with a temperature less than 50 C (120 F) 
and a relative humidity less than 30 percent. (The drying 
atmosphere may be produced by a la.v-temperature oven, a 
dessicator, or a controlled-humidity room.) After a 
constant weight is attained (and after a drying period of 
at least 48 hr), the material should be soaked in distilled 
water for at least 48 hro After removing excess water by 
decanting, the wet material should be ground in a mortar 
with a rubber-tipped pestle and washed through the No. 40 
sieve. Excess water should be removed using a plaster-of
paris dish lined with filter paper. The sieved material, 
at a water content above the liquid limit, should be worked 
in a thin layer on a glass plate with a steel spatula until 
no further reduction in the size of lumps can be achieved. 

c. Slenderized. Material at essentially natural water content 
should be shaved or shredded and dried to a constant weight 
in an atmosphere with a temperature lessthan 50 C and a 
relative humidity less than 3G percent. After a constant 
weight is attained (and after a drying period of at least 
48 hr), the material should be soaked in distilled water 
for at least 48 hr. The slurry should be placed in a high
speed food blender having a no-load speed of 15,000 to 
20,000 rpm. The material should be blenderized without 
interruption for a period of 10 min and then washed through 
the No. 40 sieve. Material retained on the sieve should be 
discarded. Excess water should be removed using a plaster
of-paris dish lined with filter paper. The sieved material, 
at a water content above the liquid limit, should be worked 
in a thin layer on a glass plate with a steel spatula until 
no further reduction in the size of lumps can be achieved. 

29. When material is to be prepared by all three methods, care 
should be exercised that the parent material for the batches is similar. 
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The piece of sample selected should be divided by a vertical cut into two 

parts with one piece about twice as large as the other. The smaller piece 

should be shaved into distilled water to produce the undried batch, and 

the larger piece used to produce the, other two batches. Figure A4 shons 

a flow diagram of the three preparation methods and indicates when separa

tion of batches is requiredo 

30. Material may be taken from each of the three batches and used for 

Atterberg limits determinations without further processingo Dry strength 

and gloss determinations should be made on material taken for Atterberg 

limits determinationso Material for a hydrometer analysis should be re

moved from each batch and soaked overnight in distilled water containing a 

sufficient amount of a suitable chemical dispersant (such as sodium tripoly

phosphate or sodium hexametaphosphate) to prevent flocculation. Dispersion 

should be made in a milk shake stirrer or with an air jet, but not with a 

high-speed food blender. 

31. The use of a high-speed blender for soil dispersion introduces 

a large number of variables which have not yet been evaluated. However, 

most of the variables (size and shape of container, size and shape of blades, 

no-load speed, variation of speed with load, etc.) can be avoided by specify

ing a single make and model of blender. Most blenders on the market are 

household appliances, and the operating characteristics of models being sold 

at different times could very well change. The only blender really intended 

for laboratory use, and available from every laboratory supply company, is 

the waring "Blendor." It is recommended that the standardized procedure for 

disaggregating clay shale material by blenderizing should utilize the standard 

one-speed waring Blendor with the 1000-ml glass container. Specifying this 

make of blender would give the manufacturer no significant economic advantage 

since only a few CE laboratories would require one and the unit price is 

modest, about $35. 

32. If the make of the blender were specified, the remaining variables 

would be (a) the amount of wear to be permitted on the blades, (b) the 

quantity of the soil-water slurry to be placed in the container, and 

(c) the water content of the slurry. To provide a starting point for 
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the specification of these variables, the following restrictions are 

suggested. First, a blade should be replaced when the overall length 

becomes 3 mm (1/8 in.) less than the original lengtho Second, blenderiz

ing should be started with the container approximately half filled with 

slurry; that is, about 500 ml should be placed in the container. Third, 

the initial water content of the slurry should be above 300 percent or 

more than twice the liquid limit, whichever is the greater. The value of 

the liquid limit to serve as a basis for the initial water content should 

be the highest value obtained, that is, the value determined after 

blenderizing the material. Typically, the weight of dry soil in the 

blender at any one time should not exceed 150 g. 

33. It is definitely not suggested herein that the introduction of 

three standardized methods for disaggregating clay shale material will 

solve the problem and that no further work need be done. The three methods 

only will ensure that comparable values are produced by different labora

tories. CE division laboratories should be encouraged, during investiga

tions for Civil Works projects, to try other methods as well as variations 

in the three standardized methods. 
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APPENDIX B 

MEIBODS FOR DETERMINING RESIDUAL SHEAR S'IRENG'IHS 

1. The shearing resistance offered by a cohesive soil after failure 

(that is, after attaining a peak, or maxinn.im, shear strength) was studied 

during the mi.d-1930's by Tiedemann, Hvorslev, and Haefeli ; their work has 
32* been described by Hvorslev. The term "residual" shear 

33 minimum post-failure value was introduced by Haefeli 0 

strength for the 

However, little 

attention was given to residual shear strength during the 1940's and 1950's, 

perhaps because of the widespread acceptance of the triaxial compression 

test for measuring shear strength. By 1960, when Hvorslev summarized his 
34 work on residual shear strength measurements, several investigators had 

found that field shear strengths computed from landslides could not be 

correlated with results from laboratory triaxial compression tests. In 
35 1964, Skempton published analyses of several landslides that forcefully 

demonstrated the significance of residual shear strength. The current 

emphasis on determining residual shear strengths can be attributed largely 

to this contribution by Skempton. 

2. Early studies of residual shear strength employed apparatus which 

applied torque to a ring or annulus of soil so that the area of the shear 

surface remained constant despite the large shear displacements required 

to attain a minimum shear strength. Skempton, not having access to annular 

shear apparatus, used standard direct shear apparatus and produced the large 

displacements by repeatedly reversing the direction of shear. In his 1964 
35 paper, Skempton also suggested that residual shear strength could be 

measured using a specimen in which the shear surface had been precut with 

a wire saw or even using a specimen of completely remolded material. 

These suggestions have led to the present wide variety of apparatus, 

techniques, and types of specimens being used for residual shear strength 

determinations. 

3. One important notion introduced by Skempton was that the residual 

angle of shearing resistance (termed herein "residual friction angle") 

* Raised numbers refer to similar numbered items in Literature Cited 
which follows the main text. 
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should be independent of the stress history of the material and depend 

solely on the nature of particles comprising the materialo This led to 

the concept of residual friction angle being an index property as well 

as an engineering property. Thus it was widely concluded that residual 

friction angle is uniquely related to the mineralogical composition of 

a material and is independent of the type of specimen (intact, precut, 

or remolded), normal stress, and rate of strain as long as there is 

sufficient displacement to produce a minillR.lm shear strength; however, many 

of these conclusions are speculative to some degree. 

4. The need for standardization of residual shear strength determina

tions by CE offices is clear and urgent. standardization, however, should 

not only provide for the most satisfactory measurements, but also ones 

that are simple and inexpensive to makeo Apparatus and procedures that 

have been used for residual shear strength measurements are reviewed in 

the following paragraphs, along with information on the effect of varia

tions in test conditions on the measured valueso 

variations in Apparatus and Procedures 

5. 'l\vo basic types of apparatus are discussed below: (a) transla

tional or direct shear apparatus, which require reciprocal movement to 

produce large displacements and (b) rotational shear apparatus, which 

produce large displacements without reversing the direction of movement. 

The use of triax:ial compression apparatus for determining residual shear 

strengths is not considered here, although it has been used for this 
3 6, 3 7' 38 t t. d . . 1 purpose 0 Differences in es 1ng proce ure are pr1mar1 y asso-

ciated with reversing the direction of shear with direct shear apparatuso 

Direct shear apparatus 

60 Following the example of Skempton, many investigators started 

using available direct shear apparatus for residual strength tests. 

Difficulties were encountered from the very first due to the limitation 

of most direct shear apparatus to provide movement in only one direction. 

In some cases, this limitation was overcome by removing or reducing the 
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normal stress at the end of each shear movement and manually returning the 

unit to its initial position; this is the procedure conunonly used by WES 0 

Other solutions involved rotating the shear box 180 deg at the end of each 

stroke (used by the laboratory of the Kansas City District) or by modifying 

apparatus to permit movement in both directions (used by SWD). Eventually, 

laboratories designed and constructed apparatus for the specific purpose of 

repeated direct shear testing, in which the directions of shear displacements 

are sequentially reversedo 

7. one of the earlier repeated direct shear apparatus was developed 

by the Massachusetts Institute of Technology (MIT) under a CE contract 
39 study of the properties of clay shales. The MIT quadruple-unit repeated 

direct shear apparatus, shown in fig. Bl, accepts specimens 2.00 in. square 

and 0.75 in. high. Maximum normal and shear stresses on the 26-sq-cm speci

men are 16.0 kg per sq cm. Rates of strain in either direction of movement 

can be varied from 280 in. per day to 0.001 in. per day. 

8. Several special double-unit repeated direct shear apparatus, shown 

in fig. B2, were constructed by the SAD laboratory. The specimen size of 

3.00 in. square by 0.50 in. high is in accordance with the CE standards for 

laboratory testing,
15 

though specimens up to 1.00 in. in height can be 

accepted. The area of contact between the upper and lower halves of the 

shear boxes is an 0.031-in.--wide lip around all four sides of the specimen. 

Normal stresses up to 38 kg per sq cm are applied to the 58-sq-cm specimen 

using a commercial pneumatic cylinder, while shear displacements (as great 

as 0.5 in. to either side of the center) are produced by pushing on the 

upper half of the shear box with one of the two separate controlled-strain 

drives provided for each shear box (a separate drive is provided for dis

placement in each direction). Rates of strain can be varied from 18 in. 

per day to 0.14 in. per day, and greater variation can be obtained by 

replacing gears. 

9. In fig. B3 is shown one of the three double-unit repeated shear 

apparatus constructed by the MRD laboratory. This apparatus also accepts 

specimens 3.00 in. square with heights as great as 1.00 in. Normal 

stresses up to 30 kg per sq cm are applied pneumatically through a rolling 
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Fig. Bl. MIT quadruple-unit repeated direct shear apparatus 
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Fig. B2. SAD double-unit repeated direct shear apparatus 
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Fig. B3. MRD double-unit repeated direct shear apparatus 
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diaphragm connected to the piston of the shear box by very long tie rods; 

this connection minimizes the angular deflection that otherwise accompanies 

shear displacement. As in the SAD apparatus, two controlled-strain drives 

are provided for shear displacements of each box. The MRD apparatus 

produces shear displacements up to 0.5 in. either side of center by 

pulling the upper half of the shear box. Rates of strain can be varied 

from 3 in. per day to Ool in. per day (greater variation in strain rate 

requires the replacement of gears). 

10. A direct simple-shear apparatus produced commercially by 

Geonor, AS, in Norway was obtained by WES in 1966. This apparatus shears 

a 50-sq-cm circular specimen, 105 cm high, encased in a wire-bound rubber 

membrane to permit uniform shear strain over the full height of the speci-
40 

men. In 1968, the apparatus was modified for repeated direct shear test-

ing by replacing the original specimen holders with a direct shear box; a 

simpler modification of a similar apparatus had been made by the Norwegian 

Geotechnical Institute in 1965 to permit residual shear strength measure-
41 

ments. The modification by WES, as sho.vn in fig. B4, permits the testing 

of a specimen 2.78 in. square (to maintain the original specimen area of 

50 sq cm) and Oo59 in. (1.5 cm) high. Normal stresses, up to a maximum 

of 16.0 kg per sq cm, are applied through a force gage by a dead-weight 

lever systemo Maximum shear stress is 8.0 kg per sq cmo Shear displace

ments in each direction, up to Oo3 in. either side of center, are provided 

by a single, reversible drive that moves the top half of the shear box 

through a yoke. Strain rates from 7 in. per day to Oo004 in. per day can 

be produced with the six-speed gear box and by interchanging the small 

synchronous motors. Cables can be attached to the shear stress yoke and 

passed over removable sheaves to a deadweight hanger for controlled

stress testing. In addition, a small jack below the normal stress hanger 

permits varying the normal stress during shear to accomplish a constant

volume (or undrained) test. 

11. several apparatus designed especially to perform repeated direct 

shear tests have been fabricated and operated at Imperial College in 

England. Ha.vever, details of the apparatus have not been publishedo 
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Apparently, specimens have large length-to-width ratios to minimize the 

influence of the boundary conditions at the front and rear edges of the 

shear box. 

120 In a repeated direct shear test, the shear displacement may be 

accumulated by either of two methods. First, the upper half of the shear 

box may be moved from the initial, aligned position to a point some 

distance from the initial position and then moved back to the starting 

point; in other words, all shear movement is made at one side of the 

initial position. Second, the upper half of the shear box may be moved 

during each stroke, after the first half stroke, from one side of the 

initial position, through the initial position, to the other side of the 

initial positiono The first of these methods is regularly used by SWD 

and WES, while the second method is used by MRD and SAD. In addition, 

movement in both directions may be under the same normal stress (MRD, SAD, 

and SWD) or the movement back to the initial position may be under a 

reduced normal stress (WES)o Movement in both directions may be at the 

same rate of displacement (MRD and SAD) or the movement back to the initial 

position may be at a higher (WES) or lower (SWD) rate than used for the 

movement away from the initial position. The influence of these variations 

in procedures is discussed in subsequent paragraphs. 

Rotational shear apparatus 

13. The development of torsion and annular shear apparatus during 
32 the 1930's has been described in detail by Hvorslev. In 1947, Hvorslev 

designed an annular shear apparatus that was constructed at WES for test-
42 ing soft, organic clay from the Panama Canal Zoneo This unit accepts a 

specimen 4o50 in. in outside diameter, 2.50 in. in inside diameter, and 

0.75 in. in height. Normal stress capacity on the 71-sq-cm specimen is 

5.0 kg per sq cm and the maximum shear stress is 2.0 kg per sq cm. Both 

controlled-stress and controlled-strain tests can be performed. The ap

paratus was modified in 1968, as shown in fig. B5, to provide rates of 

strain variable from 200 in. per day to 0.004 in. per day. 

14. The WES 1966 annular shear apparatus, shown in fig. B6, is 

generally similar in design and operation to the WES 1947 apparatuso 
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Fig. B5. WES 1947 annular shear apparatus 
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Fig. B6. WES 1966 annular shea1· apparatus 
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Cables connected to a torque wheel above the specimen pass around hori

zontal and vertical sheaves to a force gage and a deadweight hanger to 

permit both controlled-stress and controlled-strain testing0 The specimen 

has an outside diameter of 5.50 ino (permitting a specimen to be trimmed 

from a nominal 6-in.-diam sample), an inside diameter of 3 0 25 in0 , and a 

height which is variable from 0.50 to loOO in. Maximum normal stress on 

the 100-sq-cm specimen is 20.0 kg per sq cm and the maximum shear stress 

is lOoO kg per sq cmo A jack and force gage are mounted over the normal 

stress hanger for varying the normal stress during shear to perform a 

constant-volume test. Rates of strain can be varied from 60 in. per day 

to 0.003 in. per day. 

15. In 1967 WES constructed a triple-unit annular shear apparatus, 

shown in fig. B7. This apparatus accepts specimens 4.00 ino in outside 

diameter, 2.04 in. in inside diameter, and Oo75 in. in height. A maximum 

normal stress of 5.0 kg per sq cm can be applied by dead weights to the 

60-sq-cm specimen. The maximum shear stress is 2o5 kg per sq cm; this 

stress is measured by a torque plate mounted above the specimen. Only 

controlled-strain tests can be performed, with rates of strain variable 

from 170 in. per day to Oo34 ino per day. 

16. Geonor, AS, is producing commercially an annular shear apparatus, 

as shown in fig. BS (photograph taken of the apparatus at Imperial College 

in London) 0 Development of this apparatus started in 1964 through a co

operative effort by Imperial College and the Building Research Station in 

England and the Norwegian Geotechnical Institute. The specimen is 6.00 in. 

in outside diarooter, 4.00 in. in inside diameter, and 0.75 in. in height. 

(The large outside diameter of the specimen precludes testing intact 

material from nominal 6-ino-diam coreso) Normal stresses up to 10.0 kg 

per sq cm are applied to the 102-sq-cm specimen by a deadweight lever 

system (contained in the rectangular base casting shown in fig. 8). 

Shear stresses, to a maximum of 5.0 kg per sq cm, are measured by a torque 

bar above the specimen acting against two balanced force gages. This 

controlled-strain apparatus can be operated at rates of strain from 28 in •. 

per day to 0.08 in. per day 0 Constant-volume shear tests can be performed 
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Fig. B7. WES 1967 triple-unit annular shear apparatus 
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with the apparatus as well as drained tests. 

17. 25 Under a CE research contract, Harvard University developed the 
rotation shear apparatus shown in fig. B9. Three of these devices have 
been received from Harvard University for further research testing at WESe 
The test specimen is a disk (typically of remolded rather than intact 
material), 2.80 in. in diameter and variable in height from 0.05 in. up 
to a maximum of 1.00 in. Normal stresses, up to a maximum of 25.0 kg 
per sq cm, are applied to the 40-sq-cm disk by a dead-weight level system. 
Shear stresses, up to a maximum of 20.0 kg per sq cm on the disk-shaped 
specimen, are measured by the reaction of two balanced, electrical force 
transducers to a torque bar mounted on the top of the specimen. Shear 
displacements are produced by rotating the porous disk at the bottom of 
the specimen with a controlled-strain drive system. Rates of peripheral 
displacement can be varied from 320 in. per day to 0.32 in. per day. 

18. Annular specimens with any inside diameter less than 2.80 in. 
can be tested in this apparatus through the use of adaptors. At Harvard, 
tests have been performed on annular specimens 2o00 in. in inside diameter, 
giving a specimen area of 20 sq cm. When using an annular specimen, the 
rate of linear displacement measured at the mean diameter of the specimen 
can be varied from 270 to Oo27 in. per dayo One of the main advantag-es 
of this apparatqs is the capability for controlling the gap between the 
upper and lower specimen-confining rings to prevent extrusion of material. 

19. Annular shear testing at the Belgian Geotechnical Institute of 
Ghent is performed on specimens 8.0 cm (3.15 in.) in outside diameter, 
4.0 cm (1.58 in.) in inside diameter, and 1.8 cm (0.71 in.) in height.

43 

Test results reported sho.v normal stresses as high as 4.0 kg per sq cm 
being applied to the 38-sq-cm specimen and shear stresses as high as 
1.6 kg per sq cm being measured. Rates of strain can be varied at least 
from 2.0 in. per day to 0.37 ino per day. 

Effect of Specimen Type 

20. Residual shear strength may be determined using the three basic 
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Fig. B9. Harvard rotation shear apparatus 



types of specimens defined as follows: 

a. Intact. An intact piece of material at natural water content 
is subjected to a shear test so that the residual shear strength 
is determined on a surface formed naturally by shearing action. 

b. Precuto Two pieces of i•ntact material at natural water content 
are placed into uniform contact over a plane area and, then, 
one piece is moved over the surface of the other so that the 
residual shear strength is determined on a surface which is 
initially plane . The two pieces may be trimmed separately 
before being placed in the shear apparatus, or a single piece 
may be cut in two using a small-diameter wire after the piece 
is placed in the shear apparatuso 

c. Remolded. The material is thoroughly disaggregated, slurried, 
and reconsolidated to either a normally or an overconsolidated 
state to form a specimen. The resulting specimen is subjected 
to a shear test so that the residual shear strength is determined 
on a surface formed naturally by shear. An unspecified factor 
here is the procedure for disaggregating the materialo 

21. If the residual shear strength were indeed independent of stress 
history, the same value should be found with tests on all three types of 
specimenso In that case, the most convenient type of specimen could be 
chosen for testing. However, experimental investigation of the effect of 
specimen type is required. 43 One such investigation was reported by de Beer, 

• who found that annular shear tests of a stiff fissured clay gave residual 
friction angles of 24.3 deg using intact specimens and 19.3 deg using pre
cut specimens, all values being determined at a rate of shear displacement 
of 0.37 in. per day. But the significance of this difference is uncertain 
because of the lack of details regarding the test procedureo Additional 
uncertainty is caused by the fact that the angles using both intact and 
precut specimens decreased about 4 deg when the rate of shear displacement 
was increased to 2o0 in. per dayo Companion direct shear tests on precut 
specimens performed by the Danish Geotechnical Institute measured friction 
angles of about 11 deg, but there is, again, insufficient published informa
tion to evaluate these findingso 

22. The Prairie Farm Rehabilitation Administration (PFRA) of Canada 
sent intact samples of Bearpaw shale from the left slope of the spillway 
at Gardiner Dam (formerly South Saskatchewan River Dam) to WES, MRD, and 
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Harvard University for residual shear strength determinations to compare 

with results being obtained by PFRA. The comparative results, as given 

in table Bl, suggest that essentially the same values can be obtained with 

either precut or remolded specimens. 44 

23. Several annular and repeated direct shear tests have been performed 

by WES on both intact and precut specimens as a part of ES 542. The results 

of some of these tests, as given in table B2, are included here to help in 

evaluating the effects of specimen type and other variableso However, most 

of these tests were performed to develop the testing techniques and do not 

reflect current procedures. For example, some of the tests were started with 

very high rates of shear displacement so the measured friction angle is a 
• 

function of elapsed time (to permit dissipation of excess pore water pressure) 

rather than shear displacement. Difficulties with the amount of gap between 

the upper and lower confining rings marred several tests. Because of time 

limitations, few tests were carried under the constant conditions of normal 

stress and rate of displacement sufficiently long to reach a real state 

of equilibriumo 

24 0 Figure BlO presents the strength versus displacement curves from 

annular shear tests on intact specimens of Dawson shale from Chatfield Dam. 

The displacement scale in this figure is logarithmic (following a practice 

introduced by LaGatta
25

) to aid in determining when a minimum shearing 

resistance has been obtained. Breaks in curvature are the results of ad

justing the gap between the confining ringso Under high normal stress, 

extrusion of remolded soil from the gap was too excessive to permit a 

residual condition to be attainedo In addition, the tests were all terminated 

before sufficient shear displacement had occurred to obtain a minimum shearing 

resistance. Figure Bll shows such curves from tests on precut specimens 

conducted on three different apparatuso Excessive extrusion did not occur, 

though the results are inconclusive since the tests were ended too soon. 

While all specimens were trimmed from a single block sample, variations in 

properties among the specimens must be expected in view of the nonuniform 

character of the weathered Dawson shale. 

25. In fig. Bl2 are shown results of annular shear tests of both 
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Laboratory 

WES 

Harvard 

MRD 

PFRA 

PFRA 

PFRA 

Table Bl 
44 

Residual Friction Angles of Bearpaw Shale Measured by Different Laboratories 

A tterberg Normal Total Shear 
Type of Limits Stress Displacement 

Type of Apparatus Specimen Sample No. LL PL kg/sq cm cm 

Annular shear Precut 5B TP 4102 175 27 6 30 
144 25 6 103 

Annular shear Remolded 6 TP 4102 165 28 2 
4 < 100 

4 
8 < 100 

Repeated direct shear Precut 5A TP 4102 181 24 6 15-23 
6 15-23 

18 15-23 

Repeated direct shear Field 
shear plane TP 4102 170 28 

129 25 

Repeated direct shear Remolded RD 2300 125 23 

Repeated direct shear Remolded c 4039 124 25 

Residual 
Friction 

Angle 
deg 

2.6 
3. 6 

4.0 
3.8 

2.9 
3.3 

5.2 
4.9 
4.3 

2.5 - 3. 0 

5.0 - 6.0 

4.0 - 4.2 



Table 82 

Results of Shear Tests Performed by WES on Dawson Shale 

(Box U-18 from Chatfield Dam) 

Test Type of Type of Type Of Stage Normal Rate of Displacement Minimum 
No. Apparatus Displacement Specimen No. Stress Shear During Stage Friction 

Displacement Angle 
kg/sq cm cm/day cm deg 

6 Annular Continuous Intact 1 6 0.1 0.6 
2 6 1 9.7 8.9 
3 6 0.1 o.s 8.7 
4 6 1 2.0 8.8 
5 18 0.1 0.4 10.0 
6 18 1 4.7 10.0 
7 18 10 3.2 10.4 
8 18 0.1 0.3 9.7 
9 6 1 13.5 10.6 

10 2 1 6.7 15.0 

8 Annular Continuous Intact 1 6 10 36.0 8.3 
2 18 100 0.9 
3 6 100 115.2 5.7 

9 Annular Continuous Intact 1 6 0.1 o.s 
2 6 1 10.7 6.3 
3 18 1 1.8 6.4 
4 6 1 6.0 7.1 
5 6 10 69.7 6. 0 
6 2 10 9.5 6.8 

12 Annular Continuous Intact 1 20 0.1 0.5 
2 20 0.316 1.3 
3 20 1 25. 5 7.1 
4 6 1 4.6 7.2 

Annular Continuous Precut 1 2 100 10.6 9.6 
2 2 10 25.2 7.3 
3 2 100 27. 4 7.3 
4 2 0.1 0.6 6.4 
5 6 100 31.7 6.1 
6 6 1 6.5 5.1 
7 18 100 33.4 6. 6 
8 18 1 7.5 5.9 
9 18 100 28.3 6. 9 

10 18 1 0.7 5.8 
11 6 1 3.9 6.0 
12 6 100 108.6 6.2 
13 2 1 1.9 6.2 
14 2 100 89. l 6. 6 

13 Annular Repeated Precut 6 1. 707 36': 8 5. 7 
Continuous 6 1. 707 52.l 4.8 

16 Direct Repeated Precut 1 6 1.163 9.2 4.9 
2 6 0.593 8.5 4. 6 ,. 
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intact and precut specimens of Dawson shale. The data shown are from the 

later stages of the tests (see table B2), so the shear displacements are 

not comparable. Despite the differences in displacement rates, the minimum 

friction angles agree relatively well (5.8 deg to 6.2 deg), with the ex

ception of test 13. The lo.v friction angle (4.8 deg) measured during 

test 13 might have resulted from maintaining the low rate of displacement; 

test 7 was showing similar results before the rate was increased. However, 

the data suggest that intact and precut specimens yield equally valid 

results. 

Effect of Reversing Direction of Shear Displacement 

260 The testing of overconsolidated specimens of resedimented clay 

shales by MIT
39 

showed no difference in residual shear strengths measured 

in repeated direct shear tests and those measured in annular shear tests0 

However, the residual value appeared to be attained with smaller accumula

tive shear displacement in the repeated direct shear tests than in the 

annular shear tests. These findings, together with the shape of typical 

stress-displacement curves from repeated direct shear tests, can lead to 

a concept of the nature of residual shear strength measurements, as discussed 

in the following paragraphs, that may be helpful in interpreting the effects 

of repeatedly reversing the direction of shear movements. 

270 During the first shear displacement of the upper half of a 

specimen from its initial position, an undulating separation of the two 

halves is believed to be formedo This irregular character of failure 

surfaces in remolded clay specimens has been displayed by several investi

gators045 Other studies46 have shown that failure surfaces in any intact 

material are initially nonplanar due to the development of families of 

discontinuous shear surfaces, though an essentially plane zone of remolded 

material may be produced with sufficient displacement. An initially ir

regular separation also can be assumed to exist in a precut specimen formed 

by placing two pieces of material with plane surfaces into contacto The 

phenomenon is identical to the galling of two pieces of similar metal when 
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rubbed together under pressure; minor surface irregularities interlock 
and cause flakes and slivers to be torn from each of the pieces as 
controlled by microfractures or other incipient discontinuities. While 
the development of an initially nonplanar separation in a precut specimen 
of clay shale has not yet been investigated, its existence can be 
demonstrated by the presence of striations on the shear surfaces after 
testing

0 
The irregularities at right angle to the direction of movement 

must have been created by irregularities in the direction of movement which 
existed at some time, and the only mechanism for producing such irregulari
ties would be the galling of the two surfaces upon initial shear displacement. 

28. Because the two halves of the specimen have undulating surfaces, 
a geometrical component is present in the measured shear stress. As the 
irregular surfaces are displaced farther in either direction away from their 
initial, mating position, the geometrical component will increase due either 
to irregularities sliding upward on matching irregularities or, when dis
placements become larger, the increased contact of dissimilar irregularities. 
Also, the irregularities may not be oriented in the direction of shear 
movement so a binding or a rotational effect is introduced. When the 
direction of movement is reversed and the two surfaces are returned toward 
the mating position, the geometrical component will lower the measured shear 
stress as the irregularities slide downward on matching irregularities; the 
geometrical component will vanish as the surfaces pass through the initial 
position and the vector sum of the shear stresses between the surfaces is 
horizontal. Therefore, the geometrical component will cause a continuous 
increase in the measured shear stress as the upper half of the specimen is 
displaced from one side of its initial position to the other 0 Only the 
shear stress measured when the two halves of the specimen are in their initial 
vertically aligned position is valid. 

29. The purpose of the test is to determine the minimum frictional 
component of the shear stress. This minimum value is obtained by rubbing 
the two surfaces together with sufficient total relative movement that 
the material at the contact is disaggregated and that individual clay 
particles along the interface develop a fabric with a maximum of parallel 

B25 



orientation in the direction of movement. An idealized relationship 

between the frictional component and the shear displacement is shown in 

fig.Bl3a; this relationship presumes a perfectly plane separation between 

the two halves of the specimen. 

30. In fig. Bl3b is sho.vn the idealized influence of the geometrical 

component on the measurement of the frictional component during two dif

ferent strokes of a repeated direct shear test. During stroke AC, the 

actual decrease in the frictional component from a to c is altered 

by the geometrical component to cause the measured shear stress to decrease 

from a' to c' ; only at b is the measured shear stress equal to the 

unaffected frictional component. During stroke DF , however, the in

crease in the geometrical component is greater than the decrease in the 

frictional component, so the continuously decreasing relationship from 

d to f is obscured by a measured shear stress continuously increasing 

from d' to f' • 

31. The third component of the shear stress measured in the repeated 

direct shear test is illustrated in fig. Bl3co The nature of this flip

over effect is not knowno It is certainly more than a mere static friction; 

a test stopped and then restarted in midstroke shows an insignificant rise 

in shear stress required for the resumption of movement. Thus the effect 

is caused by reversing the direction of movement, but the effect disappears 

after a very small shear displacement (less than half a millimeter), and 

the stress-displacement relationship thereafter appears unaffected by the 

reversal in direction. This is an important point, and it needs to be 

emphasized. Reversing the direction of shear movement does not appear to 

undo the tendency toward parallel orientation of clay particles displayed 

during the preceding stroke, save for the short-lived flip-over effect. 

If one would conceive of the development of a minimum shearing resistance 

as being similar to the bending and flattening of the bristles on a brush 

under the stroke of a hand, it does not appear that reversing the direction 

of the stroke lifts and rebends every bristle. 

32. Two sets of stress-displacement curves from repeated· direct 

shear tests on Dawson shale are shown in fig. Bl4 to demonstrate the 
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concepts discussed in the preceding paragraphs. Figure Bl4a sh<JNs data 
obtained at MRD by displacing the upper half of the shear box from one 
side of the initial position to the other side. However, too few points 
are available to shcm the relationship previously described, though the 
points appear to be consistent with such a relationship. The data in 
fig. Bl4b were obtained at SWD by moving the upper half of the shear box 
away from the initial position without any record of the shear stress 
during the return stroke. Sufficient points are available to shcm the 
flip-over effect for some strokes, and it is apparent that the geometrical 
component is influencing the results. By starting each stroke from the 
initial position, the flip-over effect is imposed upon the only valid 
measurement of the frictional component. 

33. Consideration of a multicomponent shear stress permits a clearer 
comparison of the results of annular shear tests with those of repeated 
direct shear tests. The rubbing together of two geometrically matched 
surfaces should readily reorient the clay particles at the interface to 
produce a minimal frictional component. In an annular shear test, hcmever, 
the geometrical component is present during the entire shear displacement 
except when a rotation of 360 deg is attainedo Thus the dissimilar ir
regularities on the two surfaces nrust be completely worn away before a 
valid measurement of the frictional component is possible. This suggests 
that a repeated direct shear test, by a more efficient action of one surface 
on the other, should permit the measurement of the minimum shearing 
resistance with less total shear displacement than an annular shear testo 

34. Results of a limited number of tests comparing continuous, one
directional displacement to repeatedly reversed displacement are shown in 
fig0 Bll 0 No definite conclusions can be drawn from these results due to 
imperfect testing procedures and variations in material propertieso The 
lowest value of the friction angle was produced by a repeated direct shear 
test in which the upper half of the specimen was moved under constant stress 
to a displacement of 0.6 cm to each side of the initial positiono The re
peated shear test performed in an annular shear apparatus (each stroke made 
from the initial position with the return stroke accomplished rapidly under 
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a constant normal stress) did not attain an equally low value, probably 

because of the testing procedure used. When continuous, one-directional 

movement was applied to the same specimen, the shear stress decreased sl<JNly 

with displacement, and would probably have reached the value measured in 

the repeated direct shear test had not the movement been prematurely 

discontinued. 

Effect of Normal Stress 

. 25 39 Several studies ' have shown that the relationship between 

residual shear strength and normal stress is not always constant; that is, 

the measured residual friction angle may decrease with increasing normal 

stress. Such a tendency would agree with the concept that both normal 

and shear stresses are contributing to the disaggregation of the material 

and the increase in parallel orientation of particles in the direction of 

shear displacemento Also, under a higher normal stress, irregularities on 

the surfaces of each half of a test specimen would be more rapidly and 

completely worn away. Tests performed at MIT showed that the residual 

shear strength is attained with less shear displaceioont under a higher 
39 normal stress. 

36. Residual friction angles determined by several CE laboratories 

on different clay shales are plotted in fig. Bl5 as a function of normal 

stresso While there is a trend of decreasing residual friction angle with 

increasing normal stress, the difference for any material would not signi

ficantly alter the value of this angle as an index for classification 

purposes. 

37. In fig. Bl6 are shown results from three stag-es of an annular 

shear test on a precut specimen of Dawson shale. Although a slight 

decrease in residual friction angle with increasing normal stress may be 

noted, the effect was obscured by test irregularities. 

38~ Besides the possible inherent decrease in residual friction 

angle with increasing normal stress, the difficulties in measuring residual 

shear strengths are influenced by the normal stresses used. Under a low 
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normal stress (less than 2 kg per sq cm), a specimen of clay shale may tend 

to swell, causing an increase in the gap between the two halves of the shear 
box, or irregularities on the shearing surfaces may cause the upper half of 
the specimen to be lifted or tilted, permitting water from the r e servoir to 

enter between the halves. Also, with a low normal stress, the accuracy of 
• 

the shear stress measurement must be greater and any friction in the system 
is more critical. Under a high normal stress (more than 15 kg per sq cm), 
the extrusion of remolded material from the gap between the two halves of 

the shear box is greatly accelerated. Extrusion may have two possible e f 
fects on the measured residual friction angleo First, as described by 
LaGatta, 25 extrusion will cause a redistribution of normal stress over the 

shearing surfaces so that the residual friction angle computed on the as
sumption of a uniformly distributed normal stress may be too low, especially 
in a rotational shear apparatuso second, extrusion may produce gross ir

regularities on the shearing surfaces, especially in a direct shear apparatus 
where the front and rear portions of both surfaces are unsupported at the 

ends of each stroke. Also, extrusion will continuously remove the dis
aggregated, well-oriented clay particles from between the surfaces, and a 

condition of equilibrium will not be possibleo Because of these effects, 

the computed residual friction angle may be too higho MRD found that 

repeated direct shear tests under normal stresses of 15 and 30 kg per sq cm 

resulted in significantly higher computed residual friction angles than 
22 tests under 4 and 8 kg per sq cm. 

39. Because of practical considerations in the performance of residual 
shear strength tests for classification purposes, it is recommended that 
both lCNI and high normal stresses be avoided. The most satisfactory results 
would probably be obtained using a normal stress between 4 and 8 kg per sq cm. 

Effect of Rate of Displacement 

40. A definite decrease in residual friction angle with decreasing 

rate 22 25 of shear displacement has been observed in tests at MRD, Harvard, 

and others. However, the variation appears to be small except when the 
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rate is increased to the order of, say, 10 cm per day. The results shown 

in figg Bl6 indicate a decrease of about 15 percent in the shear stress 

(1 deg change in the friction angle) with a hundred-fold decrease in dis

placement rate, though there was insufficient displacement under each of 

the different rates to be sure that equilibrium had been obtained0 Contrary 

results were obtained at the Belgian Geotechnical Institute where a five

fold decrease in displacement rate caused an increase of about 25 percent 

in the shear stress (4 to 5 deg change in the friction angle). 43 

41. Several laboratories use relatively high rates of displacement 

to accumulate large shear displacements within a reasonable period and 

then reduce the rate for a valid measure of shear stress 0 In these in

stances, the shear stresses measured initially in tests with high rates 

may be affected by incomplete dissipation of excess pore water pressures 

(as shown by the initial portions of the curves in fig. Bl6) in addition 

to a rate-dependent viscosity of remolded clay. Measurements of shear 

stresses at low rates (0.1 cm per day) are seldom feasible because of the 

great length of time needed to obtain sufficient displacement at such rates 

to ensure an equilibrium condition. 

42. While further investigation of the effect of displacement rate 

is warranted, it is not believed that this effect would be significant in 

determinations of residual friction angles as long as the rate was suffi

ciently slow {less than 1 cm per day) to provide essentially complete 

dissipation of excess pore water pressures. Also, if much lower rates 

of displacements were to be used, the durations of tests would become 

excessive for determinations of classification indexes. 

Suggested Standardized Procedure 

43g until more comparative residual shear strength tests have been 

performed, it is suggested that either a direct shear or an annular shear 

apparatus be used in a standard method for determining the residual friction 

angle 0 Furthermore, it is recommended that a precut specimen of intact 

material at natural water content should be used in the standard methodg 
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Details of the procedure for a standardized test are suggested in the 

follcming paragraphs. 

44. The specimen should consist of two pieces of intact material 

trimmed to fill the inside of the shear box or confining ring. The two 

pieces should be of approximately equal height and have a total height 

not in excess of 1 in. (preferably, the total height should be 0.5 in., 

but this is often not practical for stiff, fissured materials). The top 

and bottom surfaces of each piece should be plane and parallel. Only a 
reasonably close fit of each piece to the inside of the shear box* is 

necessary for stiff-to-hard materials which must be cut to shape with a 

handsaw or, in the case of very hard materials, with a diamond wheel. 

The lower half of the specimen should be firmly seated against the porous 
plate in the lower half of the shear box. A slight (0.010 to 0.020 in.) 
projection of the lower half of the specimen above the lip of the box is 

desirable; certainly the top of this half of the specimen should not 

initially be below the lip. Then the upper half of the specimen should 

be placed in the shear box, the upper porous plate added, and the remainder 

of the shear apparatus assembled. 

45e Alternatively, a specimen of softer material may be precut in

side the shear boxo In this case, an intact specimen is firmly seated 

between saturated porous plates in the apparatus and, then, a plane 

should be cut with a small-diameter (0.008- to 0.014-in.-diam) steel 

wire through the specimen at the separation between the upper and lONer 
halves of the box. After cutting, the two halves of the specimen should 
be separated and the cut surfaces inspected for planeness. Any irregular

ities should be removed with a straightedg;e. 

46e Once the apparatus is completely assembled around the precut 

specimen, the normal stress should be applied and, then, the specimen 

should be inundated with distilled water. For a standardized method of 
determining the residual friction angle, it is suggested that a single 

value of normal stress should be used. A standard value of about 6 tons 

per sq ft is recommended as being high enough to prevent the swelling of 
most clay shales, yet low enough to minimize the problem of material 

* In the following paragraphs, the term shear box should be considered to include the specimen-confining rings of an annular shear apparatus. 
ID5 



extruding from between the two halves of the box during shear 0 The speci

men should be allo.ved to consolidate or swell to essentially an equilibrium 

condition under the normal stress; a minimum period of 16 hr should be 

allowed before shear. 

47. When the consolidation phase is completed, a gap should be formed 

between the two halves of the box to ensure that normal and shear stresses 

are borne only by the specimen. This gap should be kept rather small 

(0.015 to 0.025 in.) to minimize extrusion of remolded material from the 

shearing surface. Periodically during the test, the gap can be checked 

by inserting thickness gages, and adjustments can be made. Closure of the 

gap is quite critical in an annular shear test since friction between the 

two outer confining rings acts with a large moment akin to increasing the 

measurement of torque disproportionately. 

48. Horizontal displacement of one half of the specimen relative to 

the other should be initiated at a controlled rate not in excess of Oo5 in • . 
per day (about 0.0003 ino per min). Shear movement under constant normal 

stress should be continued, either by uninterrupted movement in a rotational 

apparatus or by repeatedly reversed movement (with about 0.25 ino displace

ment to each side of the initial, center position) in a translational 

apparatus, until a mininrum shearing resistance is attainedo A semilogarithmic 

plot of shear stress (arithmetic scale) versus cumulative sh~ar displacement 

(logarithmic scale) should be maintained during the test to show when a 

minimum value has been reache d. When a direct shear apparatus is used for 

the test, only the shear stress measured when the two halves of the shear 

box are vertically aligned (at the midpoint of each stroke) should be 

plotted. 

49. If, after completing the standard test, the effects of increased 

normal stress and decreased displacement rate are to be determined, this 

additional information should also be obtained according to standardized 

procedures 0 First, the effect of increased normal stress should be 

determined as follows. After the minimum resistance has been attained 

under a normal of about 6 tons per sq ft and at a displacement rate less 

than 0.5 in. per day, the normal stress should be approximately doubled 
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while the two halves of the shear box are vertically aligned and the speci
men all~ed to consolidate for at least 16 hr. Then, shear displacement 
should be resumed at the previous rate and be continued until a minimum 
shearing resistance corresponding to the increased normal stress is reached, 
as previously described. 

50. Next, the effect of decreased rate of displacement should be 
determined as follo.vs. After the minimum shearing resistance has been 
reached under the high normal stress {approximately 12 tons per sq ft) 
and at a displacement rate less than 0.5 in. per day, the rate of dis
placement should be reduced to a tenth of the standard rate {that is, to 
less than 0.05 in. per day) without any chang-e in the normal stress, and 
shear displacement should be resumed until the minimum shearing resistance 
is developed. When a direct shear apparatus is used for the test, the 
rate of displacement should be reduced soon after the upper half of the 
shear box has passed through the initial, vertically aligned position. 
Movement at the reduced rate should continue to the end of the stroke and 
then, on the return stroke, pass through the initial position again. The 
shear stress measured when the two halves of the box are vertically aligned 
this second time should be used to compute the residual friction angle for 
the decreased displacement rate. 

51. At the end of the test, after the shear force has been removed, 
the water reservoir should be emptied and all free water removed from the 
specimen. Then, the normal stress should be removed and the two halves 
of the specimen separated. The shear surfaces should be carefully in
spected, and the condition of the surfaces (texture, gloss, irregularities, 
etc.) should be described. Two final water contents should be determined: 
one on material scraped from both shear surfaces and another on the r e mainder 
of the specimen. 

52. While not yet believed appropriate for a standard classification 
procedure, the residual friction angle could be determined using remolded 
material prepared by the same three methods (initial, air-dried, and 
blended) applied to determinations of particle-size distributions and 
Atterberg limits. Results of this type are being produced; the typica l 
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method used at Harvard University to prepare residual shear test specimens 

is to reconsolidate material that has been air-dried and slaked. some 

study of the effects of air-drying and of blending on the residual friction 

angle may be needed to assist in establishing correlations between residual 

friction angle and Atterberg limits. 
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