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varying from 7.3 to Q.k  deg._vVariations in residual shear strength were investigated 
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different rates of peripheral displacement, and for specimens prepared by several 
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FOREWORD 

TTio work described in this report was   initiated in connection with 

Contract DACW39-67-C-002U,   "Use of Atterberg Limits  in Applied Soil Mech- 

anicr." but the majority of the work was performed under Contract 

DACW3',)-^9-C-0028,   "Research Study on Sesidual Shear Strength of Soils," 

both contracts being between the U. S. Army Engineer Waterways Experiment 

Station (WES)  and Harvard University.    The contracts were sponsored by 

the Office,  Chief of Engineers  (OCE), under ES-535,   "Use of Atterberg 

Lir.its  in Applied Soil Mechanics," and ES-1?1^,   "Residual Shear Strength 

of Soils." 

The general objective of this research, which was  Initiated in 1967, 

was to develop a rotation shear machine for the purpose of measuring resid- 

ual shear strengths of clays and clay-shales,  to investigate testing errors 

in the rotation shear tests,  and to measure the residual shear strengths of 

selected highly plastic clays and clay-shales.    The work was performed and 

the report prepared by Mr.  Daniel P. LaGatta at Harvard University. 

The contract was monitored by Mr. B. N. Maclver,  Chief,  Laboratory 

Research Section,  Embankment and Foundation Branch,  under the general super- 

vision of Messrs. A. A. Maxwell, Assistant Chief,  and J. P. Sale, Chief, 

Soils Division, WES. 

Contracting officers were COL Levi A. Brown,  CE,  and COL Ernest D. 

Peixotto, CE,  successive Directors of the Waterways Experiment Station 

during the conduct of this study and the preparation and publication of 

this report.    Technical Directors were Messrs. J. B. Tiffany and F. R. 

Brown. 

IC 
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PREFACE 

Professor Arthur Casafrandc's lectures on Soil Mechanics have provided The stimulation for 

the author's initiation of this research.   Professor Casagrande sjgg.'St.-vi that a rotation shear 

machine would be best suited for this investigation and a machine designed by the author was com- 

pleted in November 1967. 

Special acknowledgment is given to Professor Steve Poulos,  who directed this research.   His 

numerous discussions with the author have aided in all phases of the invest .gation. 

The author is grateful to Professor Ronald Hirschfela. Associate Professor of Civil 

Engineering at the Massachusetts Institute of Technology, for hi« constructive criticism of the first 

draft of this report. 

Grateful acknowledgment is given to Mr. Fay Welch,  research machinist,  who built the 

rotation shear machine used in the research. 

Mr. Charles E. Osgood, technical associate in the Harvard Soil Mechanics Laboratory, 

assisted in the preparation of the figures. 

The author wishes to express his appreciation to the U.S. Army Corps of Engineers,  who 

sponsored this investigation. 
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NOTATIONS AND DEFINITIONS 

B specimen thickness 

B specimen thickness after being consolirlated to a given effective stress 

AB change in specimen thickness 

e void ratio 

e void ratio of specimen as prepared and before application of load 

e critical void ratio = void ratio at which the shearing resistance is independent of continuous 

deformation under a constant state of stress 

w 

M 

liquid limit 

moment measured in a rotation shear test 

NC     normally consolidated 

OCR overconsolidation ratio = ratio of maximum past vertical stress to the vertical stress at 

which a specimen is sheared 

P       plastic limit 

P.       plasticity index = L 

ll 

w       w 

outer radius of rotation shear specimen 

R,     inner radius of rotation shear specimen 

5 strength      shear strength of a specimen which has been consolidated to the desired effective 

stress and then sheared so slowly that the induced pore pressures are negligible 

6 displacement of the outer periphery of a rotation shear specimen 
6        rate of displacement of outer periphery of a rotation shear specimen 
6        displacement required to reach peak strength 

6        displacement required to reach residual strength 

ä        effective vertical stress applied to the top of a specimen 

T        weighted average shear stress computed from the moment measured during a rotation shear 

test by assuming the shear stress is uniform 

T        peak strength measured in a rotation shear test 

T        residual strength = the constant shearing resistance at which a material undergoes continuous 

deformation under a constant state of effective stress 

tj)        residual friction angle = tan"   T   /ä 1 
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SYNOPSIS 

The purpose and scope of this investigation was:   (1) develop a rotation shear machine spe- 

cifically for the purpose of measuring the residual shear strength of clays and clay-shales; 
(2) investigation of test errors; (3) measurement of the residual strength of several representative 

types of highly plastic clays and clay-shales for which the residual shear strength is of great prac- 

tical importance. 

The residual strength is defined as the constant shearing resistance at which a material 

undergoes continuous deformation at a constant state of effective stress. 

A review of past research revealed that the residual strength had not been reached in many 

cases because the tests were not carried to sufficient displacement.   This error may be detected 

by plotting the displacement on a logarithmic scale, which accentuates the slope of the shear stress 

versus displacement curve at large displacements. 

In the rotation shear machine that was designed and built for this investigation, torque is 

applied to the bottom of the specimen and two force transducers measure the couple necessary to 

maintain the upper half of the specimen stationary.  This machine permits: 

1. Testing of disc-shaped or annular specimens with an outer diameter of 7.11 cm.  An inner 

diameter of 5.08 cm was used for the annular specimens. 

2. Testing of specimens with thicknesses from 0.1 cm to 2.5 cm. 

3. Application of vertical stresses (by a lever system) of 100 kg/sq cm on a disc-shaped speci- 

men and 200 kg/sq cm on an annular specimen. 

4. Ten rates of rotation from 1 rev/40 min to 1 rev/28 days, corresponding to rates of per- 

ipheral displacement of 5.6 X 10"   cm/min to 5.6 X 10~   cm/min. 

5. Use of a horizontally split confining ring with a clearance between 0 and 0.002 inch, or a 

solid confining ring. 

6. Measurement of forces with an accuracy of ± 0.3% over a range of shearing resistance of 

0.1 to 15 kg/sq cm. 

An investigation of the test errors in the rotation shear test indicated that soil extrusion from 

the peripheral boundaries of the specimen may introduce an error by causing a redistribution of the 

vertical stress on the specimen.   At the residual state, the vertical stress may reach a constant 

(but nonuniform) distribution and hence result in a constant resistance.   It is believed that extrusion 

causes the effective vertical stress, a     to be lower at the periphery (where the extrusion occurs) 

than at the center of the specimen as shown in the sketch. 

area Q =    area (2) 

j   J  J  >   J   J   i i     /    T c © a 
specimen 

— average 8V 

'extrusion 
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Because the moment arm for area 1 is larger than the moment arm for area 2, the measured 

moment is lower than it would be if ä   were uniform.   Thus the residual strength computed from 

the measured moment by assuming a uniform distribution of ä   is too low.   Test results indicate 
that the error caused by soil extrusion increases as: 

1. The ratio ofjhe inner radius to the outer radius of the specimen, R2 /R^ decreases. 

2. The rate of soil extrusion increases. 

For a test on a disc-shaped specimen in which unlimited extrusion was permitted, the measured 

residual strength was about 40% lower than for an identical test in which extrusion was minimized 

by using a solid confining ring.   For annular specimens from which unlimited extrusion was per- 

mitted, the error ranged between 1'.% and 15%.  Test results indicate that this error is virtually 

eliminated by using annular specimens with R^/Ri = 0.70 confined by a solid ring to minimize 

extrusion. 

Other errors and their estimated effect on the residual strength when using an annular speci- 
men are: * 

1. Inaccuracies in the lever system, ±0.1 to ±0.25%. 

2. Reduction in 5   due to side friction, -0.5%. 

3. Error in moment due to the electronic measuring system, ±0.3%. 

4. Error in measured moment caused by friction between the center disc and the inner 

periphery of an annular specimen, +1.4%. 

When a solid confining ring is used, failure occurs near a porous disc.   The measured 

residual strength was found to be the same whether failure occurred in the center of the specimen 

or near a porous disc.   This result led to the use of 2-mm-thick specimens, permitting faster con- 

solidation and more rapid shearing rates than have been common in the past. 

Principal results on three remolded materials used in the investigation are summarized 

below: 

Material 

Liquid 
Limit 

Lw 

Plastic 
Limit 

Pw 

Residual Friction 
Angle for 

ä   = 8.0 kg/sq cm 

Pepper Shale 
Cucaracha "Shale" 

London Clay 

71 

156 

72 

22 

42 

22 

7.4° 

7,3° 

8.4° 

Tests on 2-mm-thick specimens of the three highly plastic clays indicated that a rate of 
—3 —1 peripheral displacement ranging from 5.6 X 10     cm/min to 5.6 X 10~   cm/min had a negligible 

effect on the residual strength. 

The effect of the overconsolidation ratio on the residual strength was investigated by perform- 

ing tests on specimens of remolded Pepper Shale and remolded Cucaracha "Shale" with overconsoli- 

dation ratios from 1 to 100.   The difference in residual strength for normally consolidated and over- 

consolidated specimens was between 0% and 20% (the largest difference in the residual friction 

angle was 1.4°). 
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Tests on annular specimens of London Clay indicate the relationship between T   and J   is a 

straight line through the origin inclined at 9.3° for the undisturbed specimens tested and 8.3° for 

remolded specimens of the same sample.   These values are considerablj lower than previously 

published.   The author believes that the main reason for the difference between these results and 

previously published results may be due to not carrying the previous tests to sufficient displacement. 

The effect of the degree of remolding on the residual strength was investigated by remolding 

a sample of Cucaracha "Shale" by two methods: 

1.   Air-drying and slaking four times (L w 49, P    = 21). '     w        ' 

2.   Air-drying and slaking four times, air-drying a fifth time and crushing in a disc mill 

(L w 156, Pw = 42). 

The residual strength of both remolded samples was practically identical.   However, ten times 

more displacement was required to reach the residual strength in tests using the less plastic 

material.   This result suggests that the technique of preparing remolded materials may have a 
negligible effect on the measured residual strength. 



CHAPTER 1 

INTRODUCTION 

1.1   PURPOSE 

The investigations described in this report were concerned with the measurement of the re- 

sidual S strength of clays. The residual S strength is the shearing resistance measured in an S 
test, at which a material undergoes continuous deformation under a constant state of effective 
stress. The purposes of this investigation were (1) design a rotation shear machine, (2) develop 
an efficient test procedure for accurate measurement of the residual strength and (3) determine to 
what extent the residual S strength is affected by specimen shape, type of radial confinement, over- 
consolidation ratio and rate of deformation. The following materials were used in the investigation: 
(1) ground Muscovite, (2) remolded Warm Springs Shale, (3) remolded and undisturbed Pepper Shale, 
(4) remolded Cucaracha "Shale" and (5) remolded and undisturbed London Clay. 

1.2   RESIDUAL S STRENGTH - A WORKING HYPOTHESIS 

The stress-strain curve obtained in a conventional direct shear S test on a heavily overcon- 
solidated clay is characterized by a sharp peak as shown in Fig. 1-1.    The peak shear strength 
occurs at relatively small displacements and the shearing resistance decreases as displacement 
continues until it finally reaches a constant valje. 

s hypothesized that the large displacements required to achieve the residual S strength 
presu,  ^bly cause the soil to reach a critical void ratio (Casagrande, 1936),  i.e.,   when the soil 
reaches the residual S strength, it undergoes no further volume changes in the failure zone and the 
soil is in the "critical" or residual state (Poulos, 1969).   The concept of residual S strength will be 
discussed with the aid of the hypothetical curves shown in Fig. 1-2. 

Figure l-2a is a plot of void ratio versus effective vertical stress, ä on a horizontal plane 
in a direct shear S test on clay. The upper curve, A-B, represents the virgin compression curve 
for this clay. If a direct shear S test is performed on a specimen with an initial void ratio desig- 
nated by point 1, application of shear stresses will cause a decrease in void ratio. This decrease 
in void ratio, plotted as a function of displacement, is shown by the dashed line in Fig. l-2b. The 
dashed line in Fig. l-2c shows that the shear stress increases with displacement until a maximum 
shear stress (peak strength) is reached. The void ratio at this peak strength is represented by 
point 2 in Fig. l-2a. If tests with different values of ä were performed, the relationship between 

void ratio at peak strength and ä   would be given by the heavy dashed line, a-b in Fig. l-2a. 
Continued displacement beyond that required to develop the peak strength results in a de- 

crease in shearing resistance until at very large displacements it becomes constant which, by 
definition, is the residual strength.   The void ratio continues to decrease as displacement con- 
tinues beyond the peak strength until it also becomes constant.   This void ratio, designated as e 
in Figs. l-2a and l-2b, is the critical void ratio.  The relationship between critical void ratio and 
ä   would be that shown by the line e      in Fig. l-2a (Casagrande, 1938; Roscoe, 1958). 

*  
The S strength is measured in a specimen which has been consolidated to the desired effective 

stress and then sheared slowly enough to insure that the induced pore pressures are negligible. 
Such a test is called an S test or a consolidated-drained (CD) test. 
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The line C-D in Fig. l-2a represents a portion of a swelling curve for the clay under dis- 

cussion.   If a direct shear test is performed at the same ä   (overconsolidation ratio, OCR > 10) 
used in the test on the normally consolidated soil, the initial void ratio would be represented by 
the point 1'.   The shear stresses in this case may cause a very slight decrease in void ratio at 
first, depending on tf./ao after swelling.  As displacement continues, the void ratio increases until 
at the peak shear strength, the void ratio has increased to point 2'.   Similar tests at different 
values of ä   would result in a relationship between the void ratio at peak strength and ä   such as 
that shown by the line c-d in Fig. l-2a.   Continued displacement causes a substantial reduction in 
strength until at very large displacements, the strength becomes independent of displacement as 
shown in Fig. l-2c. 

The reduction in resistance beyond the peak strength in normally consolidated clays is main- 
ly a result of destroying bonding between clay particles and orienting them in the direction of move- 
ment.   For overconsolidated clays, the reduction in strength is due to the increase in void ratio as 
well as the destruction of bonding and the orientation of clay particles. 

In the hypothetical curves of Fig. 1-2, the residual strength and e     are assumed to be inde- 
pendent of OCR.   Intuitively, it would seem that the large displacement required to achieve the 
residual S strength would cause sufficient remolding on the failure plane to destroy the effects of 
overconsolidation. 

Figure l-2d is a plot of the shear stress and normal stress in the plane of shear for the case 
of a heavily overconsolidated clay.   The usual assumptions concerning the stresses in a direct 
shear test are made:   (1) failure occurs on a horizontal plane, and (2) T/CT   ■ tan 0. 

Most data available concerning the residual strength of clays indicate the tests have not been 

carried to sufficiently large displacements to accurately define the residual S strength (Section 2.3). 
Volume change measurements have not been adequate to substantiate the uniqueness of the critical 
void ratio e     because (1) it is difficult to accurately measure the overall volume changes at large 

strains and (2) the critical void ratio generally exists only in a thin zone of soil adjacent to the 
failure plane. 

1.3   SCOPE 

The scope of this investigation is as follows: 

(1) Review the development and the concept of residual S strength in the field of soil mechanics. 

(2) Review past investigations concerning the measurement of residual shear strength. 

(3) Design a strain control rotation shear machine permitting: 
(a) Application of vertical stresses up to 100 kg/cm . 
(b) Measurement of shear stresses with an accuracy and precision of approximately 0.3%. 
(c) Both disc-shaped and annular specimens to be tested. 
(d) Specimen thicknesses from 1 mm to 25 mm. 
(e) Peripheral confinement by either horizontally split or solid confining rings. 
(f) Variation in rate of specimen deformation by a smooth, vibration-free trans- 

mission system. 

(4) Develop a procedure for testing undisturbed and remolded clays. 

(5) Perform laboratory tests to determine to what extent the residual S strength is affected by: 

(a) Specimen shape and radial confinement. 
(b) Overconsolidation ratio(OCR). 
(c) Rate of displacement. 

M* 



CHAPTER 2 

REVIEW OF PAST RESEARCH ON RESIDUAL 
STRENGTH OF CLAYS 

2.1 INTRODUCTION 

The purpose of this chapter is to outline the early development of the concept of residual 
strength and to discuss results of several more recent investigations on this subject.  The number 
of papers written on residual strength during the past five years might lead one to believe that this 
area of research is relatively new in soil mechanics.   In fact, some of the earliest research on the 
shear strength of soil was performed to study the loss of strength of clays subjected to large defor- 
mations. 

In Section 2.2 emphasis is placed on presenting those papers which appear to be milestones 
in the early development. 

More recent papers are discussed in Section 2.3 to focus attention on aspects of this topic 
believed to require further research. 

2.2 EARLY DEVELOPMENT 

In 1846, Alexander Collin, in his important book. Experimental Research on Landslides in 
Clay Strata, stated that the object of his research was the "study of mechanics as applied to pqai- 

librium of clay soils."   From a study of the location and shape of the slip plane in about 15 slides, 
Collin concluded that these slides were caused by inadequate shear strength of the soil.   Much of 
Collin's work was in stiff fissured clay.   He recognized that cut slopes in these soils, stable during 
construction, might fail at a later time.  He concluded that this time effect was a result of softening 
due to entry of water into the slope.   To support this conclusion, Collin performed undrained shear 

* 
strength tests   on remolded clays and found that the strength was greatly influenced b> the water 
content.   Times to failure were thirty seconds or less in these tests and Collin stated: 

Knowledge of the absolute instantaneous resistance is of no use in construction practice . . . 
A permanent resistance is therefore the only one which it is necessary to know . . .    What 
length of time, in effect, must elapse until a body subjected to a pressure can be considered 
capable of resisting it indefinitely?   Is it a clay, a year, or a century . . . 
Much research has been directed toward answering this question. The work presented in this 

report reflects the present interest in finding the "permanent resistance" of a clay under S conditions. 
The amount of shear testing performed between 1846 and the 1920*8 was meager, and little 

light was shed on the stress-deformation properties of soils. In the 1920*8. activity in this area of 
soil mechanics increased significantly with the development of the direct shear device in Europe 
(Krey, 1926). 

In the early 1930's, Tiedemann began studying the stress-deformation characteristics of clays 
using a rotation shear machine (Hvorslev, 1969).   Shortly afterward, Hvorslev (1936) and Haefeli 
(1938) used rotation shear machines to investigate the strength of clay.    Both Tiedemann and 

Collin, of course, did not refer to his tests as undrained, nor did he discuss the importance of 
drainage conditions during the tests. The tests consisted of failing a clay prism in double-shear 
by adding a weight to a central, unsupported length of prism. 
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Hvorslev were specifically interested in investigating the shear strength of clays at large displace- 
ments. 

Hvorslev (1936) published results that showed a reduction in shearing resistance after the 
peak strength had been passed.   Tests on remolded Little Belt clay (L    = 126, P     = 36) indicated a 
drop in resistance to about 40% of the peak strength after a displacement of 9 cm.   Hvorslev con- 
cluded that his investigations demonstrated "the shear resistance after failure depends, to ^ large 
extent, on the displacement after failure . . ."   Considering that the specimen thickness was 2 cm, 
and total duration of the test was between 15 and 22 hours, it is likely that these tests were not S- 
tests. 

In 1937 Tiedemann published the results of rotation shear tests on remolded and undisturbed 
clay.   He found that at very large displacements the shear strength was a fraction of the peak 
strength and that it approached a constant value.   Tiedemann referred to this approximately 
constant reduced strength as "Reinen Gleitwiderstand" (pure sliding resistance).   In general, 
deformations were of the order of 10 to 25 cm before "pure sliding resistance" was reached.   It is 
probable that Tiedemann1 s tests on remolded clays were S-tests, with tests lasting up to four weeks 
in some cases. 

Haefeli (1938) called the last point of the stress deformation curve obtained from rotation 
shear tests "Restscherspannung" (remaining shear strength).   It is clear from the shape of the 
stress-displacement curve that "Restscherspannung" does not refer to a shear strength which is 
independent of displacement.  In a paper in English, Haefeli (1951) used the term residual strength 
as a translation for Restscherspannung.   However, the tests reported by Haefeli were creep tests 
and they were not carried to sufficient displacement to achieve a constant shearing resistance. 

Hvorslev (1938,  1939) introduced the term "ultimate minimum shear strength" to describe 

the approximately constant strength measured at large deformations. 

Renewed construction activity on the existing Panama Canal in the I940ls and interest in the 
construction of a sea level canal, gave impetus to re-evaluation of slides on the slopes along the 
existing canal.   The amount of interest this work generated may be gauged by the number of papers 
and discussions presented during a 1949 symposium on the Panama Canal sponsored by the 

American Society of Civil Engineers.   In one of these papers, Binger and Thompson (1949) describe 
a direct shear test performed on a sample of undisturbed Cucaracha "shale" in which the two 
mating surfaces of the test specimens were polished to simulate slickensides.   The slope of a 
strength envelope obtained from a series of such tests was 10 degrees and this slope was used for 
analyzing cuts in the Cucaracha formation in order to develop a relationship between depth of exca- 
vation and required slopes.  This study appears to be the first use of a strength smaller than peak 
strength for stability analysis for slopes in slickensided clay-shale. 

In his discussion of the paper by Binger and Thompson, Casagrande (1949) commented at 
follows: 

Many of the observed slides have moved slowly, showing only a small reduction in the 
effective shear strength before and after each movement.   This condition is particularly 
significant when compared to the large differences between the maximum and residual* 
(after failure) strength values obtained in all laboratory tests on Cucaracha, because it 
makes it appear probable that the resistance of the banks to sliding had already the char- 
acter of residual strength when the cuts were made. 

Thus, Casagrande recognized that the stability of a cut slope may be governed by a streng th that 
would be measured in the laboratory only after passing the peak strength. 

To the author's knowledge, this is the first time the word "residual," in connection with the shear 
strength of a soil, has been used in an English publication. 
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The proposed sea level canal also stimulated the U. S. Corps of Enffineers Waterways Espen- 

ment Station to study the strength characteristics at Atlantic Muck, "an particular, the decrease m 
the ultimate residual values of the shearing resistance after initial failure of tike material . . ." 
(Waterways Experiment Station. 1951).   A rotation shear machine was built at tlte Waterways 
Experiment Station under the supervision of Or. ftl. J. Hvorslev (Hvoralev aad Katrfmaa. 1912) and 
a number of tests performed on Atlantic Muck.   Th* testa were mtenOed to be f onrtil water costewi 
tests but it was recognized that drainage could not be coAipletely prevented 

In discussing results of their torsion shear tests on Atlantic Muck. Hvorslev and Kauf ms n 
(1951) state the following with regard to the slickensided failure surface: 

The changes in soil structure and corapoattkm in the immediate vtcuuty of such surfaces. 
and the influences of such changes on the residual shearing resistaaces are as« yet 

In discussing these data later, Hvorslev (1960) writes; 
It is probable that shear strains promote ortematMM of the clay particles in a dtructtm 
parallel to that of the principle straw ... If the strains are very lares, they cause 
formation of slickensided failure surfaces . . . 

This was the first time that the reduction m strength after the peak 
slickensides were linked to reorientation of clay particles m the failure 

l«T) a«s also 

2.3   RECENT DEVELOPMENTS 

The renewed interest in the shear streich of soils at large strata w the past five years is 
chiefly due to the Fourth Rankine lecture presented by Professor Skemptoa (IM4).   la this paper 
Skempton re-analyxed a number of slides and showed that the shsar stresglk si tatlure SMy be 
close to the drained residual strength.   He dstermlned the restdasl strsagMi by rsysatsdly sbsarii 
a specimen in a direct shear machine.   After completing the first shsar. w«h a diaiplacemest of 
about 0.3 in., the upper half of the shear machine was pushed back to its origtMl posnto« sad the« 
pulled forward again, this process being repeated until "the strength of the clay had drapped «s a 
steady (residual) value."   In the few stress vsrsus diaplacesseM curves 
author noticed that the displacements at which the tests reached the 
than displacements which had previoualy been reported (Hvoralev, ItM; Tl 
smaller than those measured in tests performsd early M this resssreh. 

The large dlsplscements necessary to achievs rssid—I sussgtti Isd 
stress versus the logarithm of the displacemsM.   This tschsl^as accesSustes the 
stress-displacement curve st large displacements, allowing the restdaal strength la be deft 
less ambiguity.   The ambiguity that can result from plotting the displscesnl mm as ardhmetir 
scale la Ulustrated in Figs, t-l and l>t.   Flfur« >-> has bees reproduced fro« lismplni (IM«)    k 
appear« that the residual strength has bee« defined at a displscsmsl of I.I uutaes    IsplaMam uns 
curve on a semi-log plot in Fig. 1-1 Shows that the test has beea «Mppsd before the residual 
strength has been clearly defined.   The data could be estrapolsted wdh» dw wtde rwjss shown. 
The last point on the curve may be due to random lest error eMch caused ■ Is tfcv shove tk« irus 
curve.   If this one test may be taken as lypiesl of the dsta use«! by Shemrtan   n appesrs ttist su 
conclusions concerning the relstionship betwses ths shsar stissgth csltulsisd trmm ths analysu af 
failed alopss and the residual strength mesaured m ths Uborslsry (ths "residusl (actor'*) 

significantly in error 
The results of two major research programs concerswg residual strengUi wer« 

196«.   The first was carried out at Imperial College by Petley (IMS).   This ^wdy «as 

severs) undlsturbsd ciays and Ksolmite. using repestedly isvsrssd direct shsar tests.   Is dt 
ing his laboratory testing technique, Petley steles: 
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In view of the need for a relatively simple method of obtaimng the residual parameters of a 
soil, attention was focused on developing techniques of testing in which the residual strength 
could be measured with reasonable 9-ccuracy in the types of apparatus available iJ, a normal 
laboratory, i.e., hear box and triaxial compression. 

He also comments, "For research purposes, of course, the torsion shear apparatus is essential . . . " 

The direct shear tests used in Petley's research were performed on specimens that wer 

6 em square and 2.5 em thick. The lower half of the direct shear box was pushed forward mechani

cally at a constant rate. After completing the first traverse, with a displacement of about 0.3 in., 

the direction was reversed and •'le lower shear box was returned to its initial posit ion rapidly. 

The reversal technique was continued until a steady shear stress was recorded. The forward shear 

stages were cc..rried out slowly enough to ensure S conditions. It was r.ot possible to measure the 

shear load during the reversal part of the test. Tests perform d il' this manner typically lasted 

19 days, with total displacement in the forward direction of 1 to 3 inches. The data obtain are 

plotted as a se ies of stress versus displacement curves, one for ear.h forward traverse of the 

shear box. In many cas s, a constant residual strength was not reached in the repeatedly reversed 

direct shear test . Figures 2-3 and 2-4 show some typical data obtained by Petley, replott d on a 

semi-log plot. The last point of each traverse of the shear box has been plotted against the total 

displacement. It can be seen tha in some cases, the tests were terminated prematurely. In other 

tests, the residual strength has been defined satisfactorily. 

Petley concluded from hi s tests that the residual strength is not dependent on stress history 

or the rate of shearing displacement. Since a number of Petley's tests did not reach the residual 

condition, it is felt that further study of the effects of stress history and rate of displacement are 

required before their influence on the residual strength can be established. 

Figure 2-5, taken from Petley's thesis, shows a general relationship between clay fraction 

and q,r (slope of residual strength envelope) for London clay and several other clays in England. 

Although the residual strePgth may not have been accurately defined in some tests, Fig. 2-5 does 

how that q,r decreases as the clay fraction increas s. 

The second m ajor research program on the residual strength of soils was performed at the 

Massachusetts Institute of Technology (Herrmann and Wolfskill, 1966). Their tests were predomi

nantly repeatedly reversed direct shear tests on 2-inch-square test specimens. A few tests were 

performed at the Massachusetts Institute of Technology on the Waterways Experiment Station 

rotation shear machine (Hvorslev and Kaufman, 1952). The soils tested were resedimented samples 

of Culebra clay shale and Cucaracha clay shale from the Panama Canal Zone and the Pierre shale 

from Missouri. A study of the stress versus displacement curves led the author to the conclusion 

that some of the tests had not reached the residual strength as defined in Chapter 1. In a number of 

tests, a mi · um resistance was reached for a given traverse after which continued displacement 

caused an · rease in the shear stress, as illustrated in Fig. 2-6. The minimum resistance 

measured in ach traverse was tabulated and th s mallest of these values was defined as the 

residual stre gth. It was also found that, as a test continued, the minimum stress measured in any 

single traverse would incr~ase a , e trave rses were continued beyond a certain number. 

Figure 2-7 shows the minimum (41/av) from the individual pulls, versus the log of the total dis

placement. The residua: strength was defined by the minimum shearing resistance measured in 

such a test.* Herrmann and Wolfskill state: 

* Herrmann and Wolfskill present the results of their tests in tabular form and do not plot the entire 
shear stress versus displacement curve for a test. 

/ 



It is characteristic for the residual shear strength of various individual shears to increase 
slightly after the true residual has been reached.   The residual is determined in this manner 
(i.e., local minimum) because the residual has been defined as the lowest drained strength 
exhibited by a sample. 

This definition, which eliminates reference to the deformation, is completely unsatisfactory 
since the "lowest drained strength exhibited by a sample" occurs upon initial straining on the way 
up to the peak strength. 

The tendency for the shear stress versus deformation curve to increase after an apparent 
minimum has been reached is attributed by the investigators to: 

... a more undulated failure surface which is formed as the initial flat one is slowly dis- 
turbed and remade by continued cycles of forward and reverse shears.   For this reason, it 
is necessary to measure the residual soon after it is reached in each test if the same type 
of residual is to be determined from each test. 

It is difficult to imagine how an initially flat failure plane that requires a minimum amount of 
work to produce shear displacement will be transformed to some other shape that requires more 
work.   As will be shown later, no test performed with the Harvard rotation shear machine exhibited 
this phenomenon of increased resistance once a minimum had been reached.  This tendency for the 
residual strength to increase beyond a certain point appears to be peculiar to the repeated direct 
shear test and may be due to some umnvestigated test error. 

One test error investigated by Herrmann and Wolf skill was the friction between the two 
Teflon-coated halves of the shear box.  Tests were performed to evaluate the friction coefficient of 
Teflon on Teflon.   Figure 1-6 shows the results of these tests.  The shearing resistance versus dis- 
placemenl curve displays the typical "saddle" shape that many of the direct shear tests on soils 
exhibited.   This shape has never been found in numerous tests on Teflon performed on the Harvard 
rolatioQ shear machine.  In addition, the upper limit of the coefficient of friction for Teflon 
measured in the M.l.T. investigation was much higher than the values obtained with the Harvard 

rotation shear machine (Section 3.9). 
Herrmann and Wolfsklll state that their first objective was to discover the most expedient 

means for determining the residual strength of a soil.  And they cmclude: 

The rotation shear machine ultimately gave correct results, but by far the most expedient 
method is the repeated direct shear test.  It is more expedient in terms of    -ne involved as 
well as in terms of bring a much less involved test to run. 

la light of the discussion above concerning the stress versus displacement curves obtained 
from repeatedly reversed direct shear tests, this conclusion hardly seems justified.   Furthermore, 
repested direct sheer tests typically lasted 10 to 40 days.  As will be shown in subsequent chapters. 
the residual strength of soil at a vertical stress of 16 kg/sq cm can be satisfactorily determined 
with the machine designed for this investigation (Harvard rotation shear machine) in 5 to 6 days, 
including the time required to consolidate the specimen to the test pressure.  The process of 
shearM^ a soil continuously in one direction is certainly more efficient at obtaining the residual 
state than the back and forth motion used in repeatedly reversed direct shear tests. 

Placement of a remolded specimen in the Harvard rotation shear machine is no more in- 

volved than placing a remolded specimen in a direct sheer machine.   Preparation of an undisturbed 
annular specimen is undoubtedly more difficult than placing an undisturbed specimen for a direct 

shear box.  The technique for trimming annular specimens for the Harvard rotation sheer machine 
(Section 4.ft) worked very well on the London clay and should work equally well on any homogeneous 
stiff-to-hard clays.  The trimming of an undisturbed disc-shaped specimen to fit the Harvard 
rotation shear machine is easier than trimming a square undisturbed specimen to fit a direct shear 



Herrmann and Wolfskill also investigated the use of triaxial tests which were continued to 
large strains and of triaxial tests on specimens which had a pre-cut, inclined plane.   They con- 
cluded that the residual strength could not be determined with either of these two types of triaxial 
tests. 

A somewhat different repeatedly reversed direct shear test has been used by Kenney (1967) 
to measure residual strengths.   Kenney1 s tests were performed on remolded soil which was placed 
between two circular porous discs.   The specimen had a diameter of 8 cm and an initial thickness 
of about 3mm.   It was placed at a moisture content exceeding the liquid limit and was confined with 
a ring during consolidation.   When consolidation was complete, the confining ring was removed and 
the sample was sheared forward and backward over a distance of 2 mm each side of center.   The 
tests were performed slowly enough to assure S-conditions. 

Figure 2-9 shows the only stress versus displacement curve presented by Kenney. replotted 
on a semi-log plot.   The shape of this curve gives a reasonably well-defined residual strength.   It 
is interesting to note that the residual shear strength appears to have been reached at a total dis- 

placement of only 1.4 cm. 
As a result of his investigations, Kenney concluded that: 

The residual strength of a natural soil is dependent upon mineral composition and, to a 
lesser extent, on system chemistry and magnitude of ä .   It is not related to plasticity 
or grain size of the soil, nor is it significantly influenced by strain rate. 

Details of the test procedures used for determining the Atterberg limits and grain size distribution 
are not given.   Hence. Kenney's conclusions concerning the usefulness of these two parameters 
cannot be adequately evaluated.  Furthermore, the usefulness of the conclusion that the residual 
strength is a function of mineral composition should be questioned because of the difficulties 
encountered in using X-ray diffraction tests to obtain a quantitative clay mineral analysis.   Five 
techniques of calculating amounts of clay minerals were applied by Pierce and Siegel (1969) to the 
b ime sets of diffractograms and significantly different results were obtained.  The authors con- 
clude: 

No uniformity is apparent in the results except for the dominance of montmorillonite which 
could be inferred from the physical aspects of the samples. 

Results of rotation shear tests used to determine the residual strength of the Boom clay have 
been reported by de Beer (1967).  These tests were performed on annular specimens with an 
internal diameter of 4 cm. an external diameter of 8 cm, and a height of 1.6 cm.   Oe Beer presents 
a typical result of such a test which has been replotted on a semi-log plot in Fig. 2-10.   It is clear 
that this test has been terminated prematurely.  It is interesting to compare these data with 
Tiedemann's (1937) data, which are shown on a semi-log plot in Fig. 2-11.  Tiedemann's tests 
define the residual strength reasonably well although further displacement would be desirable. 

2.4   SUMMARY 

The concept of residual shear strength or the "permanent resistance" of a soil may be traced 
back to the work of Collin (1846).  Hvorslev (1937) made a significant contribution to the knowledge 
of the stress versus displacement characteristics of clays at large displacements. An important 
practical step was made by Casagrande (1949) when he realized that a heavily overconsolidated, 
slickensided soil may have an in situ shear strength approximating the residual strength.  Hvorslev 
(1960) pointed out that the large displacements attained in the rotation shear machine cause orien- 
tation of the clay particles which results in slickenstdes. 

Skempton (1964) gave new impetus to the study of residual strength, resulting in several 



I major research programs on this subject.   Unfortunately, in many cases the residual S strength has 
not been accurately determined in previous investigations because tests were stopped before the 
residual strength was attained. 

This review indicates that a testing machine and an efficient test procedure needed to be 
developed which would allow the large displacements necessary to unambiguously define the 
residual S strength of clays in order to investigate factors which may influence this strength. 

^ ^i  -    — i 
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CHAPTER 3 

DESIGN OF THE ROTATION SHEAR MACHINE 

3.1   INTRODUCTION 

The first rotation shear machine used in soil mechanics was reported in 1916 (U.S. Bureau of 
Standards, 1916).   It was not until the early 1930^, however, that the rotation shear machine 
became a significant research tool (Hvorslev,  1936. 1939; Tiedemann, 1937; Haefeli,  1938).   The 
early rotation shear machines were stress-control devices.   The shape of the stress-deformation 
curve beyond the peak strength was obtained by adjusting the shear load until a uniform rate of 
deformation was achieved.   These early rotation shear machines have been discussed by Hvorslev 
(1939). 

In 1947, Hvorslev designed and built a sophisticated rotation shear machine capable of both 
stress-control and strain-control loading (Hvorslev and Kaufman, 1952).   Most contemporary 
rotation shear machines are closely patterned after his basic design. 

In 1965 a strain-control rotation shear machine was built at Harvard to study the residual 
shear strength of soils (Sembenelli and Ramirez. 1965).   It consisted of a shearing unit In which a 
disc-shaped specimen was placed between a stationary lower porous disc and a rotating upper 
porous disc.   Torque was applied to the upper porous disc by the cable and pulley arrangement 
shown in Fig. 3-1.   Load was applied by the hydraulic jack, and the rate of piston travel (and thus 
the rate of rotation of the porous disc) was controlled by means of a micrometer flow valve in the 
hydraulic fluid system of the jack.  The resistance offered by the specimen was measured with a 
proving ring.   Normal loads were applied to the specimen by means of a lever system.   A photo- 
graph of this machine is shown in Fig. 3-2. 

A re-evaluation of this design, in 1967 when the present research program was Initiated, led 
to the conclusion that a new rotation shear machine should be built. 

3.2  GENERAL DESCRIPTION 

The new rotation shear machine is comprised of four basic units: 

1. The shearing unit - The specimen is placed into the shearing unit for consolidation and 
shearing.  The machine is designed to test disc-shaped specimens with a diameter of 7.11 cm 
or annular specimens with an O.D. of 7.11 cm and an I.D. of 5.08 cm.  The specimen thickness 
may vary from 0.1 cm to 2.5 cm.  Specimens can be undisturbed or remolded. 

2. Vertical loading system — A dead weight loading system allows a maximum vertical stress 
CT  , of 100 kg/sq cm to be applied to th( disc-shaped specimen and 200 kg/sq cm to the 
v ♦ 

annular specimen. 

3. Torque application — Torque is applied to the specimen by a mechanical transmission 
system which provides ten speeds of rotation varying from one revolution in 43 min. to one 
revolution in 28 days (rates of peripheral displacement of 5.6 X 10"   cm/min to 
5.6 X 10"4 cm/min). 

A second machine has been built which allows a maximum vertical stress of 25 kg/sq cm to be 
applied on a disc-shaped specimen and 50 kg/sq cm on p.n annular specimen. 

—.,.. 
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4.       Moment measuring system — Two force transducers located In the shearing unit measure a 
force couple from which the shear stresses are computed. 

The design of each of these basic units is described under separate headings. 

3.3   SHEARING UNIT 

Figure 3-3 is a cross section of the shearing unit with all major parts numbered.   The parts 
list is shown in Fig. 3-4.   A photograph showing an exploded view of the shearing unit is shown in 
Fig. 3-5 and a photograph of the assembled unit is shown in Fig. 3-6. 

ige 
The shearing unit consists mainly of a turntable (14),   two loading platens (8) containing 

porous stainless steel discs (9) which allow drainage, a vertical spacer (7), a moment transfer 
plate (6) and a top plate (1).   The soil specimen which is radially confined by a ring (10) is placed 
between the loading platens.   The specimen is sheared by rotating the lower platen which is fixed 
to the turntable (14).   The upper platen, vertical spacer and moment transfer plate form a rigid unit 
containing a thrust bearing (20) which permits the unit to rotate enough to activate two force trans- 
ducers (2) whose tips contact the wings of the moment transfer plate (see top view in Fig. 3-3). 
The transducers are held in transducer clamps (2) which are screwed into the top plate.   The top 
plate is prevented from rotating by two adjustable horizontal restraining arms (4).   Contact between 
the restraining arms and the top plate is made through precision ball bearings which allow the top 
plate to move vertically as the soil specimen consolidates or swells. 

Vertical loads are transmitted through a 0.5-inch-diameter, hardened stainless steel ball and 
loading platen to the top plate. 

The top plate, and the cyclindrical part of the moment transfer plate are made of aluminum to 
reduce weight.   All other parts of the shearing unit are Type 316 stainless steel. 

The turntable is provided with a Lucite reservoir (13) sealed by an O-ring (see Figs. 3-3 and 
3-6).   The flexible wall of the reservoir is split vertically at one location, and each edge of the 
split ring is reinforced with a Lucite block.   The blocks have been drilled, and one of them tapped 
for two screws, which allow the ring to be clamped to form a continuous unit (see Fig. 3-6).   This 
permits removal and installation of the reservoir while a test is in progress. 

Three miniature extensometers (0.01 mm/div) may be attached to the top plate to measure 
any tilting, of this plate during consolidation or shear.   One such tilt dial (18) is shown In Fig. 3-3. 
The dial has a vertical stem which slides into the top plate and is locked into position by means of 
a nylon-tipped screw.   The top of the vertical stem is threaded so that the dial may be easily 
"zeroed" by turning the wingnut at the top of the stem. 

The shearing unit has been designed to allow the radial confining ring to be fixed to the turn- 
table (fixed ring configuration) or to be completely independent of the turntable (floating ring con- 
figuration).   The fixed ring configuration is achieved by supporting the confining rings on three 
vertical pins (H).   Each of the three pins is, in turn, supported on the inclined plane of a hori- 
zontal support pin (12).   An enlarged detail of this support system is shown in Fig. 3-7.   Insertion 
or extraction of the horizontal pin results in vertical movement of the vertical support pin.   When 
the pins are in the "up" position and the turntable is rotated, the pins contact the sides of holes 
bored in the bottom of the confining ring, causing it to rotate with the turntable.   If shearing has 

been started with the confining ring in the floating configuration (vertical pins down), one must 
allow sufficient rotation of the turntable to align the vertical support pins with the holes in the 
confining ring before raising the pins to fix the confining ring to the turntable. 

Numbers in parentheses refer to numbered parts on Fig. 3-3 and in parts list. Fig. 3-4. 

**m 
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3.4  APPLICATION OF VERTICAL STRESS 

The vertical stress Is applied to the specimen by means of a loading yoke and a counter- 
balanced lever system.   A lever system was chosen because of its simplicity and reliability. 

Two machines have been built; Machine No. 1 utilizes a double lever system, and Machine 
No. 2 a single lever system.   The upper lever of the double lever system has a ratio of 10 to 1 

and the lower lever, with two weight hangers, gives the system overall ratios of 20 to 1 and 40 to 1 
(see Fig. 3-8).   The upper lever (10 to 1) has a vertically movable fulcrum which allows it to be 
kept in a horizontal position regardless of changes in specimen thickness, preventing large vertical 
movements of the weight hangers when testing very compressible soils.   Provision for keeping the 

upper lever level improves the precision of the lever by minimizing the effects of changing friction 
at the fulcrum as a result of rotation of the knife edge on their bearing blocks.  (The lower lever of 
the double lever system does rotate on its fulcrum but the forces on the knife edge are smaller than 
those on the upper lever and hence friction is not as important.)    The lever system is connected to 
the lower beam of a loading yoke. 

The maximum vertical stress that may be applied with the double lever system on a 7.11-cm- 
diameter, disc-phaped specimen is 100 kg/sq cm (200 kg/sq cm on an annular specimen). 

The single lever system also utilizes a vertically adjustable fulcrum which allows the lever 
to be leveled during a test (see Fig. 3-9). The maximum loads that may be applied with the single 
lever system are 25 kg/sq cm and 50 kg/sq cm on a disc and annular specimen, respectively. 

Both lever systems are fabricated of 2024-T4 aluminum where stress will allow, to minimize 
weight.     The knife edges and bearing blocks used in the lever system are case-hardened, cold- 
rolled steel.   Figure 3-10 shows a typical knife edge and bearing block.   In Machine No. 1 the heavy 
loads imposed by the knife edge on the lower yoke link (see Fig. 3-8) required the link to be fitted 
with an insert of oil-tempered Ketos tool steel. 

The loading yokes of both machines are entirely 2024-T4 aluminum to minimize weight.    The 
loading yoke is not counterbalanced, and when in position on the loading ball the stress applied to an 
annular specimen is 0.36 kg/sq cm for Machine No. 1 and 0.30 kg/sq cm in the case of Machine 

No. 2.   When consolidating soils from near the liquid limit, the first load increment is achieved by 
the weight of the upper half of the shearing unit and upper beam of the loading yoke only, which 
places a stress of 0.19 kg/sq cm on an annular specimen in Machine No. 1 and 0.15 kg/sq cm in 
Machine No. 2. 

The shearing unit is placed in the machine by removing the upper beam of the loading yoke. 
The remainder of the yoke is held in position by two adjustable clamps on the vertical rods of the 
yoke.   The clamps rest on guides attached to the base plate of the shearing unit when they support 
the weight of the loading yoke.   Figure 3-11 shows a guide and a clamp when not supporting the yoke. 
The guide holes have a diameter 1.5 times the diameter of the yoke rods and allow the yoke to be 
completely unimpeded during the application of vertical load. 

The lever system was tested with a series of high tensile steel proving rings and the accu- 
racy was found to be approximately 0.1% of any given load (Appendix A). The actual lever ratios 
are given in the table below. 

Stresses in the upper lever of the double lever system require this lever to be fabricated from 
cold-rolled steel. 

/ 
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Machine 
Number 

Design 
Ratio 

20:1 

Measured 
Ratio 

1 19.92:1 

1 40:1 39.85:1 

2 5:1 4.99:1 

2 10:1 9.98:1 

Both lever systems are counterbalanced by means of a second lever as shown in Figs. 3-8 
and 3-9. 

3.5  TORQUE APPLICATION 

The turntable of the shearing unit is rotated by means of a mechanical transmission train 
shown schematically in Fig. 3-12 and equipment manufacturers are listed in Fig. 3-13.   The syn- 
chronous gear motor which has a shaft speed of 15 rpm and an output torque of 3.1 in.-lb is coupled 
to the input shaft of a ten-position, adjustable ratio gear reducer giving the turntable speeds shown 
in Fig. 3-12,   The adjustable gear box is coupled to a fixed-ratio (30:1) speed reducer which Is 
coupled to the worm rotating the turntable.   Maximum reduction from the motor speed of 1200 rpm 

g 
to the slowest turntable speed Is 48 X 10   to 1.   The maximum torque available at the shearing unit 
is 1700 in.-lb (equivalent to a maximum shear stress of 28 kg/sq cm on an annular specimen). 
Figure 3-14 is a photograph of the assembled transmission system. 

One of the requirements of the transmission train was that it be as vibration free as possible. 
To reduce the amount of vibration at its source, several gear motors were tested to determine 
which produced the least vibration.   The Globe Industries gear motor was found to produce much 
less vibration than motors manufactured by Bodine, Inc. and Holtzer-Cabot Company. 

To reduce vibrations at the soil specimen, the motor and adjustable gear box are mounted on 
a different structural frame from that on which the turntable is mounted. 

In order to achieve smooth rotation of the turntable (i.e., free from stick-slip), final gear 
reduction is achieved by two double-throated worm gear speed reducers.   Double-throated worm 
gearing results in large area contact on all gear teeth in mesh as opposed to essentially a thin band 
contact on standard single-throated worm gears.   The number of teeth in mesh is also increased 
from one tooth, as in the standard single-throated worm gears, to 1/8 of all teeth on the gear for 
double-throated gears.   This results in a larger sliding surface, lower sliding pressure, and 

smoother operation of the gears. 
To check for smoothness of rotation, the speed reducers used in the transmission system 

were tested by attaching a precision pulley to their output shaft and hanging a weight from the 
periphery of the pulley by means of a thin piano wire.   Movement of the weight was observed with 
a 0.0001-inch dial gage.    Any erratic movement of the shaft would be clearly reflected by the 
needle of the dial gage.   In this manner, it was determined that common cylindrical, single- 
throated worm gears were unsatisfactory because of a stick-slip type movement at low speeds of 
rotation. 

This test also led to an evaluation of the uniformity of movement of various dial gages.    Dial 
gages made by Federal Products, Inc., Ames Company, Solltest, Inc., British Indicators, and 
Mercer Company (Great Britain) were used.   Dial gages made by Federal Products, Inc. were 
found to be the most satisfactory. 
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Final tests for precision and smoothness of operation were performed after the transmission 
system was assembled.   A precision pulley was attached to the worm shaft (see Fig. 3-12) and the 
transmission operated at all speeds and under varying load conditions.   The system was found to be 

very smooth and the rate of rotation so precise that measurements of actual peripheral displace- 
ment were judged unnecessary.   Displacements are determined by multiplying elapsed time by the 
rate of turntable rotation. 

^.6   MOMENT MEASURING SYSTEM 

Shear stresses are computed from the geometry of the test specimen and the moment acting 
on the specimen.   The forces of the couple which prevent rotation of the upper platen are measured 
by two Dynisco force transducers located in the top plate (as shown in Figs. 3-3 and 3-15).    The 
moment is computed by multiplying the average of the two measured forces by the fixed distance 
between the transducers. 

Ideally, the two force transducers should measure identical forces.   This is not always the 
case, because the compressibility of the transducers is not identical. 

When the two transducers are not measuring identical forces, the transducer clamp may be 
screwed into or out of the top plate until the forces are equal.   Numerous tests have been performed 
where the initial unequal forces were recorded and then the forces balanced by adjusting the trans- 
ducer clamps.   The moment measured in both cases is practically identical. 

Transducers with maximum force ranges of 5,  10, 25,  50,  100 and 300 lb with repeatibility 
of 0.1% of full scale output are available.  Judicious selection of transducers for a given test will 
allow measurement of the forces at the residual stal' with an accuracy of approximately 0.1% to 
0.3% over a range of residual shear strengths of 0.1 to 15.0 kg/sq cm.   The transducers may be 
changed during a test to improve precision as the residual strength is reached and the forces 
decrease. 

The force transducers have a sensitivity of approximately 3.5 millivolts per volt of excitation 
and are excited by a precision power supply at 6 volts D. C.   The output voltage of the force trans- 
ducers is displayed by digital millivoltmeters with an accuracy of 0.05 millivolts and a reading 
resolution of 0.005 millivolts.   (For a clay with a shear resistance of 6 degrees,   at ä   = 

1.0 kg/sq cm the output voltage of a 10 lb transducer would be approximately 3 millivolts.) 
Initially, transducer outputs were passed through a four-position switching box which allowed 

one millivoltmeter to measure the output of four transducers.   Use of a second millivoltmeter 
allows the two transducers of a single test to be observed simultaneously.   The switching box is 
designed to energize all four transducers continuously.   A schematic diagram and parts list of the 
voltage measuring system is shown in Fig. 3-16.   A photograph of the system is shown in Fig. 3-17. 

The force transducers were calibrated by application of lead weights   to a loading yoke sus- 
pended from the transducer tip.   Several loading-unloading cycles were performed over a period of 
several days on each transducer.   The output voltage versus load curve for any given transducer 
was found to have essentially constant shape but the curves would be displaced along the voltage 
axis because of zero drift in the transducers.   The repeatibility of the voltage versus load curves 
for a given transducer was determined to be 0.1% of full scale output or less when the transducer's 
zero load reading was subtracted from the readings obtained at any load.   The linearity of the cali- 

bration curves was also determined to be 0.1% of full scale output or less.   Details of a typical 
transducer calibration are given in Appendix B. 

i   i 

The lead weights used for calibration were weighed on a Mettler balance to assure their accuracy. 
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During a rotation shear test, after the transducer readings have been recorded, each trans- 
ducer clamp is screwed out of the top plate far enough to break contact between the transducer tip 
and the moment transfer plate allowing the zero load reading to be recorded. This allows a check 
on the operation of the transducer as well as permitting greater accuracy in determining the force 
measured by each transducer. 

3.7   SPECIMEN CONFINEMENT 

The horizontal boundaries of a test specimen are formed by the rotating lower porous disc 
and the stationary upper porous disc.   The outer periphery of both the annular and disc-shaped 
specimens is confined by a ring.   The inner periphery of the annular specimen is confined by a 
plastic disc which slides into appropriate recesses in the upper and lower loading platens (see 

Fig. 3-20), 
Initially, loading platens were made of 0.5-inch-thick Alundum discs. These discs proved 

unsatisfactory because they were broken under the combined vertical and shear stresses applied 
during a test. 

The Alundum discs were replaced with porous. Type 316 stainless steel discs manufactured 
by Mott Metallurgical Corporation, Hartford, Connecticut.   The porous stainless steel discs have 

-2 a permeability of 2 X 10     cm/sec and a maximum pore size of 40 microns.   Each 0.25-inch-thick 
disc was epoxied to a solid stainless steel disc and the periphery of each porous disc was tapered 
to prevent binding in the confining ring due to tilting.   A radial clearance of 0.001 inch was desired 
between the leading edge of the porous di JC and the inside diameter of the confining ring.    Due to 
difficulty in machining the porous stainless steel, satisfactory tolerances in the radial clearance 
could not be achieved. 

The disc-shaped loading platen which has finally been adopted is shown in Fig. 3-18.    The 
porous stainless steel disc is inset in the stainless steel loading platen.   This allows the periphery 
of the loading platen to be coated with a 0.001-inch-thick layer of Teflon-S.   The Teflon on the lead- 
ing edge of the platen is then machined to a diameter 0.001 inch smaller than the confining rings. 
The periphery of the porous stainless steel disc must still be machined but the radial tolerances 
are not critical.   To prevent extrusion of the specimen into any annular space which may exist 
between the porous disc and the loading platen, kaolin with a water content slightly above the plastic 
limit is forced into any annular voids. 

Machining the periphery of the porous stainless steel disc results in a smear zone which re- 
duces the horizontal permeability of the disc.   To assure sufficient permeability, the discs were 
pickled in a solution of 65 gm ferric chloride,  195 cc of 35% hydrochloric acid, and 5 cc of nitric 
acid.   Ten minutes of pickling at room temperature was sufficient to dissolve enough of the smear 

to assure adequate horizontal drainage.   After pickling, the porous disc was rinsed in distilled 
water and passivated in a 35% solution of nitric acid at room temperature. 

Figure 3-19 shows the loading platen used for annular specimens.   It is similar to the disc- 
shaped platen except that the center has been bored out to receive a Teflon spacer disc which forms 

the inner peripheral boundary of the annular specimen (see Fig. 3-20).   The spacer disc lias a 
diameter of 0.002 inch smaller than the inner periphery of the loading platens.   Three sliding Teflon 
legs are fitted into the bottom of the disc.   The height of the spacer disc is adjusted by turning three 
screws which push the Teflon legs out of the disc.   When the disc is in position and extends the 
desired distance above the lower porous disc, the remolded clay may be placed in the annular space 
provided by the disc and the confining ring (see Fig. 3-21).   When the specimen has been completed, 
the three screws are removed.   Adhesion between the disc and the clay holds the disc in place (the 
three Teflon legs barely support the weight of the disc itself).   The spacer is free to move vertically 

*m ■MM mmmm 
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as the soil consolidates while supporting almost no vertical load. 
The outer periphery of the test specimen is confined by radial rings.   To force failure in the 

center of the specimen, confining rings were previously split horizontally to allow one half of the 
ring to rotate while the other half remains stationary, forcing failure in the plane of the horizontal 
separation.   Sembenelli and Ramirez (1965) designed the confining rings with a 0.005-inch clearance 
between them, maintained by steel ball bearings.   In addition to establishing the 0.005-inch clear- 
ance, the ball bearings reduce the friction between the rotating upper ring and the stationary lower 
ring.   Experience with this confining ring showed that a 0.005-inch clearance allowed excessive soil 
extrusion for tests carried to large defornvations. 

To minimize soil extrusion and to simplify the design of the confining rings, it was decided to 
use split confining rings with zero clearance between them.  Zero clearance between the two halves 
of the confining rings introduces two related problems.   First, friction between the soil specimen 
and the confining ring reduces ä   on the failure plane.   Secondly, the load placed Into the upper half 
of the confining ring by side friction is transmitted between the mating surfaces of the two halves. 
When the lower ring rotates, the friction on the mating surfaces causes an increase in the measured 

moment.   While these two errors tend to cancel each other, their exact effect is difficult to deter- 
mine analytically.  The absolute value of both errors may be reduced by (1) using a thin test speci- 
men, and (2) reducing the coefficient of friction between the specimen and the confining ring.   The 
standard specimen thickness for tests using split confining rings was chosen as 6 mm.  For most 
tests, about 2 mm of the specimen will extend into the upper half of the confining ring.   Friction 
between the soil specimen and confining ring was minimized by using Teflon confining rings. 

A detailed analysis of the error in ä   and the measured moment due to side friction is pre- 
sented in Appendix A.   Results of this analysis are shown below for an annular specimen with 
T /CT   = 0,10 (T   = residual shear strength, 5   = applied vertical stress) and a coefficient of 
friction between soil and Teflon M qm of 0.10. 

5;/5v = 0.98 

Mc/Mr 0.02 

ä   = vertical stress applied to the top of the specimen 

a' = vertical stress on failure plane 

M   = moment due to shear stress on failure plane (ö' - 0.98 ä ) 

M   = moment due to friction between confining rings 

Friction between the two halves of the confining ring may be eliminated by temporarily separating 
the two halves of the ring during the test (Section 4.8).  The transducer readings are recorded 
before and after separation, giving an indication of the moment due to friction between the rings. 

During early tests at vertical stresses of 4.0 kg/sq cm and above, soil ext- uded between the 
rings, forcing them apart. To minimize this problem, small removable Lucite clamps were built 
to fit on the circumference of the confining rings, limiting their separation to 0.001 to 0.002 inch. 

To prevent soil extrusion between the Lucite clamp locations, the confining rings are fabri- 
cated from Type 316 stainless steel with a 0.003-inch-thick coating of Teflon-S bonded onto all their 

surfaces. 

Initially, Teflon rings were used but they were not rigid enough to prevent soil extrusion between 
the clamps. 
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As previously mentioned, the split confining ring is intended to permit failure in the center of 
the specimen.   It was found that if the specimen was not pre-weakened in the center by insertion of 
a thin blade, failure would not occur in the center of the specimen but near one of the porous discs. 
Early tests indicated no significant difference in the residual strength measured in tests with failure 
planes in the center of the specimen or within 0.5 to 1.00 mm of a porous disc. 

It was concluded that split confining rings may not be necessary and that an unsplit confining 
ring could be used.   Substitution of an unsplit confining ring would greatly simplify the test pro- 
cedure. 

To evaluate the difference between the two types of rings, an unsplit confining ring (subse- 
quently called solid ring) was made.   The solid ring has exactly the same radial dimensions as the 
split confining ring and is 7.5 mm thick and made of Teflon,  When a 7.5-mm-thick solid confining 
ring is used, the thickness of the test specimen may be varied by controlling the height of the verti- 
cal support pins.   Specimens 2mm,  3mm, and 6mm thick have been used. 

The test errors introduced by the boundary conditions of a solid confining ring are also 
related to side friction between the specimen and the ring.  An analysis of this error is presented in 
Appendix A and indicates the error in ä   is lower when solid rings are used because the failure 
plane is closer to the upper platen.   The error due to friction between the two halves of the split 
confining ring is eliminated, but an error due to friction between the rotating confining ring and the 
stationary portion of the soil specimen is introduced.   This error is much smaller than the error 
due to friction between the two halves of the split ring (Section A.4 and Section A.5).   It may be 
eliminated by temporarily raising or lowering the ring during a test. 

Both the solid and split confining rings are designed to extend below the top of the lower 
platen when a 6-mm-thick specimen is used (see Fig. 3-7).  This permits easy centering of the 
confining ring in spite of the 0.0005-inch radial clearance.   The upper platen is centered on the soil 
specimen by means of a 0.125-inch-diameter centering pin when a disc-shaped specimen is used as 
shown in Fig. 3-3.   When an annular specimen is used, the center spacer initially centers the upper 

platen on the specimen. 

3.8  MEASUREMENT OF VERTICAL DEFORMATION 

Measurement of vertical deformation during consolidation and shear may be made with four 
dial gages.   A central dial, graduated in units of 0.0001 inch, displays movements of the loading 
yoke directly above the center of the specimen (see Fig. 3-22).   Three tilt dials, graduated in units 
of 0.01 mm, may be positioned near the periphery of the top plate as shown in Fig. 3-3.   These 
three dials measure the change in distance between the top plate and the turntable and are intended 
to allow a better evaluation of volume changes.   In general, these tilt dials are not used for the 

following reasons: 

1. Soil extrusion was usually not completely prevented; therefore, accurate volume change 
measurements are not possible. 

2. The tilt dials prevent removal of the Lucite reservoir during shear and hence obviate the 
possibility of separating the split confining rings or raising the solid confining ring. 

The central dial measures the compressibility of the entire shearing unit as well as the compressi- 

bility of the soil.   Load versus apparatus compressibility curves for Machines No. 1 and No. 2 are 

given in Appendix B. 



3.9  EVALUATION OF ROTATION SHEAR MACHINE 

To periodically check the overall performance of each rotation shear machine, including elec- 
tronic components, and to compare the two machines, a "standard specimen" of Teflon is used. 
This standard specimen consists of two rings each 3 mm thick, with an O. D. of 7.11 cm and an I. D. 
of 5.08 cm.   The two rings are placed in the shearing unit between the annular loading platens.  The 
lower Teflon ring is rotated at a speed of 1 rev/40 min and the force couple required to prevent 
rotation of the upper Teflon ring is measured, 

A check test is performed at a single vertical stress for a given set of transducers.   The test 
is continued until one complete revolution of the lower Teflon ring is achieved.   Usually, six pairs 
of transducer readings are taken during this single revolution. 

Figure 3-23 is a plot of r   (average shear stress) versus a   obtained with the Teflon rings in 
Machine No. 1 and in Machine No. 2.   These tests were performed usitg transducers with a maxi- 
mum allowable force of 10 lbs.   The data show no significant difference between the two machines. 

These results indicate that T /5   decreased from 0.049 to 0.037 as ä   increased from 1.0 to 
12.0 kg/sq cm.   The mating surfaces of the air-dried Teflon rings used in these tests were not 
polished or cleaned chemically but simply wiped off before placing the rings for each test.   The 
ambient relative humidity was approximately 70% and the temperature was 26 degrees C 
±0.5 degree. 

Results of using the Teflon rings to determine T /ä   at a vertical stress of 12.0 kg/sq cm 

with different sets of transducers are shown below: 

Maximum Transducer Load - lbs 

10 25 

T la a'   v 0.037 0.038 
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CHAPTER 4 

TEST  PROCEDUKE 

4.1   SOIL PREPARATION 

The manner in which each of the »oil» u*ed in Uua reaearc^ «aa rmmmktmt M related to it« 

undisturbed condition.   Therefore, the    -taüa of each remoidwg procedure are pre—ted togetlter 

with the soil description in the chapters contauuag the data tor that soU. 

In all cases, the materials were remolded with dislüWd water to tht liqwid Itm« and t»>ea au- 

dried to a water content which allowed them to be easuy placed Mo the cooftame riof    Por the 

soils used in this investigation, a placement water cotsnt e^ahraleat to a ltpKW| tadea from 0 ♦ 

to 0.9 has been satisfactory. 

No advance preparation is required whoa teatms uadtstarbed msterlals other than uNsmmg s 

sufficiently large,  intact sample to be trimmed to fit the coofuuac ruig. 

4.2   APPARATUS PREPARATIOW 

When the rotation shear machine is initially 

proper vertical posttiooing of the losdwn yofcs 

the yoke clamps.   To prepare for s teat, procead as follows: 

1. Remove the upper beam from the hiadtag yobs (•»♦ Pig. «•I). 

2. Install the annular or disc-shaped loadH^ plaloos oa the tandabie 

3. Insert the turntable in the worm 

4 

tht sheara^ wut ia M place to permit 

yobs is bsK> ia poaatoa toy 

r 

Place a dummy specimen oa the lower loadmg platea »mi aaaataMa ths f imabagar sf tbs 

ahearing unit, excludu^ trafdacers.   la order to termit the top of ths caalmihg ring %a 

extend above the top of the soil apscii—a dartag a last. ■ is rtrsmn iBds< that the apaci- 

men thickness doea not eaceed S mm wbaa ustag T.t»— thlrb taahaig riaga. 

Place the upper beam of the loading yob» on tbs load transfer ball aad tt^Mea lbs ap«wr 

nuts on the yoke rods to secure the upper beam.   Re lasse tbs yabs claa^a. 

Level the loading lever by adjustiag tbs screw jack ol the akevahi« fulcrum (refer to 

Ptg. 9-1).   The couoterbalaace lever ahoald be approauaalely km itaaaal wbaa MM laaiiiag 

lever tea been leveled, which is acbtavod by taralag tbs tarabacble «duch c — ris lbs Iwa 

levers.   If the previous teat was perforaaed oa s a^ecMaea af lbs asms Mucbaeaa as time te^ 

the teat being planaed. steps 4 to • can be amitied. 

Align the top piste so thst the reslrstaiag arm bearing sarfacea are 

restraining srms.  Adjust the reatratabig arma walU *e ball 

bearing aurfaces. 

Lock the yobs clamps, remove the upper beam af the 

af per ipherai dia«i4ac< 

aay alack in Me trea« 

cotutact itum 

9.   Sei the ratio on the adjastabla gear baa to 

Start the motor aad allow n to operate tor a 

miasion system. 
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10. Place the desired confining ring on the three vertical support pins (the heads of the screws 

which hold the two halves of the split confining ring together must be on top) and adjust the 

height of the pins to obtain the desired specimen thickness. A depth gauge such as shown in 

Fig. 4-2 works very well for this purpose. 

11. If an annular specimen is to be used, the Teflon center spacer should be placed in the lower 

loading platen and the three elevation screws adjusted until the top surface of the spacer is 

level and extends about 2 mm above the confining ring. A centering pin is placed after the 

elevation of the disc has been set. 

12. Coat the lower 1/4 inch of the inner periphery of the Lucite reservoir with stopcock grease. 

13. Take the turntable, with the confining l'ing in position, to a humid room to place the specimen. 

The porous discs of the loading platens should be kept dry. 

4.3 SPECIMEN PLACEMENT - REMOLDED 

1. The remolded soil is placed in the confining ring in small amounts with a flexible steel 

spatula until the surfac e of i.he porous disc is complete ly covered with a layer of soil about 

1 mm thick. A 4-inch flexible spatula is bowed with 3 mm to 6 mm of its tip against the soil 

as shown in Fig. 4-3. (A 1.8-cm-wide spatula is used with disc-shaped specimens, and a 

spatula with a 0.8-cm width is used with annular specimens.) The spatula is pulled across 

the soil surface while the blade is repeatedly flexed vertically. This action helps to obtain a 

uniform, air-free specimen. · The process is repeated until the confining ring is completely 

filled. Special care must be taken to assure that no vo ds exist along the periphery of the 

confining ring or near the centering pin (or the c nter spacer if annular specimens are being 

prepared). 

2. The top surface of the specimen is leve ed. by slowly pulling a stiff-backed straight edge 

across the surface, using the top of the confining ring as a guide as shown in Fig. 4-4. If an 

annular specimen is being formed, the periphery of the center spacer may be cleaned with a 

sharp pointed knife held vert ically and pulled around the spacer periphery as shown in 

Fig. 4-5. After the periphtry of the center spacer is cleaned, the centering pin and the ele

ating screws are removed. 

3. If a split confining ring is being used, t ree or more Lucite C-clamps should be placed 

around the periphery of the rings and then the screws holding the ring together should be 

removed. 

4. Place the reservoir in position and snap it over the 0-ring in the turntable. The specimen 

is now ready to be placed in the machine for consolidation. 

4.4 SPECIMEN PLACEMENT- UNDISTURBED DISC 

The apparatus preparation for performing tests on undisturbed epecimens is as described in 

Section 4.2 with one additional step. After the height of the support pins has been set (Step 9 of 

Apparatus Preparation), the confining ring is lifted off the pins. 

Tests in this investigation were generally performed on 2-mm-thick undisturbed specimens. 

Trimming a heavily overconsclidated clay which is brittle and may have weak zones is a very 

tedious job. To minimize error due to fatigue , the first two steps or the test procedure presented 

below are usually performed one day b fore the final trirr.ming. 
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1. A disc of soil about twice the desired specimen thickness and with a diameter of 1 em larger* 

than the specimen is carefully trimmed from the undisturbed block. A specimen may also be 

trimmed from a sample taken with a 3-inch sampling tube in which case the diameter of the 

sample is only slightly larger than th diameter of the specimen. In either case, the top and 

bottom surfaces of the soil disc must be trimmed flat and practically parallel. 

2. After the soil disc is trimmed flat, the diameter of the disc should be carefully trimmed until 

it is about 2 mm larger than the specimen. This is ace lmplished by placing the disc of soil 

on a glass plate and placing a plastic plate with a diameter 2 mm larger than the specimen on 

top of the disc as a guide. The diameter of the soil disc is reduced by carefully shaving small 

amounts of soil from its periphery with a sharp knife. It is helpful to apply a slight pressure 

to the top surface of the specimen by pressing down on the plastic disc. The disc also helps 

minimize the loss of moisture during this phase of trimming. 

3. Place the confining ring upside down in a soil lathe and center the soil disc on the ring. Care

fully reduce the diameter of the disc with a trimming tool. The confining ring, in position on 

the lathe, and the trimming tool are shown in Fig. 4-6. The trimming tool is designed to trim 

the soil disc to a radius 0.002 inch larger than the inside diameter of the ring. 

4. When the diameter of the soil disc just above the confining ring has been trimmed to the 

proper size . place the plastic disc on top of the soil and press down gently to force the speci

men into th ring, be ing careful not to tilt the specimen. 

5. Continue trimming until the specimen protrudes below the bottom of the confining ring. 

Observ the stratification and inhomogeneities that become appar ent during trimming and 

record them. 

6. Dete rmine the water content of those trimmings from the periphery of the samp!e which are 

representative of t he soil in the confining ring. 

7. Carefully cut away the excess soil above the specimen. It is usually preferable to maintain a 

greater thickness of soil over the center of the specimen by starting at the periphery and 

working toward the center. Using a sharp, stiff straight-edge, trim the specimen exactly 

flush with the ring. 

8. Place a glass plate on top of the specimen and look through the plate to be sure that the 

surface of the specimen is exactly fiat and flush with the top of the ring. 

9. Remove the confining ring and soil from the lath , invert the r !ng and place the trimmed 

surface of the specimen on the lower loading platen. Carefully ce:tter the specimen until the 

confining ring may be pushed down away from the top of the 15pecimen, into position on the 

three vertical support pins (the height of the pinoi has b~en previo•.1sly established during the 

apparatus preparation). 

10. Trim t he top of the specimen extending above the confining ring as described in Step 7 above. 

11. Repeat Step 8 to check the top surface. Figure 4-7 shows the completely trimmed disc. 

12. Place the reservoir in position and snap it over the 0-ring in the turntable. 

The c!iameter of the disc is initially 1 em larger than the specimen to allow for any·broken edges 
which may occur while trimming the top and bottom surfaces flat. 
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4.5   SPECIMEN PLACEMENT - UNDISTURBED ANNULUS 

The following procedure has only been used to trim undisturbed annular specimens from the 
London clay which is a very easy soil to trim.   The procedure may require modification if other 
clays are tested.   The annular specimens trimmed for this research were 2 mm and 3 mm thick. 

Proceed as follows. 

1-8.   Identical with Steps 1 through 8 as described in Section 4.4. 

9. Remove the confining ring and soil from the lathe,  invert the ring, and place the trimmed 
surface of the specimen on a glass plate. 

10. Trim the top of the specimen extending above the confining ring as described in Step 7 above. 

11. Repeat Step 8 to check the top surface. 

12. Place the confining ring and specimen between the brass trimming clamp as shown in Fig. 4-8 
and tighten the clamping screws. 

13. Begin trimming the unsupported portion of the soil disc by boring a hole in the center with a 
sharp pointed knife.  Continue the trimming of the soil by working from the center of the disc 
to the inner periphery of the brass rings. 

14. Remove the clamping screws and separate the brass rings by sliding them off the confining 
ring.   Figure 4-9 shows a soil specimen at this stage of the procedure. 

15. Place the specimen on the lower loading platen, carefully centering the specimen.   Push the 
confining ring down away from the top of the specimen into position on the three vertical 
support pins (the height of the pins has been previously established during the apparatus 
preparation). 

16. Insert the Teflon center spacer into position.   The top of the spacer should protrude about 

1 mm above the top of the soil annulus. 

17. Carefully trim the top of the specimen extending above the confining ring, maintaining a 
greater thickness of soil at the center spacer.  When the top surface of the soil annulus is 
nearly flush with the confining ring, remove the center spacer. 

18. Using a sharp, stiff straight-edge, trim the specimen exactly flush with the confining ring. 
The straight-edge should be placed at the center of the specimen end pulled to the outer 

periphery. 

19. Insert the center spacer into position.  It may be necessary to trim the inner circumference 
of the soil annulus by guiding the point of a knife around the bore of the lower platen. 

30.     Remove the centering pin and the elevating screws from the center spacer. 

21.     Place the reservoir in position and snap it over the O-ring in the turntable. 

The specimen is now ready to be placed in the machine for consolidation. 

When a 5-mm-thick specimen is to be used, the specimen will protrude 1 mm above the confining 
ring. 



p 23 

4.6 CONSOLIDATION 

1. Place the turntable with the soil specimen in the worm gear hub. 

2. The upper platen and the moment transfer plate, as a unit, should be plac .:d on the surface of 

the specimen, aligning the "wings" of the moment transfe r plate parallel to the horizontal 

restraining arms (visual alignment is sufficient). See F ig. 4-10. 

~. Raise the confining ring by pushing the horizontal support pins all the way in. This centers 

the upper loading platen on the specimen as well as confining the entire specimen within the 

ring. 

4. Insert a 6-inch-long centering pin into the bushing of the moment transfer plate and use it as 

a guide to slide the top plate into position as shown in Fig. 4-11. The top plate will also be 

aligned by the ball bearing tips of the horizontal restraining arms. When the top plate is 

seated on the thrust bearing of the moment transfer plate, remove the 6-inch-long centering 

pin and position the load transfer ball and the upper beam of the loading yo~e. 

5. The beam which supports the central vertical dial should be placed on the vertical posts and 

the dial zeroed by adjusting the nuts on which the support beam rests. Placing the upper half 

of the shearing unit in position should be accomplished as quickly as possible, since zero time 

for the load increment added by the weight of these parts must be taken as the time the verti

cal dial is in position and zeroed. (This operation takes about one minute.) When testing 

remolded specimens, the reservoir should be filled with distilled water as soon after zero 

time as possible. When testing undisturbed soils., only enough water is added to the reser

voir to bring the water surface just below the drain holes in the lower platen. The annular 

space between the top of the reser oir wall and the upper platen should be covered with 

plastic to minimize loss of moisture from the soil. 

6. When the time curve for the initial load on the remolded specimens has developed a well

defined secondary branch, the weight of the loading yoke is placed on the specimen by releas

ing the yoke clamps. To apply the load uniformly, one yoke clamp is released but the yoke 

r od is held in position manually until the second clamp is released. 

7. Due to the consolidation which takes place under the initial load increments, the load transfer 

lin.k between the loading yoke and the lever system will have moved away from the knife edge 

(Fig. 3-8). Before subsequent loads are applied by adding weight to the hangers, the movable 

fulcrum should be lowered until the knife edge just contacts the load transfer link. 

8. If the test is to be performed with 11 floating11 confining rings, the vertical pin ~ which S~<pport 

the rL1g should be lowered by extracting the horizontal pin in the turntable. 

9. Increase av to 0.5 kg/sq em by placing the necessary lead weight on the hanger. The remain

ing load increments are applied using ~a I a = 1 when possible. Each load increment is left v v 
on until the time curve has developed a well-defined secondary branch. 

10. When testing undisturbed soils, the load increments should be placed on the specimen rapidly 

(approximately 10-minute intervals) unt.il the load at which the test is to be performed or the 

known precon9vlidation load is reached. The reservoir should then be filled and changes in 

specimen thickness recorded until a well-definE' secondary branch is recorded. 
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4.7   PRECUTTING THE SOIL SPECIMEN 

If failure is desired in the middle of the specimen,  it is necessary to precut the specimen on 
a horizontal plane passing between the two halves of the split confining ring.   This is accomplished 
after the specimen has been consolidated to the effective stress at which the test is to be performed. 

The details of the procedure are as follows: 

1. Remove the water from the reservoir by means of a syringe or syphon; then remove the 
Lucite reservoir wall by unscrewing the two clamping screws and spreading the flexible 
reservoir until it can be slid off the turntable.   Hecord the vertical dial reading. 

2. Remove the C-clamps and separate the two halves of the confining ring sligMly by inserting 
the edge of a razor blade between them.   A 0.003-inch-thick steel blade is then inserted be- 
tween the rings into the soil specimen; a 0.003-inch-thick feeler gage has also been used 
successfully to precut the specimen (see Fig. 4-12). 

3. When the blade has been inserted around the entire periphery of the specimen, the upper 
confining ring is lowered to contact the lower confining ring.   The upper ring is rotated as 
it is lowered by inserting the small brass tools shown in Fig. 4-13 into the holes provided 
in the top surface of the upper confining ring and applying a horizontal couple as well as a 
vertical force. 

4. Install the Lucite C-clamp on the periphery of the split confining rings.   Replace the reser- 

voir and refill it with distilled water. 

5. Vertical dial readings should be recorded until they indicate only secondary compression is 

occurring. 
! 

4.8  SHEARING THE SPECIMEN 

At some stage during the secondary compression branch of the time curve of the final load 
increment (and after precutting, if this has been done), the transducers must be screwed into the 
top plate. The transducers should be installed at least one-half hour before the start of shearing 

to allow sufficient warm-up time for the electronic equipment. 

1. Screw one transducer into the top plate just far enough to contact the wing of the moment 
transfer plate.  It may be necessary to back the horizontal restraining arms away from the 
top plate so the top plate will move slightly .when the first transducer has just contacted the 
moment transfer plate.   Connect the transducer cable to the switching box and turn on the 
digital millivoltmeter.   Contact between the transducer probe and the moment transfer plate 
will now be indicated by the millivoltmeter. 

2. Install the second transducer until it just contacts the moment transfer plate.   Connect this 
transducer cable to the switching box and turn on the second millivoltmeter. 

3. Adjust the horizontal restraining arms until they just touch their respective bearing surfaces 
in the top plate.  By very small adjustments of the transducers and horizontal restraining 
arms, one can quickly have all four of these units barely touching their respective bearing 
surfaces.   When the system has been properly adjusted, slight finger pressure applied to the 
top of either vertical post supporting the horizontal restraining arms will be immediately 
reflected by both transducers. 

/ 
/ 
/ 
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4. Just before shearing is started, the zero load readings for each transducer should be 
obtained by temporarily backing each force transducer out of the top plate just far enough to 
break contact between the transducer tip and the moment transfer plate. 

5. Level the lever system if necessary and record the vertical dial reading.   Check that the 
adjustable gear box has been set for the desired ratio of peripheral displacement. 

6. Start the motor to begin shear; at the first sign of increased voltage on the millivoltmeters. 
note the starting time.   Readings of both transducers should be recorded at intervals which 
clearl   define the shape of the average shear stress versus log displacement curve. 
Re^     igs of the central vertical dial should be recorded at elapsed time of 0.1, 0.25, and 

,J minutes and immediately after the transducer readings are recorded. 

7. During those phases of the test when volume changes are large the lever must be releveled 
by adjusting the movable fulcrum. 

When the split confining rings are being used, the Lucite C-clamps are not removed until the 
shear stress versus displacement curve is horizontal.   At that time, transducer readings with and 
without the C-clamps are recorded in the following manner. 

8. Remove the water from the reservoir and then the reservoir wall.   Record the transducer 

readings and the central vertical dial with the C-clamps in position.   Remove the C-clamps 
and separate the split confining rings by inserting the edge of a razor blade between them. 
Record the transducer readings at suitable intervals until the force couple begins to decrease. 
Then lower the upper half of the confining ring and rotate it to seat it completely (forcing 
most of the soil out from between the rings).   Replace the C-clamps and reinstall and fill the 
reservoir.   The central vertical dial reading should be recorded during separation of the 
rings along with the transducer readings, and after the reservoir has been reinstalled. 

When the solid confining ring is used, it is left in position until the shear stress versus dis- 
placement curve is horizontal.   The confining ring may then be lifted off the vertical support pins 
to eliminate any friction caused by the ring. 

8a.     Remove the water from the reservoir and then the reservoir wall.   Record the transducer 
readings and the vertical dial reading.  Raise the confining ring above the specimen and let it 
rest on the top platen just above the specimen.   Record the transducer readings and central 
vertical dial at suitable intervals until the force couple begins to decrease.   The force couple 
generally begins to decrease in 2 to 4 minutes, and there is a sufficient film of water on the 
periphery of the specimen to prevent it from drying.   If the ring is to be left off the specimen 
for a longer period of time, the periphery of the specimen can be kept moist by placing water 
on the confining ring and allowing it to fall between the ring and the platen over the periphery 
of the specimen.   When the moment begins to decrease, lower the confining ring back into 
position and replace the reservoir. 

In addition to eliminating friction due to the confining ring, the techniques described in Steps 
8 and 8a introduce an error due to stress changes at the specimen boundary.   A complete discussion 
of these effects on the measured residual strength is presented in Appendix A. 

In many cases, it is desirable to determine the shear strength of a single test specimen at 
several different vertical stresses.   When the residual strength has been clearly defined at a given 
vertical stress, the vertical stress is increased by adding the necessary weight to a hanger and the 
test continued until the residual strength is defined at this new vertical stress. 

i 

^*mm 
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4.9 DATA ACQUISITION 

To improve the accuracy of the transducer output, it is necessary to subtract the "no load" 
voltage output from the output at any given load.   The "no load" output for each transducer is ob- 
tained just before the start of a test (Section 4.8, Step 4).   These no load readings are assumed to 
apply during the early stages of the test when the transducer outputs (hence the shear stresses) are 
changing rapidly.   As the shear stress versus displacement curve approaches a horizontal asymp- 
tote, new "no load" readings should be taken immediately after each set of transducer readings is 
recorded, by unscrewing each transducer clamp just enough to break contact between the trans- 
ducer probe and the moment transfer plate. 

Peripheral displacement is obtained by multiplying elapsed time from the start of shear by 
the appropriate constant determined by the circumference of the test specimen and the speed of the 
turntable. 

It is important that the data be reduced and plotted immediately after readings are taken. 
Comments regarding any steps taken during the test such as separating or raising confining rings, 
as well as any observations which might influence test results such as soil extrusion, are recorded 
directly on the data sheet. 

4.10 REMOVING THE SPECIMEN FROM THE MACHINE 

1. At the conclusion of the test, with the motor operating,  remove the central vertical dial 
support beam. 

2. Tighten the yoke clamps. 

3. Remove the transducers from the top plate. 

4. Remove the water from the reservoir and unload the specimen.   During the unloading phase, 
the lever system should be leveled at each decrement. 

5. Remove the upper beam of the yoke. 

6. Stop the motor. 

7. Lift the top plate and the moment transfer plu.'« off the specimen. 

8. Remove the turntable from the worm gear and place it in the humid room. 

9. Separate the upper and lower platens by inserting a knife or other tool between them and 
wedging the top platen upward.   This will separate the specimen on the failure plane most 
of the time. 

10. Study the failure zone in detail and describe it with the aid of sketches or photographs. 

11. Water contents should be taken from the failure zone if the specimen thickness is great 
enough to permit it and if the specimen separates on a failure plane.   If the specimen does not 
separate on a failure plane, a water content of the entire specimen thickness may be taken. 
In this case,   the portion of the moisture content specimen next to the porous discs should be 
scraped off to minimize the effect of swelling during unloading. 

Unloading and dismantling must be done quickly to minimize absorption of water from the 
porous disc. 

/ 

/ 
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CHAPTER 5 

REDUCTION AND PRESENTATION OF DATA 

5.1   DETERMINATION OF SHEAR STRESS 

The data necessary to compute the shear stress and displacement consist of two transducer 
readings and the time elapsed from the start of the test.   Each transducer reading is corrected for 
zero drift by subtracting its "no load" from its loaded reading.   This difference is multiplied by the 
appropriate calibration constant (Appendix B) to obtain the force measured by each transducer. 
The average force measured by the two transducers is multiplied by the distance between them to 
obtain the moment required to prevent the upper platen from rotating.   The magnitude of the 
moment transmitted through the specimen depends on the shear stress versus displacement charac- 
teristics of the soil. 

In a rotation shear specimen, the tangential deformation in a horizontal plane varies with the 
radius.   The horizontal shear stress will therefore be a function of the radius and the shape of the 
stress-displacement curve. 

When the stress-displacement curve is horizontal, the shear stress distribution on the failure 
plane will be uniform (assuming the vertical stress is uniform) and may be computed from the 
following equation: 

3M 
Ta = 

2'(RI-R2) 
(5.1) 

whore: M = moment 
R, and R, = outer and inner radii of the specimen,  respectively 

Equation 5.1 gives the weighted average shear stress at any time during a test.   The use of 
Eq. 5.1 for plotting the stress-displacement curve is illustrated in Fig. 5-1.   The solid line In 
Fig. 5-la represents the true stress versus displacement curve of the soil.  At a time in the test 
when the displacement on the outer and inner peripheries of the specimen is 6. and ö«. respectively, 
the corresponding shear stresses will be r. and T, (Fig. 5-la).   The distribution of shear stress at 

this time is shown in Fig. 5-lb. and the shear stress computed from Eq. 5.1 will be r a.!' The 
effect of using Eq. 5.1 at other stages of the test is Illustrated In Figs. 5-lc through 5-le.   As a 
matter of convenience, r   Is plotted at a displacement equal to the displacement of the outer 
periphery.   This plotting technique shifts the shear stress versus displacement curve to the right 
(dotted curve in Fig. 5-la).  When the shear stress at the inner periphery of the specimen has 
decreased to the residual strength, the two curves become horizontal and Eq. 5.1 will give an accu- 

# 
rate determination of the residual strength. i 
Hvorslev (1937) has shown mathematically (assuming that stress versus displacement curve is 

linear to the peak) and experimentally that the maximum Ta computed from Eq. 5.1 is very close 
to the peak strength measured in direct shear tests when an annular specimen with Ro/Rt =0.5 
was used. 

..»,,,,,,.,.. . »  ,... 
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5.2  PLOTTING DATA 

The technique of plotting the peripheral displacement on a logarithmic scale was introduced 
in Section 2.3.   This technique accentuates the slope of the stress displacement curve at large 
deformations relative to the slope at small deformations, allowing the horizontal portion of the 
curve to be defined with less ambiguity.  All plots of shear stress versus displacement used in this 
work are semi-log plots of "average" shear stress, T   versus outer peripheral displacement. 

Typical plots used to present the test data are shown in Fig. 5-2.   The "title block" of e.. }h 
figure gives the type of soil used and the test number in the first line.   The state of the a I is 

shown in the second line (undisturbed or remolded).   The overconsolidation ratio (OCR) for speci- 
mens of remolded soil will also be shown on the second line of the title block.  Normally consoli- 
dated specimens will be designated by NC. 

The third line of a title block describes the thickness at the e*;   t of consolidation and the 
shape of the test specimen.   Other constant parameters in the test,      ch as the rate of peripheral 
displacement 6 , are shown in the fourth line of the title block. 

The lower portion of Fig. 5-2 is the curve of T   versus 6, and the  -pper portion shows the 
change in specimen thickness, AB versus 6.  The specimen thickness at the start of shear, Bc, is 
shown on the AS versus 6 plot of each test. 

Many tests performed in this research consist of a single specimen tested at more than one 
vertical stress and, in some cases, at several rates of peripheral displacement.   To present the 
data more clearly, changes in either ä   or rate of peripheral displacement are plotted from a 
translated peripheral displacement axis.  An example of this technique is shown in the lower half 
of Fig. 5-3.   The first phase of this test was performed at ä   = 1.0 kg/sq cm and the results are 
shown by the open circles.   The specimen was initially sheared at a rate of peripheral displace- 

-2 ' • ment of 5.6 X 10     cm/min (dashed line).  After about 10 cm of displacement at this velocity, 6 was 
-3 decreased to 5.6 X 10     cm/min.   To clearly show the stress versus displacement curve at this 

second velocity, the data are plotted assuming the displacement was zero at the instant the velocity 
was decreased (open circle's, solid line).   This same plotting technique is used when the vertical 

stress is increased during a test.   In this test ä   was increased from 1.0 kg/sq cm (open circles) 
to 2.0 kg/sq cm (black dots). 

The peripheral displacement axis for curves of AB versus 6 are translated to correspond 
with the stress-displacement curves. 

It was pointed out in Section 3.7 that the boundary conditions in the rotation shear test do not 
prevent soil extrusion during a test.   For this reason, the change in specimen thickness does not 
represent a change in void ratio only.   These curves do not become horizontal when the shear stress 

versus peripheral displacement curves are horizontal because of soil extrusion. 
A typical residual strength line obtained from a series of tests is shown in Fig. 5-4.  The 

residual shear stress axis has been enlarged to exaggerate the slope of the strength line.   In some 

cases, a line representing the peak strength r   will be plotted along with the residual strength line. 

7 
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CHAPTER 6 

INVESTIGATION OF TEST ERRORS 

6.1 PURPOSE AND SCOPE 

The purpose of this phase of the investigation was to investigate the test errors associated 
with measuring the residual strength of clays in the Harvard rotation shear machine. 

One source of error, believed to be common to all rotation shear machines, is due to soil 
extrusion from the peripheral boundaries of the specimen.   Soil extrusion prevents accurate volume 
change measurements and,  more important, it is believed to cause a nonuniform distribution of 
vertical stress on the failure plane, which invalidates the computation of residual strength which is 
based on the assumption that the distribution is uniform. 

The magnitude of the error due to soil extrusion is influenced by the type of radial confine- 
ment, which controls the amount of extrusion, and the specimen shape, which affects the degree of 
nonuniformity of vertical stress.   Thus residual strength tests were performed using 
(1) horizontally split confining rings and solid confining rings to determine the effect of different 
rates of extrusion; and (2) disc-shaped and annular specimens because the effect of redistribution 
of vertical stress was expected to be smaller for annular specimens.   Errors in vertical stress and 
the measured moment due to side friction between the specimen and the confining ring are summa- 
rized in this chapter and discussed in detail in Appendix A. 

6.2 ERROR IN RESIDUAL STRENGTH DUE TO THE SPECIMEN EXTRUDING FROM THE 
CONFINING RING 

6.2.1   DESCRIPTION OF MATERIALS USED IN THIS PHASE OF THE INVESTIGATION 

Two materials were used in this study.  One was a commercially available ground muscovite 
powder (Fisher Scientific,  mica powder, Catalogue No. M-231).   This material was ground finer by 
means of a ball mill to the gradation shown in Fig. 6-1.   The ground muscovite had a liquid limit of 
52 and was nonplastic. 

The other material used was remolded Warm Springs Shale.   The Atterberg limits of the un- 
dried material are tabulated below and plotted on the Plasticity Chart in Fig. 6-2.  The grain size 
distribution is shown in Fig. 6-1. 

Soil w w 

Warm Springs Shale 39 17 22 

At the plastic limit, the material was medium tough.   When a pat of soil was air-dried from slightly 
below the liquid limit, it had medium to high dry strength. 

6.2.2  TEST PROCEDURE 

The test procedure is described in detail in CHAPTER 4.    TEST 1 on the ground muscovite 
was performed on a 12-mm-thick specimen; all other tests reported in this chapter were performed 
on 6-mm-thick specimens.   Tests which were confined by a split confining ring were precut by 

■M 



inserting a 0.003-inch-thick blade between the two halves of the confining ring as described in 
Section 4.7.   When the residual state was reached, the two halves of the ring were temporarily 
separated to eliminate friction between them (Section 4.8).   In tests using a solid confining ring, 
the ring was not raised as suggested in Section 4.8 so that extrusion with this ring would be mini- 

mal. 

6.2.3 COMPARISON OF SPUT VERSUS SOLID CONFINING RINGS USING DISC-SHAPED 
SPECIMENS 

The first series of tests was performed on ground muscovite.   Duplicate tests were per- 
formed at vertical stresses of 1 and 2 kg/sq cm for both types of confinement.   The shear stress 
versus displacement curves for these tests are shown in Figs. 6-3 to 6-6.   The dashed line in these 

figures shows the results of the initial phase of each test, during which the rate of peripheral dis- 
placement was 0.056 cm/jtiin.   When the residual state had been reached at this velocity, the rate of 
peripheral displacement was reduced to 0.0056 cm/min.   In this chapter, only the results obtained 
at 0.0056 cm/min will be compared (the effects of rate of displacement are discussed in 
CHAPTER 10).  The triangles in Figs. 6-3 and 6-4 represent the shear strength measured when the 
split confining ring was separated to eliminate friction. 

Figures 6-3 to 6-6 indicate that the average shear stress was essentially constant over a 
large range of peripheral displacement for all tests.   Table 6-1 is a summary of the results of 
these four tests on disc-shaped specimens and shows that the tests with split confining rings gave 
lower residual strengths than tests using solid confining rings. 

Changes in specimen thickness (AB) which took place during each test are shown in the upper 
part of Figs. 6-3 to 6-6.   The change in specimen thickness during shear is a reflection of both 
change in void ratio and soil extrusion.   The shapes of these curves suggest that the change in 
thickness is mainly due to reduction in void ratio during the early stages of the test because they 
are straight lines on a semi-log plot.  In the final stages of the test, the slope on the semi-log plot, 
of the AB versus 6 curves increases,  indicating that the decrease in specimen thickness is due 
mainly to soil extrusion which became visible during the latter stage of the tests.   Figures 6-7 and 
6-8, which are arithmetic curves of AB versus 6 for ä   = 1.0 kg/sq cm (Fig. 6-7) and 

ä   - 2.0 kg/sq cm, show that extrusion was greater in tests using split rings.   The difference 
between the curves for a split confining ring and a solid confining ring can only be due to extrusion. 
These curves also show that the rate of soil extrusion increases considerably in tests using a split 
confining ring when ä   is increased from 1.0 to 2.0 kg/sq cm.   The final slope of the curve of change 
in thickness versus peripheral displacement, which is an index of soil extrusion,  is shown in 
Table 6-1 under the heading "rate of soil extrusion." 

Table 6-1 summarizes results from these tests and shows that tests using a solid confining 
ring gave consistently higher residual strengths than tests using a split confining ring,     he magni- 
tude of this difference is greater than any error which can be attributed to friction caused by the 
solid confining ring (see Section 6.4.3). 

6.2.4 RESULTS OF CONTROLLED SOIL EXTRUSION TESTS ON DISC-SHAPED SPECIMENS 

Additional study of the effect of soil extrusion on residual strength was made by performing a 
test on a disc-shaped specimen of remolded Warm Springs Shale in which the rate of soil extrusion 
could be changed during the test by installing or removing the plastic C-clamps from the outer 
periphery of the split confining ring (Sections 3.4 and 4.7).   A second test on a disc-shaped speci- 
men was performed using a solid confining ring. 

The stress-displacement curve for the test using the split confining ring is shown in Fig. 6-9. 

; 
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The average shear stress increases to a pronounced peak of approximately 0.48 kg/sq cm at a 

peripheral displacement of 3 cm and then begins to decrease.  At approximately 10 cm of displace- 
ment, the rate of vertical displacement begins to increase slightly on the semi-log plot, indicating 
soil extrusion was becoming more important than secondary time effects.   At a peripheral displace- 
ment of 23 cm (Point 1), the C-clamps were installed to restrict the clearance between the confin- 
ing rings. 

Installation of the C-clamps increased the average shear stress because of friction between 
the mating surfaces of the ring and because of the decreased rate of extrusion.   After approximately 
80 cm of displacement, the C-clamps were renoved.  The remainder of the r   and AB versus 6 
curves are shown more clearly in Fig. 6-10 in which the displacement subsequent to Point 2 is 
plotted,   T   immediately dropped from a value of 0.5 kg/sq cm to approximately 0.45 kg/sq cm 
(Point 2 to Point 3).  The shear stress and the thickness remained constant for an additional dis- 
placement of 2 cm (Point 3 to Point 4).   Then the shear stress dropped from 0.45 to 0.26 kg/sq cm 
and the thickness decreased substantially as the specimen extruded between the split confining ring. 

Due to the large amount of soil extruded during this test, the upper loading platen tilted 
slightly and moved downward into the lower half of the confining ring.   The radial clearance between 
the upper platen and the lower ring was insufficient to allow free rotation of the lower confining ring. 
The retarded rate of decrease of T   just before Point 5 and the abrupt increase in T   at Point 5 a a 
probably occurred as the platen entered the lower ring. 

A second test was performed on the remolded Warm Springs Shale using a solid confining ring. 
Figure 6-11 shows the results of this test.   Comparison of Figs. 6-11 and 6-9 indicates a striking 
difference between the shape of the two T   versus 6 curves.   The pronounced peak obtained in the 
test using a split confining ring (Fig. 6-9) is absent in the test using a solid confining ring. 
Figure 6-11 also shows that at large displacements the rate of soil extrusion has been greatly 

* 
reduced by using the solid confining ring. 

In Fig. 6-9 a dashed line has been drawn from the point of maximum r   which is believed to 
be relatively unaffected by the influence of soil extrusion, to Points 3 and 4 which are believed to 
represent the residual strength for this test.   The shape of this dashed curve is very similar to the 
shape of the T   versus 6 curve obtained in the test using the solid confining ring.   Thus, the pro- 
nounced peak in Fig. 6-9 is an artifact of the large amount of extrusion that occuired before the C- 
clamps were installed. 

Results of these tests on disc-shaped specimens of Warm Springs Shale are shown in Table 6-3. 
For the test with a split ring, the residual strength recorded is the one measured immediately after 
removing the C-clamps (Points 3 to 4, Fig. 6-10) because it is believed that this value has not been 
greatly influenced by soil extrusion.  The results of these tests show that the residual strength 
measured in the test using a solid ring is lower than r   measured in the test using a split ring, in 
spite of the higher rate of extrusion with the split ring.  The shape of the r   versus 6 curve after 
10 cm of displacement in the test using a solid ring indicates that r   for this test may be low, 
possibly as a result of extrusion.  The magnitude of this possible error would not, however, explain 
the anomaly of these data. 

At the completion of each of these tests, water contents were obtained from each specimen. 
Figure 6-12a shows the results of water content determinations taken from the test using a split 

** 
confining ring.      The water content samples included the entire specimen thickness.  The moisture 

_  
The specimen confined by the split confining ring was precut before it was sheared, which accounts 

for the small change in thickness during the early part of this test. 
** 

The C-clamps were removed and extrusion allowed for about 30 cm of displacement in the test 
using a split confining ring before the test was stopped and the water content samples taken. 

- V ..:. 
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content at the periphery of the disc was significantly higher than the moisture content at the center 
of the disc, indicating that ä   was lower at the periphery than at the center of the disc.   On the other 
hand, the moisture content distribution for the test using the solid confining ring (Fig. 6-12b) 
showed a much smaller increase in water content with increasing radius,  indicating the ä   was 
more uniform than in WSS TEST 1. 

It is suggested that the difference between the measured residual strength using disc-shaped 
specimens confined by a solid confining ring or a split confining ring is related to the amount of soil 
which extrudes from the peripheral boundaries of each specimen. 

If no extrusion occurs and the specimen is contractive, the increase in tangential displace- 
ment with increasing radius causes a corresponding tendency for the void ratio to decrease with 
increasing radius.  Since the loading platens are rigid, there can be no actual difference in void 
ratio.   The vertical stress will be redistributed accordingly, decreasing at the in^xinwin radius 
and increasing at the minimum radius with the average ö   remaining constant (Hvorslev,  1937). 
For a dilative specimen, the tendency for the void ratio to increase as the radius increases will 
cause ö   to increase at the maximum radius and decrease at the minimum radius.   When the re- 
sidual state is reached on the entire failure plane, there will no longer be a tendency for a change 
in void ratio and the vertical stress will become uniform. 

However, if soil is permitted to extrude from the failure plane, ö will not become uniform 
even at the residual state. Instead, ö will be lower than average at the location where extrusion 
is occurring, and suil will be "pumped" from a zone where ö is higher than average. A steady 
state condition will be achieved with the distribution of ä becoming constant but not uniform. Since 
a will be lower at the periphery than at the center of the specimen for any given average ö . the 
measured moment will be smaller than if ö wer « uniform; hence, r computed from Eq. 5.1 will 
be smaller than the true residual strength. 

One would expect that tests using annular specimens would be less affected by redistribution 
of ä   for a given rate of soil extrusion.  To determine if this is the case, a series of tests was per- 
formed on the ground muscovite powder and remolded Warm Springs Shale which duplicated the 
first series except that they were performed on annular specimens. 

6.2.5  COMPARISON OF SPUT VERSUS SOLID CONFINING RINGS USING ANNULAR 
SPECIMENS 

Stress versus displacement and AB verrus displacement curves for tests on ground muscovite 
using annular specimens are shown in Figs. 6* 13 to 6-16. These tests were performed in a manner 
identical to that of the tests on disc-shaped specimens (Section 6.2.3) with the exception thai Or und 
Muscovite Test 7 was initially sheared with ö   equal to 0.5 kg/sq cm and 5   was subsequently 
increased to 1.0 and 2.0 kg/sq cm which were the values used for other tests. 

Table 6-2 summarizes the results of these four tests and shows that the residual strength is 
not significantly affected by the type of confining ring, even though the rate of extrusion is higher in 

e 
the case of split confining rings. 

Arithmetic plots of AB versus 6 for these tests are shown in Figs. 6-17 and 6-18.  These 
curves are very similar to the AB versus A curves obtained in tests using disc-shaped specimens 

(Figs. 6-7 and 6-8). The rates of soil extrusion for both series of tests are summarized in Tables 
6-1 and 6-2 and show that for comparable types of confinement the rat» of soil extrusion is essenti- 

ally independent of specimen shape. 
K ;  

T_/OV for the muscovite used in this investigation varies between 0.278 and 0.282.  Horn and Deere 
(1962) report the coefficient of kinematic friction tor cleaved muscovite crystals to be between 0.22 
and 0.26.  The normal stress at which their tests were performed is not given. 
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The residual strength results summarized in Tables 6-1 and 6-2 show that tests on disc

shaped specimens give slight~y lower residual strengths than tests on annular specimens when 

radial confinement is by a solid ring. These data suggest that disc-shaped specimens arf!. pot~nti

ally useful for determining the residual strength of a soil so long as soil extrusion is minimized· 

(in this case, by using a solid confining ring). Their use may be restricted to tests at relatively 

low vertical stress when testing soils in a contractive state, since the tests performed on ground 

muscovite indicate a substantial increase in soil extrusion as the vertical stress is tncreased from 

1.0 to 2.0 kgfsq em. 

6.2.6 RESULTS OF CONTROLLED SOIL ;EXTRUSION TESTS USING ANNULAR SPECIMENS 

Additional confirmation of the importance of soil extrusion in a rotation shear test was ob

tained by a set of tests pe-rformed on the remolded Warm Springs Shale using annular specimen.J. 

Results ol the tests using a split confining ring are shown in Figs. 6-19 and 6-20. Comparing 

Fig. 6-19 with Fig. 6-9 (duplicate test using disc-shaped specimen). the following observations 

may be made: 

1. The maximum T a is larger in the test using an annular specimen due to the smaller effect of 

progressive failure. 

2. The initial shape of the T a versus 6 curve (C-clarr.j>s not installed) has a less pronounced 

peak for the annular than for the disc-shaped specimen. 

3. Removal of the C-clamps at Point 2 resulted in a drop in T a of about 0.10 kg/sq em which is 

approximately twice the drop in T observed with the disc-shaped specimen. There are two 
P. 

reasons which might explain this observation. First, the stress exerted by the C-clamps 

could not be controlled accurately. !tlthough differences should be sm 11. s~cond and more 

important, if the additional moment due to friction between the confining rings were identical 

in both tests, the computed T a would be larger for the anr.'...lar specimen, since the equation 

used t:J compute T a for annular specimens (T a "" KM, where K is a function of geometry only) 

has a larger constant multiplier than does the equation used to compute T a when disc-shaped 

specimens are used. 

4. TheTa versus 6 curve from Point 2 until the teat was stopped has· been replotted in Fig. 6-20. 

T a remains unchanged for slightly more displacement in this test than in the test on a disc 

even though the 6B versus 6 curves are very similar (Fig. 6-10). This result might be ex

pected since the measured moment is less sensitive to the effects of redistribution of av for 

the annulus. 

5. The value of T a im:nediately after removal of the C-clamps is slightly larger for the annular 

specimen than for the disc-shaped specimen (0.477 versus 0.455 kg/sq em). As explained 

previously, the C-clamps do not prevent soil extrusion entirely and it is likely that av would 

be slightly nonuniform even while the C -clamps were in place. 

6. After about 3 em of peripheral displacement subsequent to removal of tht: C-clamps in the 

test using an annular specimen, T a begins to decrease, probably due to the redistribution of 

a . Eventually. T becomes constant again due to a constant but nooupiform distribution of a . 
v a v 

7. This new constant value of T r (with extrusion) is much larger for the case of the annular 

specimen than for the disc-shaped specimen (0.405 versus 0.206 kg/sq ern). This indicates 

the reduction in T a as a result of soil extrusion is smalle::- for the annular specimen than for 

the disc, as would be expected. 
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A second test was performed on an annular s.pecimen of Warm Springs Shale using a solid 

confining ring. The results of this test are shown in Fig. 6-21. Comparing the shape of theTa 

versus 6 curve for this test with results obtained from the annular specimen using a split confining 

ring (Fig. 6-19). one finds that the two curves are similar until the C-clamps were installed in the 

test using a split confining ring. 

The results of these tests on annular specimens of Warm Springs Shale are shown in 

Table 6-4. For the test with a split confining ring, the reSidual strength recorded is the one 

measured immediately after removing the C-clamps (Points 3 and 4, Fig. 6-20). 

The results of tests on remolded Warm Springs Shale, summarized in Tables 6-3 and 6-4, 

show a pattern similar to the one observed for tests on ground muscovite. Namely, the disc-shaped 

specimens give lower residua] shear strengths than the annular specimens. This result is 

attributed to the greater influence of the redistribuhon of a in tests on disc-shaped specimens. v 
One other result of these tests, not shown hy the tests on ground muscovit~. is that if soil 

extrudes during a test on an annular specimo::o, the measured strength may be low. Figure 6-20 

shows that the residual strength of remolded Warm Springs Shale dropped 15% when extrusion was 

permitted. 

Factors which will determine the importance of redistribution of av in a rotation shear test 

are: 

1. Ratio of inside to the outside radius of the specimen. As thi ratio increases, the effect of 

redistributk"l will decrease. In the Harvard rotation shear machine, this ratio is 0. 70; 

other existir.g rotation shear machines have radius ratios from 0.51 to 0.66. 

2. The amount of soil extrusion: In the tests on ground muscovite, the amount of soil extrusion 

is considered very small. The largest rate of extrusion (Section 6.2.5) measured in these 

tests was 8 x· 10-4 in./cm. No direct comparison between the rate of extrusion experienced 

with the Harvard rotation shear machine and other designs is available. 

6.3 ERROR CAUSED BY FAILURE OCCURRING NEAR A LOADING PLATEN 

The poseibility of failure taking place at the interface between the soil specimen and the 

porous disc ~*!ems remote when one contrasts th size of the clay particles (minus 0.002 mm) 

with the height of the asperities on a porous disc such as is used in the Harvard rotation shear 

machine (on the order of 0.1 to 0.2 mm). 

Results of the tests on annular specimens of ground muscovite (Table 6-2) and remolded 

Warm Springs Shale (Table 6-4) indicate that the maximum difference in residual strength between 

tests where failure occurred at the midplane of the specimen and those where failure occurred 

about. 0.5 mm from the top porous disc, was 3,o, This difference includes all other sources of 

err or c.s well as the one due to location of the failure plane. 

In tests with more plastic materials (CHAPTERS 7, 8 and 9), failure never took place at the 

porous disc, although in some tests, only a thin slickensided film of clay adhered to the disc when 

the test was dismantled. No significant difference in residual strength was measured in tests 

wher"' ""lly 3. slickensided film remained on a disc as compared to those tests in which the slicken

side was farther from the disc. 

It is concluded from these data that forcing failure to occur near a porous disc does not intro

duce any significant error in the residual strength. 
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6.4 ERRORS IN VERTICAL STRESS 

6.4.1 ERROR CAUSED BY LEVER SYSTEM 

The precision of the lever system was determined by a series of load-unload cycles per

formed with proving rings in place of the shearing unit. The precision was found to be as good 

as the proving rings themselvet>, i.e., 0.1'/o to 0.25'/o.* 

Errors in the residual strength caused by the lever system are estimated to be not greater 

than plus or minus 0.1 '/o to 0,25% of any given value. 

6.4.2 ERROR CAUSED BY SIDE FRICTION 

Load applied to the top surface of a specimen confined in a ring is diminished with depth due 

to side friction. Equations are derived in Section A.2 for the ratio of the vertical stress on the 

failure plane, a~' to the vertical stress on the top of the dpecimen, av. 

In tests using a split confining ring (6-mm-th!.ck specimens), failure generally occurs 0.2 em 

below the top of the specimen. In this case, a~ will be about 2'/o lower than av for annular speci

mens and 1 '/o lower than av for disc-shaped specimens. 

In tests using a solid confining ring, failure generally occurs about 0,05 em below the top of 

the specimen, and a~ will be about 0.5% lower than av for annular specimens and 0.2'/o lower than 

av for disc-shaped specimens. 

6. 5 ERRORS IN THE MEASURED MOMENT 

6.5.1 ERRORS CAUSED BY MEASURING SYSTEM 

The force transducers used have an accuracy of about plus or minus 0.1% for the upper 80'/o 

of their range and about plus or minus 0.3% for the lower 20% of their range. The transducer 

power supply and the digital millivoltmeter have an accuracy of plus or minus 0.1 '/o. 

Hence , with the proper selection of transducers, the maximum error in the measured 

moment due to the electronic measuring system would be plus or minus 0.3%. The technique for 

ensuring that the electronic components are functioning properly is explained in Section A.3. 

5.5.2 ERROR CAUSED BY FRICTION IN THE SPLIT CONFINING RING 

The detailed analysis of this error is made in Section A.4. It shows that if failure occurs at 

the same elevation as the split in the ring and ,. r/av for the soil being tested is 0.10, the measured 

shear stress will be about 2.5% high due to friction between the two halves of the ring. As,. r/av 

increases, the percent error decreases. 

This error may be eliminated by tempo1 arily separating the two halves of the confining ring 

when measuring the moment (Section 4.8). 

6.5.3 ERROR CAUSED BY FRICTION BETWEEN THE SOLID CONFINING RING, 

THE STATIONARY PLATEN AND THE STATIONARY PART OF THE SPECIMEN 

Results of measuring moments with the solid confining ring in position and with it removed 

are reported in Section A.5. These data indicate that the additional shear stress due to ring 

friction is ind~pendent of av and the overconsolidated ratio, and is about 0.020 kg/sq em for tests 

* The lead we ights placed on the hangers were within 0.05% of their ra':ed weight. 
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using Pepper Shale a;id Cucaracha "Shale" and is about 0.030 kg/sq cm for London Clay. 
A more complete discussion of the effect of removing the confining ring during a test is pre- 

sented in Section A.5 where it is concluded that removing the confining ring for a few minutes 
during a test eliminates the error due to friction without introducing any other significant error. 

6.5.4   ERROR CAUSED BY FRICTION BETWEEN ROTATING CENTER DISC AND THE 
STATIONARY PART OF THE SPECIMEN 

Observations made of test specimens at the end of a test showed that a slickenside was 
developed on the inner periphery of the stationary part of the specimen, indicating the center disc 
rotates during the test (see Fig. 3-20).   If it is assumed that the coefficient of friction between the 
Teflon center disc and the slickensided surface of soil is one-half ▼ /ä , the computed residual 
strength will be about 1.4% high due to this friction. 

6.6   CONCLUSIONS 

The investigations described in Section 6.2 have indicated that an error in the measured 
moment will result if soil is permitted to extrude from the confining ring.  This error is not 
associated with friction between the elements used to confine the specimen, but vith a redistribution 
of the vertical stress on the failure plane.  Extrusion from between a split confining ring will cause 
the vertical stress to decrease at this specimen boundary.  Since the vertical load is constant, ä 

will increase at the inner periphery of the specimen.  At the residual state tie vertical stress will 
achieve a constant (but nonuniform) distribution and hence a constant momeni will be measured. 
Because ö   is reduced at the outer periphery of the specimen, the moment will be smaller than if 
ä   were uniform; hence, the computed r   will be too small. 

The most important factors influencing the magnitude of this error due to vertical stress 
distribution are: 

1. The ratio of the minimum specimen radius R, to its maximum radius R..   As this ratio 
decreases, the effect of redistribution of ö   increases. 

2. The amount of soil which is extruded from the specimen. 

3. The magnitude of the average vertical stress. 

4. The residual strength of the soil. 

Tests on disc-shaped specimens of ground muscovite summarized in Table 6-1 indicate that 
if soil is allowed to extrude from between the halves of a split confining ring, r   will be about 12% 
lower than if extrusion is reduced by using a solid confining ring.  On the other hand,   if the same 
boundary conditions (hence the same amount of extrusion) are imposed on an annular specimen 
(R2/R. ■ 0.7). the residual strength is unaffected (Table 6-2). 

Comparing the results of tests on disc-shaped specimens with results from annular speci- 
mens indicates that disc-shaped specimens may be useful at low effective stresses when a solid 
confining ring is used. 

The clearance between the halves of the split ring used in the tests on ground muscovite was 
0.002 inch and the amount of soil extruded during a test was small.  To determine the maximum 

error that could result from allowing soil to extrude during a test on an annular specimen, tests 
were performed with a solid confining ring which was removed from the specimen after the 
residual state was reached. 



When the confining ring is removed, the moment drops to a new value which is independent 
of displacement, as shown in the sketch below.   This new "residual state" is due to a constant but 
nonuniform distribution of ö  . 

specimen 
confined with 
solid ring 

X ■*— confining ring removed 

AM used to compute AT 

DISPLACEMENT,   6 

The results of these tests, shown in Table 6-5, give an indication of the maximum error that 
can occur due to soil extrusion from a specimen with Ro/Ri = 0.70.   Further investigations are 
needed before the error due to soil extrusion can be completely evaluated.   These investigations 
can be made using annular specimens confined with a split ring designed to allow the clearance 
between the halves of the ring to bo varied.   The rings should also be designed to permit them to be 
temporarily separated to eliminate friction caused by the soil extruding into the gap between them. 

It is believed that using annular specimens (R./R. " 0.70) with a solid confining ring reduces 
the error due to soil extrusion (redistribution of ä ) to a tolerable value. 

Other sources of error in T   and their estimated maximum magnitude are summarized below. 

Source of Error Probable Magnitude of Error in T 
When Using Annular Specimens 

ö   due to lever system ±0.1% to ±0.25% 

5   due to side friction -0.5% 

Moment measuring 
system ± 0.3% 

Friction between center 
disc and specimen + 1.4% 

The sum of these errors is always positive (+0.4% to +1.4%) while the small error (when 
using an annular specimen and a solid confining ring) due to soil extrusion will always be negative. 
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CHAPTER 7 

PEPPER SHALE 

7.1 PURPOSE AND SCOPE 

To determine whether the residual S strength was independent of overconsolldation ratio 
(OCR), the Pepper Shale was used in the following testing program: 

Stite and Condition Specimen Shape Confinement 

Remolded, normally consolidated 

Remolded, overconsolidated 

Undisturbed 

Annulus 

Annulus 

Disc 

Solid ring 

Solid ring   i 

Solid ring   i 

I    I 

As further evidence of the effect of soil extrusion on determining the residual strength in a rotation 
shear test, two tests were performed on remolded disc-shaped specimens.   One was radially con- 
fined with a solid ring and the other had no radial confinement. 

7.2   SOIL DESCRIPTION 

The soil used in this investigation was obtained by the U. S. Army Corps of Engineers during 
exploration for Waco Dam, Texas.   All specimens were obtained from a 6-inc.h-long section of 
Denison sample 29 taken at a depth of between 82.5 to ^3.4 ft. in Hole No. 8A6C-351. 

The undisturbed soil was a black, heavily overconsolidated clay, which was hard and brittle. 
The sample was homogeneous in color and consistency.  It had a soapy feel when rubbed with the 
fingers and could be shaved with a sharp knife into very thin, translucent shavings which had a 
slight yellowish tint.  At its natural water content of about ?i%, it could be shined with the thumb- 
nail to a very high gloss. 

When immersed in distilled water at its natural water content, the soil disintegrated into flat, 
flake-shaped pieces between about 0,5 and 4 mm thick.  After swelling for 48 hours, these flakes 
could be completely remolded between the fingers to a smooth paste with moderate effort. 

The air-dried soil disintegrated rapidly to fine sand-sized particles when slaked in distilled 
water.   After 48 hours of immersion, the particles could be very easily remolded to a smooth paste 
between the fingers. 

There was no reaction to HCL in this sample, although samples above and below it have cal- 
careous zones. No slickensides were observed in the sample. The specific gravity of the solids is 
2.76. 

The soil to be used for remolded specimens was obtained by air-drying thin shavings of the 
undisturbed soil.  The air-dried shavings were ground into a fine powder, using a mortar and 
pestle, and then added to distilled water and dried to the desired water content.   Soil prepared in an 
identical manner was used to determine the Atterberg limits, which are tabulated below and shown 
on the Plasticity Chart in Fig. 7-1. 
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Treatment Lw Pw Pi 

Air-dried 

Oven-dried 

70.5 

75.5 

21.5 

23.0 

49.0 

52.5 

At the plastic limit, the soil was tough.   When a pat of soil was air-dried from near the liquid limit, 
it had a very high dry strength.   Results of a hydrometer analysis performed on the air-dried soil 
are shown in Fig. 7-2.    A 0.01 N solution of sodium metaphosphate was used as the suspending fluid. 

7.3   TEST RESULTS 

7.3,1   REMOLDED - NORMALLY CONSOLIDATED SPECIMENS 

Shear stress versus displacement curves for the four tests in this phase of the Investigation 
are shown in Figs. 7-3 to 7-6.   The maximum average shear stress occurs at displacements of 0.06 
to 0.09 cm.   There is an abrupt decrease in strength beyond the peak, and the residual strength is 
reached at about 1 to 2 cm of displacement.   The value of ä   has little or no effect on the displace- 
ment required to reach T . 

Measurements of change in thickness during shear for these tests show that very little soil 
extrusion occurred during TESTS I, 2 and 3; slightly more extrusion occurred in TEST 4, which 
was performed at the highest vertical stress (12.0 and 20.0 kg/sq cm). 

Table 7-1 summarizes the results of these tests.   The residual strength line obtained from 

the tests (Fig. 7-7) is a straight line through the origin with a slope of 7.5 degrees.   The peak 
strength (T ) line, also shown in Fig. 7-7, has a slope of 11.7 degrees and a cohesion intercept of 
0.04 kg/sq cm.   The confining ring was not removed at the peak strength; hence T   includes the 

friction due to the confining ring which is estimated to be equivalent to a shear stress between 0.01 
and 0.03 kg/sq cm. 

Table 7-2 summarizes observations of the failure plane at the end of these tests and shows 
that all the failure planes were very shiny and essentially flat with shallow circular striations. 

TEST 5 was performed on a disc-shaped specimen to determine if the residual strength would 
be the same as that obtained with an annular specimen when soil extrusion was minimized by con- 
fining the disc with a solid ring.   Figure 7-8 shows the results of this test, which are summarized 
in Table 7-3 along with TEST 1, the companion test on an annular specimen.   The residual strengths 
measured at the three vertical stresses used are slightly lower than the strengths measured in the 
test on the annular specimen.   This result may be due to a small redistribution of ö   on the disc. 
However, the differences are so small that this cannot be given as a definite conclusion.   The AB 
versus 6 curves are practically identical for both tests (compare Figs. 7-3 and 7-8). 

Results from TESTS 1 and 5 at ä   = 1,0 kg/sq cm have been plotted together in Fig. 7-9.   The 
r   versus 6 curve for the disc-shaped specimen lies to the right of the curve for the annular speci- 

men.   This shift is a result of the technique of computing r   (Section 5.1) which gives a weighted 
average of the true shear stress distribution.   The maximum r   measured with the disc-shaped 
specimen is slightly lower than that measured with the annular specimen (0.22 versus 
0.26 kg/sq cm).   Since the disc is the extreme case in which r   (the weighted average shear stress) 
would deviate from the true peak strength, it would seem unlikely that the difference between the 
true peak strength and r   measured in the test using an annular specimen (R./R, ■ 0.70) would be 
larger than 0.04 kg/sq cm. 
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In CHAPTER 6 it was suggested that soil extrusion caused a redistribution of ö   on the failure 
plane.   One way of demonstrating that er   was not uniform when there was extrusion would be to 
show that radial stresses existed on the failure plane.  If the radial stresses did exist, the author 
suspected that they would affect the topography of the slickenside obtained in a test.   To ascertain 
whether this was the case, a test was performed on a radially unconfined, disc-shaped specimen of 
remolded Pepper Shale.   The results of this test are shown in Fig. 7-10.   The T   versus 6 curve 
showed no sign of achieving a horizontal asymptote when the test was stopped at a displacement of 
1.8 cm.   The result   from an identical test (TEST 5) with radial confinement is shown by the dashed 
line in Fig. 7-10. 

Photographs of the slickensides from the unconfined test in Fig. 7-11 show that the striations 
on the failure plane spiral out from the center.    Striations on the slickensides of a confined speci- 
men have a concentric circular pattern.   The spiral striations must be the result of combined tan- 
gential and radial displacement (hence radial stress) on the failure plane. 

7.3.2   REMOLDED - OVERCONSOLIDATED SPECIMENS 

According to the working hypothesis discussed in CHAPTER 1, the residual strength should 
be independent of the OCR.   This aspect of the hypothesis wa,s examined by performing a series of 
tests on remolded Pepper Shale in which specimens were consolidated to 10 kg/sq cm and then un- 
loaded to a stress of 1.0, 2.0 or 4.0 kg/sq cm. 

Shear stress versus deformation curves for these tests are shown in Figs. 7-12 to 7-15.   The 

results are summarized in Table 7-4.   The residual strength line shown in Fig. 7-18 lies slightly 
above the strength line obtained from the tests on normally consolidated specimens. 

The summary plot of the shear stress versus displacement curves shown in Fig. 7-16 shows: 

1. The ratio T /CT   and the rate of dilation at the peak increase with increasing OCR. 

2. Displacement at the peak (6 ) decreases from 0.060 cm to 0.023 cm as the OCR increases 
from 2.5 to 10. 

3. The displacement required to reach the residual strength (6 ) decreases from 6.0 cm to 
2.0 cm as the OCR increases from 2.5 to 10. (At OCR = 1, the displacement required to 
reach T   is 3.0 cm.) 

The AB versus 6 curves for all these tests indicate the soil was dilative at the start of the 
test.   In TESTS 7 and 8, the specimen thickness, B, becomes essentially constant at a displace- 
ment of about 1 cm when the residual strength has been reached.   In TESTS 9 and 10, B begins to 
decrease at a displacement of about 2 cm due to a slight amount of extrusion which could be ob- 
served in these tests. 

-3       i After the residual strength had been measured at 6 = 5.6 X 10     cm/min in TEST 7, 6 was 
reduced to 5.6 X 10"   cm/min.   The residual strength measured at 6 = 5.6 X 10'   cm/min, shown 
in the inset in Fig. 7-12, indicates there is no difference in T   measured at these two velocities. 

The residual strength line from these tests (Fig. 7-18) shows that the difference between it 

and the strength line from normally consolidated specimens increases as the OCR increases.   To 
investigate the effect of overconsolidation further, a test was performed on the remolded Pepper 

Shale at ä   = 1.0 and with an overconsolidation ratio of 100. 

Spiral striations were not observed on the failure planes of tests on ground Muscovite or Warm 
Springs Shale confined with a split ring, reported in Chapter 6, because soil extrusion was not un- 
limited, and the slickensides were not as well-defined as with the Pepper Shale. 
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The results of TEST 11, performed at ä   * 1.0 kg/sq cm and at an overconsolldation ratio of 
100, are shown in Fig. 7-17 along with the r   versus 6 curve from TEST 7 (5= 1.0, OCR = 10). 
The results of TEST 11 are also included in Table 7-4.   When the OCR increased from 10 to 100. 
the peak strength increased and the displacement required to achieve peak strength decreased. 
The displacement required to achieve the residual strength is somewhat larger for TEST 11 than 
for the tests with an overconsolidation ratio of 10.   The AB versus 6 curve for TEST 11 shows the 
specimen was strongly dilative and reaches a constant thickness at about the same displacement the 
residual strength is reached.   The residual strength of 0.122 falls between the results of the tests 

# 
with overconsolidation ratios of 1 and 10 (see Table 7-4).     Table 7-5 summarizes observations 
made of the failure planes for the tests on overconsolidated specimens.   They were very shiny, 
with no observable difference in shine between these failure planes and those observed in normally 
consolidated specimens.   The topography of the failure planes in the overconsolidated specimens 
had shallow radial and tangential undulations which were absent from the failure planes of the 

normally consolidated specimens. 

7.3.3   UNDISTURBED SPECIMENS 

Comparison of the residual strengths of remolded and undisturbed specimens would provide 
additional data concerning the effect of the OCR, and a series of tests on undisturbed disc-shaped 
specimens was performed. 

The T   versus 6 curves of the five tests in this series (TESTS 12 to 16) are shown in Figs. a 
7-19 to 7-23 and the results are summarized in Table 7-6.   Figure 7-24 is a summary of the r 

3. 
versus 6 curves for the tests on undisturbed specimens and shows: 

1. The ratio T /ä   ranges between 0.25 and 0.31 with no correlation with 5.,. p'  v v 
2. AB versus 6 for TEST 12 showtj B is increasing during this test; in all other tests it was 

decreatlng (including TEST 13 which was a duplicate of TEST 12). 

3. The displacement required to achieve peak (6 ) decreases from 0.07 cm to 0.03 cm as ä 
increases from 1.0 to 4.0 kg/sq cm. 

4. The displacement required to achieve the residual strength (6 ) ranges between 20 cm and 
35 cm with no relationship between 6   and 5 . 

In general, the shapes of the shear stress versus displacement curves for these tests are more 
irregular than the curves for tests on overconsolidated specimens (compare Figs. 7-16 and 7-24). 

Results of change in thickness measurements for this series of tests indicate the specimens 
may not be truly undisturbed.   It is difficult to handle and trim a specimen for any laboratory test 

without causing some disturbance, b    the problem is particularly acute in trimming thin speci- 
mens for the rotation shear machine.   Both top and bottom surfaces of the disc are trimmed flush 
with the confining ring with a stiff knife, causing some disturbance to the surfaces.  To minimize 
soil extrusion, a solid confining ring was used in these tests, forcing failure to occur near the top 
of the disc, where the disturbance was greatest. 

While the specimens used in this series of tests are not truly undisturbed,  it is likely that 
their structure (even near the top or bottom of the disc) was significantly different from that of the 
completely remolded specimens.   Evidence for this conclusion is twofold: 

All tests were performed on specimens from the same batch of remolded soil prepared at the 
start of the investigation. 



42 

1. The peak strengths measured with undisturbed specimens are, in most cases, higher than the 
peak strengths of the remolded specimens (Tables 7-1 and 7-6). 

2. Displacements to peak are smaller for undisturbed specimens than for remolded specimens 
(Tables 7-1 and 7-6). 

These results were obtained in spite of the fact that the undisturbed specimens were discs, which 
would cause the peak strength to be lower and the deformation to peak to be larger than for a dupli- 
cate test on an annular specimen (see Fig. 7-9). 

A residual strengt; line from the undisturbed specimens is shown in Fig. 7-25, along with the 
residual strength line obvained from the remolded, normally consolidated specimens.   Between 1 

and 2 kg/sq cm, the two strength lines are practically identical.   At 5   = 4.0 kg/sq cm, the strength 
of the undisturbed specimens is significantly lower than the strength from the remolded specimens. 

At the completion of the two tests on undisturbed specimens with ä   = 4.0 kg/sq cm, samples 

were taken to determine the water content distribution (nearly the entire specimen thickness was 
used).  Results of these water content determinations, presented in Fig. 7-26, show that there has 
been a significant increase in water content at the periphery of the discs.   This water content 

* 
distribution indicates that a   was lower at the periphery than at the center of the disc. 

Results of these five tests on undisturbed specimens are difficult to evaluate for the following 
reasons: 

1. Probable disturbance due to specimen preparation. 

2. Nonuniform moisture contents in two tests, indicating redistribution of ä   on the failure plane. 

3. Unexplained irregularities in four of the r   versus 6 curves. 

The fact that the residual strengths from undisturbed specimens are practically the same as those 
from remolded specimens at ä   of 2.0 kg/sq cm and less may be fortuitous.  The measured 
strengths from the undisturbed specimens may be below the true residual strength due to a minor 
redistribution of ä .     At ä   = 4.0 kg/sq cm, the existence of a nonuniform distribution of vertical 
stress is verified by water content determinations made at the completion of the tests. 

7.4   CONCLUSIONS 

7.4.1   REMOLDED - NORMALLY CONSOLIDATED SPECIMENS 

Results of tests on normally consolidated, annular specimens indicate the residual strength 
line of remolded Pepper Shale is a straight line through the origin, at a slope of 7.5 degrees for a 
vertical stress range of 1.0 to 20 kg/sq cm (Fig. 7-7).   The peak strength line for a vertical stress 
range of 1.0 to 12.0 kg/sq cm is represented by a straight line with a slope of 11.7 degrees and a 

cohesion intercept of 0.04 kg/sq cm, but this intercept may be partly due to friction between the 
upper platen and the rotating confining ring which was not removed at the peak strength. 

Displacements to the peak strength range from 0.060 cm at 5   = 1.0 kg/sq cm to 0.090 at 
12.0 kg/sq cm.   The amount of displacement required to achieve the residual strength decreases 
from 3 cm at ä   = 1.0 kg/sq cm to 1.5 cm at ä   = 12.0 kg/sq cm with the test at 5   = 4.0, not fitting 
the general pattern and requiring 7 cm of displacement to achieve T . 

These specimens showed a decrease in thickness in spite of an increase in water content because 
of trimming disturbance near the failure zone and soil extrusion.   The failure zone was removed 
when the tops of the discs were scraped to minimize the effect on the water content determinations 
of water adsorbed from the porous discs. 

timmm 
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A test performed on a disc-shaped specimen of remolded Pepper Shale at three vertical 
stresses gave slightly lower strengths than a similar test on an annular specimen.   These results 
may be due to a small redistribution of ä   on the disc-shaped specimen. 

Striations on the failure plane of an unconfined disc-shaped specimen spiral out from the 
center of the specimen (Fig. 7-11).   It is hypothesized that the spiral striations are a result of 
combined tangential and radial displacements on the failure plane which would be associated with 
a nonuniform distribution of ä . 

7.4.2   REMOLDED - OVERCONSOLIDATED SPECIMENS 

The results of tests on remolded, annular specimens with overconsolidation ratios ranging 
from 1 to 100 and ä   ranging from 1 to 4 kg/sq cm indicate the residual strength of these speci- 
mens is higher than the residual strengths of normally consolidated specimens (Fig. 7-18). 

The magnitude of the differences is small and the number of tests limited, making conclusions 
concerning the effect of the OCR difficult.   The number of tests would have to be increased to obtain 
statistically significant results before definite conclusions could be reached. 

The Ta versus 6 curves for these tests are summarized in Fig. 7-16, which shows that the 
deformation necessary to reach the peak strength decreases from 0.06 cm to 0.02 cm as the OCR 
increases from 1 to 100. 

Deformations required to reach the residual strength are not easily correlated with the over- 
consolidation ratio.   There seems to be no definite trend established between the displacement 
required to reach the residual strength and the OCR.   However, test results show that a displace- 
ment of 0.2 cm results in a shearing resistance of 81% to 55% of the peak strength as the OCR 
increases from 1 to 10. 

7.4.3   UNDISTURBED SPECIMENS 

Tests on undisturbed disc-shaped specimens were performed to help establish the effects of 
the overconsolidation ratio on the residual strength.   The results of these tests are believed to be 
inconclusive due to a redistribution of 5 .   In two tests (ä   =4.0 kg/sq cm), water content determi- 
nations at the end of the tests showed that the water content was greater at the periphery than at the 
center of the disc, indicating a   was not uniform.  It is inferred from these water content measure- 
ments that ä   may not have been uniform at the lower effective stresses used in these tests, caus- 
ing the measured strength to be low. 

i 

; 
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CHAPTER 8 

CUCARACHA "SHALE"" 

8.1 PURPOSE AND SCOPE 

The purpose of this phase of the investigation was to test specimens of remolded material 

from the Cucaracha formation of the Panama Canal Zone to determine: 

1. The residual strength line for vertical stresses between 1 and 20 kg/sq cm. 

2. The effect of overconsolidation on the residual strength of Ihe remolded material. 

3. Whether there was a difference in residual strength between material which had been 
remolded by slaking in distill d water or by air-drying and crushing in a disc mill. 

All tests were performed on annular specimens with solid confining rings.  No undisturbed speci- 
men could be trimmed from the intensely slickensided sample available. 

8.2   SOIL DESCRIPTION 

The material used in this investigation was obtained by the U. S. Corps of Engineers during 
explorations of a slide area at Hodges Hill, Panama Canal Zone.   The material tested was from 
Denison sample 13, taken at a depth of between 57.5 to 58.5 feet in Hole No. CRW-15.  The sample 
was air-dried when received and was reddish purple, hard, and highly slickensided.   Tue sample 

breaks easily into irregular, bulky-shaped pieces having a volume between a few cubic centimeters 
and about 100 cc.  The pieces are generally bounded on at least two sides (which may be parallel or 
perpendicular) by very glossy slickensides which are generally dark reddish purple.   The remain- 

ing sides of a broken piece are irregular and lighter colored and may also have relatively minor 
slickensides which are less shiny than the major slickenside surfaces. 

In general, the slickenside surfaces have wide shallow undulations perpendicular to the axis 
of movement.  These wide undulations dip into the surface of the slickenside parallel to the axis of 
movement so that they are not continuous along the slickenside.   Most, but not all of the slicken- 
sides have closely spaced striations superimposed on their surface (see Fig. 8-1).  Occasionally, 
the slickensides contain light gray spots and streaks which are as shiny as the rest of the surface. 
The cross section of a slickensided surface examined with a stereoscopic microscope (100X) has 
the appearance of molten glass.   The air-dried soil can be shaved with a sharp knife into thin 
shavings.   A shaved surface can be shined to a high gloss with the thumbnail and has a smooth, 
soapy feel.  The ability to be shaved into thin shavings, as well as the appearance of the slicken- 
sides, indicates the sample contains a negligible amount of sand.  There is no reaction to HCL. 
The air-dried material slakes very quickly into silt and fine sand-sized particles in distilled water. 
When the slaked material was immersed in water and viewed under a microscope, the particles 

were bulky and opaque.  All of the fine sand-sized particles could be easily broken on a microscope 

slide with the point of a pin. 
i 

The formation and diagenesis of the Cucaracha formation has not been unequivocally defined and 
some geologists question whether the term shale is correct. 

/ 
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A representative piece of the sample was air-dried and slaked four times.  The liquid limit 
was 49 and the plastic limit 28.   The material had low toughness at the plastic limit.   When air- 
dried from near the liquid limit, the material was easily crushed into fine sand-sized particles 
between the fingers.  At a moisture content below the plastic limit, the soil achieved a high gloss 
when rubbed against the fingernail.   The liquid and plastic limits did not appear consistent with the 
glossy slickensides that were observed in the sample. 

The author assumed that the silt-sized and sand-sized particles remaining after slaking were 
actually slightly bonded clusters of clay particles.  To disaggregate these clusters, the material 
was air-r'v'dd a fifth time and crushed for six minutes in a disc mill (Angstrom Model No. T250). 
(This mill is designed to operate with a zero clearance between the grinding surfaces when there is 
no soil ir th t mill.)  The material was ground to a fine powder which was added to distilled water. 
At th? 'itjui'd limit the crushed material was very smooth and creamy, had the consistency of a very 
light grease,   and felt soapy between the fingers.  The crushed material was also very thixotropic 
at the liquid limit.  When a pat of the crushed material was air-dried from near the liquid limit,  it 
had an extremely high dry strength.   Results of the Atterberg limits on samples prepared by both 
types of treatment are shown below and on the Plasticity Chart in Fig. 8-2. 

Treatment Lw Pw Pi Activity 

Slaked four times 

Slaked four times 
and crushed 

49 

156 

28 

42 

21 

114 

0.5 

1.1 

Results of the hydrometer tests on samples prepared by both treatments are shown in 
Fig. 8-3.   The hydrometer tests were performed using a 0.01 N solution of sodium metaphosphate. 
The specific gravity of the crushed material is 2.85.   The specific gravity of the uncrushed material 
was not determined. 

8.3   TEST RESULTS 

8.3.1   SLAKED AND CRUSHED CUCARACHA; NORMALLY CONSOLIDATED 

The r   versus 6 and AB versus 6 curves for the seven tests performed in this phase of the 
investigation are shown in Figs. 8-4 to 8-10.   The residual strength line obtained from the tests 
shown in Fig. 8-12 is a straight line between effective vertical stresses of 2 and 20 kg/sq cm with 
a slope of 6.4 degrees and a cohesion intercept of 0.1 kg/sq cm.   Results of tests at 5   = 
1.0 kg/sq cm indicate the strength line is curved below 2.0 kg/sq cm and the actual cohesion inter- 
cept is very near zero (Fig. 8-13).   The results of all tests are summarized in Table 8-1. 

To study the veproducibility of results, three duplicate tests were performed at ä   - 
1.0 kg/sq cm.  The r^ versus 6 curves for thes* tests (TESTS 1. 2 and 3) are shown in Figs. 8-4, 
8-5 and 8-6.  The results of TESTS 1 and 2, plotted in Fig. 8-6. along with T   versus 6 curve for 

TEST 3 show: 

1. The peak strength (r ) ranges between 0.410 and 0.420 kg/sq cm. 

2. The displacements to peak (6 ) vary between 0.020 and 0.037 cm. 

3. The residual strength for TESTS 1 and 2 are practically identical (0.195 versus 

i 
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0.190 kg/sq cm).  The residual strength for TEST 3 is 0.151 kg/sq cm. 

4. The displacement required to achieve the residual strength (6 ) varies between 0.7 and 10 cm. 

5. The AB versus 6 curves for TESTS 1 and 2 are practically identical and show B decreased 
more in these tests than in TEST 3. 

The shapes of the r   versus 6 curve for TESTS 1 and 2 are similar with the exception that 
about four times more displacement is required to reach r   in TEST 2 than in TEST 1.   The T 

versus 6 curve for TEST 3 has a more pronounced peak than TESTS 1 and 2, dur to a more abrupt 

reduction in r   beyond the peak (r   is practically identical in all three tests).   The possibility that 
redistribution of ä   is responsible for the low residual shear strength and more peaked r   versus 4 
curve of TEST 3 seems remote since an annular specimen and a solid confining ring were used in 
this test.   In fact, the AB versus 6 curves (Fig. 8-6) indicate less soil extrusion occurred (hypothe- 
sized to be necessary for redistribution of ö   at the residual state) in TEST 3 than in TESTS 1 and 2. 

Indirect evidence that the results obtained in TEST 3 are not influenced by redistribution of 
ö   may be seen in Fig. 8-4.  After 9 cm of displacement in TEST 1. with the residual strength well- 

defined, the confining ring was removed.   Substantial extrusion occurred as demonstrated by the AB 
versus 6 curve in the upper part of Fig. 8-4.   The r   versus 6 curve in the lower part of Fig. 8-4 
shows that this unrestricted extrusion had a small effect on the measured residual strength.  The 
results of TEST 3 cannot be explained by any known test error and may represent the range of 
scatter to be expected in repeat tests on this material under Identical conditions. 

TESTS 4. 5 and 6 (Figs. 8-7 to 8-9) were multiple load tests, each performed at two values 
of ö .   The T   versus i curve for the first phase (lowest ä ) of each test has a well-defined hori- 

zontal section.   During the second phase of TESTS 4 and 5 (higher ä ), r   decreases after an initial 
constant shearing resistance has been reached.   In TEST 4 this reduction is small and gradual.  In 
TEST 5, however, the reduction is more abrupt and the magnitude of reduction is about twice the 
magnitude measured in TEST 4.   Once the reduction has occurred, the shear strength remains 
nearly constant for a large amount of displacement (in both cases, for more than one complete 
revolution, equal to 22.3 cm of displacement).   Enough data have been collected to demonstrate that 
this phenomenon is not due to normal scatter. 

The reason for the unusual shape of the r   versus 6 curve during the second stress level In 
TESTS 4 and 5 has not been established.   The residual strengths measured at the end of these tests 
(with confining ring removed) hr     been corroborated by the results of TESTS 5 and 7 (see 

Table 8-1). 
To determine the effect of rate of displacement on this material, the residual strength was 

determined at 6 = 5.6 X 10~2, 5.6 X 10~3 and 5.6 X 10~4 cm/mln.   The negligible effect of these 
rates of displacement on the residual strength may be seen in Fig. 8-10 and Table 8-3. 

For all practical purposes, it is concluded that changing the rate of displacement by a factor 
of 100 did not influence the residual strength, once the residual strength was reached. 

To establish the most efficient test procedure for deteimining the residual strength of a soil, 

it would be of interest to perform tests having very high rates of displacement during the early 
stages of the test.  After a constant shearing resistance was reached, the rate of displacement 
would be reduced to determine the strength at a slower rate of displacement.   The results of such a 
test would be compared with results of a test which was performed at the slow rate of displacement 

throughout the entire tent. 
A description of the failure plane at the end of each test is included in Table 8-2.   In general, 

the failure planes were very shiny and at v ertical stresses of 8 kg/sq cm and above they were 
nearly as glossy as the natural «lickensides observed in this sample. 
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8.3.2 SLAKED AND CRUSHED CDCARACHA: OVERCONSOUDATED 

The r e sults of the two tests performed at a' = 1.0 kg/sq em and with an overconsolidation 
v 

ratio (OCR) of 10 and 100, r e s pectively, ar e shown in Figs. 8-14 and 8-15 and ares 1mmarized in 

Table 8-4. The results of TEST 8 (OCR = 1 0) have been plotted in Fig. 8- 15 along with the results 

of TEST 9. When these results are compared with the results obtained for the normally consoli

dated sptcin:ens (Table 8-4), the following observations can be made: 

1. The peak strength increas with increasing OCR. 

2. There is no definite tl:"end in the displacement required to reach the peak. 

3. The residual strength from the overconsolidated spe cimens falls within the range of the 

results from normally consolidated specimens. 

4. No tre nd can be obse rved between the OCR and the amount of displacement required to 

achieve the residual strength. 

The larger peak strength in the overconsolidated specimens is due to the smaller void ratio 

at the start of shear and in TEST 8 may have been influenced by negative pore pr essures whirh 

were unable to dissipate in the early stages of the test. The more rapid reduction in str ength iJe

yond the peak for the overconsolidated specimens may also be influenced by the dissipation of 

induced pore pressure. 

To reduce the possibility that the pore pressure dissipation would influence the shape of the 

-r versus 6 curve during the first part of a test, the first stage of TEST 9 with OCR = 100 was 
a 

perfor med at 6 = 5.6 X 10-4 em/min (Fig. 8-15). This lower rate of displacement j.e rmitted 

collecting more data during the early stages of the test, and these additional data have been plotted 

arithmetically in F ig. 8-16 . The reversal of curvature in the stress versus displacement curve at 

6 = 0.1 mm suggests that even at this rate of displacement the test was not completely drained in 

the early stages. This rev rsal of curvature is typical of a saturated soil in a dilative state when 

drainage is not permitted (Hirschfeld, 1958). In addition, the measurement of ~B indicates that 

almost no volume change was taking place during the early stages of this test. As the tests 

progress, however, the pore pressure dissipates and the ~B versus 6 curve for both tests becomes 

essentia ly horizontal as shown in Figs. 8-14 and 8-15. The residual strength from these two tests 

is shown in Table 8-4 along with the strength measured in the normally consolidated specimen~. 

The diffe rence between the normally consolidated specimens and the overconsolidated specimens is 

small, and the r e sults of the latter fall within the range of results obtained from the normally con

solidated tests. 

8. 3.3 SLAKED, UNCRUSHED CUCARACHA: NORMALLY CONSOLIDATED 

The large d ifference in plasticity characteristics between the crushed and uncrushed 

.naterial from the Cucaracha formatiun a :forded an excellent opportunity to determine the resi ual 

strength of the two clays of identical mineralogical composition but very d ifferent plasticity char

acteristics . It is believed that the difference in plasticity characteristics wa s mainly a result of 

* disaggregating clusters of clay particles. Slaking and manual remolding were ins ufficient to break 

up the c lusters to obta ·n the t rue clay size fraction. 

Some breakage of grains could occur during grinding, but it is believC'd that it was of minor 
importance in affecting the la rge cttange in plasticity. 
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Results of two tests performed ·'n the slaked m a.terial are shown in Figs. 8-17 and 8-18. The 

.,. a versus 6 curve obtained from a test on the crushed material at the same vertical stress is shown 

by a dashed line on each figure. There is a striking difference in the .,. versus 6 curves obtained a 
from the same material treated in the two different manners. At a = 1.0 kg/sq em, the peak v 
strengths of the two specimens are very similar (0.43 versus 0.42 kgfsq em). At a = 4.0 kg/sq em, v 
the peak strength of the slaked material is 30o/o higher than the peak strength for the crushed 

material. One might expect that the difference between the peak strengths would decrease as a v 
increases for two materials with such differences in grain size distribution and plasticity. In 

addition to differences in gr.ain size and plasticity, the crushed material was very thixotropic while 

the slaked material exhibited no noticeable thixotropy. 

It is hypothesized that the anomalies of the measured peak strength may be caused by the dif

ference in thixotropy. The thixotropic gain in strength is likely to contribute a larger part of the 

peak strength at low vertical stresses, resulting in a peak strength nearly equal to the peak 

strength of the slaked material. Indirect evidence of the importance of thixotropy on the peak 

strength of the crushed material may be seen in Fig. 8-12 which indicates the peak strength line 

may have a cohe~> ion intercept as large as 0.15 kg/sq em which, in part, may be due to thixotropy. 

Figure 8-17 shows that the test performed on the slaked material at a = 1.0 kgfsq em v 
required more than ten times as much displacement as the test on the crushed materiul to define .,. * . r 
satisfactorily. The same phenomenon may be observed in Fig. 8-18 for the tests at 

av = 4.0 kgfsq em. 

Eventually, the residual strength of the slaked material achieves essentially the same value 

as the residual strength of the crushed material (Table 8-5 and Fig. 8-19). Although the residual 

strengtl: of the slaked mate1· ial was the same as that of the crushed material, the slickensides ob

tained in tests on the slaked material were not as shiny as the slickensides obtained in tests on the 

crushed material. 

8.4 CONCLUSIONS 

.4.1 SLAKED AND CRUSHED CUCARACHA 

The shape of the .,. a versus 6 curves for all the tests in this series are essentially the same, 

with the ma ximum.,. a occurring at displacements ranging between 0.02 and 0.03 em. The residual 

strength has generally been reached by 2 em of displacement. The amount of d isplacement neces

sary to reach the residual strength appears to be independent of the vertical stress over a range of 

av from 1.0 to 12.0 kg/sq em. 

The residual slrength line shown in Fig. 8-12 is a 3traight line between(; = 2. 0 and 
v 

20.0 kg/sq em. Below av = 2.0 kgfsq em, the strength l ine has been drawn as a smooth curve 

extrapolated through the origin. That portion of the strength line below a = 8.0 kg/sq em has been 
v 

redrawn n Fig. 8-13 to a larger scale to emphasize the curvature .of the strength line between 0 and 

2 kgfsq em. 

The results of a l;mited number of tests (OCR .. 10 and 100) on the crushed Cucaracha indi

cate that the effect of overconsolidation on the residual strength of the remolded "shale" is smal1 

(see Table 8-4). Results of all tests performed on normally consolidated specimens of crushed 

Cucaracha are shown in Fig. 8-11 and the results art: summarized in Table 8-1. 

* In TEST 10 it became obvious at about 9 em of displacement that a very large amount of displace-
m r •• would be required to define .,. . To expedite the test, & was increased from 5.6 X 10-3 to 
28 X lo-3 fm/min. When sufficienf di~Wlacement had accumulated to ~efine .,. r at this faster 
velocity, 6 was decreased to 5.6 X 10-3" em/min. 
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The stress versus displacement curves for the tests on the overconsolidated material, shown 

in Figs. 8-14 and 8-15, have a much more pronounced peak than the tests on the normally consoli

dated material. The sharp peak may be influenced by negative pore pressures which were unable to 

dissipate during the early stages of the tests. 

8.4.2 SLAKED, UNCRUSHED CUCARACHA 

Duplicate tests on the uncrushed and crushed material, which had widely different plasticity 

characteristics, gave essentially identical residual strengths (see Fig. 8-19). Comparison of the 

stress versus displacement curves for these tests (Figs. 8-17 and 8-18) shows that at least ten 

times more displacement is necessary to reach the residual state in tests using the uncrushed 

material. Observation and manipulation of the uncrushed material at the completion of a test indi

cated that the plasticity of the material had been increased significantly. This increase in plasticity 

is mainly due to breaking down the silt and fine sand-size grains which are conglomerated grains of 

clay. When the uncruslted material is tested at higher vertical stress, _.the larger shear stresses 

are more efficient at crushing the material and less deformation is required to achieve the residual 

strength, as demonstrated by comparing Figs. 8-17 and 8-18. 

Finding that the residual strength of the uncrushed and crushed Cucaracha are identical sug

gt?sts that the technique of preparing remolded materials may not be too important when measuring 

t '.'le residual strength. If confirmed by tests on other materials, this result can save considerable 

effort ' hen testing highly overconsolidated clays which usually are difficult to remold. Although 

large displacements may be needed if re olding is incomplete, most of the disp~acemer-t can be 

obtained at a rapi~ rate which can be reduced when the residual strength is mey.sured. 

The resu~ts of duplicate tests on the uncrushed and crushed Cucaracha also emphasize the 

difficulties of obtaining a simple r elationship between residual strength and plasticity or grain-size 

distribution. While the Atterberg limits of a clay are affected by the degree of remolding, the 

r esidual strength may not be influenced because of the remolding that takes place during the test. 
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CHAPTER 9 

LONDON CLAY 

9.1 PURPOSE AND SCOPE 

Attempts to measure the residual strength of undisturbed Pepper Shale were inconclusive due 

to redistribution of a   on the disc-shaped specimens (Section 7.3.3).   The consistency and homo- 
geneity of the London Clay permitted trimming undisturbed annular specimens, thus minimizing 

errors due to redistribution of a . 
To determine whether there was any difference between the reoidual strength of remolded 

and undisturbed specimens, the following tests were performed: 

State Specimen 
Shape Confinement Range of äv 

kg/cm2       j 

Undisturbed 

Remolded 

Annulus 

Annulus 

Solid ring 

Solid ring 

1 to 8        j 

1 to 8 
1 

The large amount of test data reported in the literature (Skempton et al., 1969) concerning the 
residual S strength of London Clay obtained from repeatedly reversed direct shear tests provided 
an excellent opportunity to compare the results of these tests with results obtained from rotation 

shear tests. 

9.2   SOIL DESCRIPTION 

The London Clay was obtained from Professor A. W. Bishop of Imperial College, London, and 
comes from a reservoir site at Wraysbury, South Buckinghamshire.  The sample was a five-inch- 
long section from a four-inch-diameter undisturbed sample taken at a depth of about 40 feet. 

The clay as received was stiff, brown and had a water content of about 28%.    It was easily 
trimmed with a knife and could be remolded with moderate effort, having the consistency of a 
medium to highly plastic clay.  The sample appeared to be essentially homogeneous at first 
inspection, with a few small (1 to 2 cc) pockets and lenses (less than 0.5 mm thick) of fine sand. 

When trimming the undisturbed test specimens, it became clear that there was silt or fine sand 
scattered throughout the sample.   There were several zones which felt more "gritty" (when trimmed 
with a knife) than the bulk of the sample.   No slickensides or fissures were observed in the sample. 

Pieces of undisturbed soil immersed in distilled water swelled without disintegration.  After 

swelling for 48 hours, the soil could be easily remolded to a smooth paste. 
Air-dried chunks of the undisturbed soil slaked to discrete pieces ranging in size from 3 mm 

down to being barely distinguishable to the unaided eye.  The larger pieces had a well-defined lami- 
nar structure but had a basically bulky shape.   After being submerged for 30 minutes, the air-dried 

soil was very easily remolded to a smooth paste between the fingers. 

In the letter of transmlttal, the soil is referred to as the Blue London Clay. 

K      ■■    — 
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This sample of the London Clay (undisturbed state) effervesced strongly when treated with 
hydrochloric acid. 

The liquid and plastic limits of the soil remolded from its natural water content were 71.5 
and 22,4, respectively.   These results are plotted on the Plasticity Chart in Fig. 9-1.   At the 
plastic limit, the soil was tough.   At a water content below the plastic limit,  it acquired a medium 
shine when rubbed on the thumbnail.   The remolded, air-dried soil had a high dry strength.  The 
specific gravity of the solids was 2.72. 

The results of two hydrometer tests using a 0.01 N solution of sodium metaphosphate are 
shown in Fig. 9-2.  The upper one inch of the sample was remolded from the natural water content 

to a water content of about 65% and used for tests to determine the residual strength from remolded 
specimens.   A second hydrometer test was performed on a representative section of the sample 
used for undisturbed specimens because this section of the sample was thought to have more silt 
than the upper one inch of the sample.   The results from these tests are practically identical.  The 
expectation that the portion of the sample used for the undisturbed specimens was more silty than 

the portion used for remolded specimens is probably due to the "gritty" feel experienced when 
trimming the specimen with a knife.   The remolded soil, placed with a spatula, did not feel gritty. 

9.3   TEST RESULTS 

9.3.1   REMOLDED NORMALLY CONSOLIDATED SPECIMENS 

The stress versus displacement curves for these tests are shown in Figs. 9-3 to 9-5 and the 
results are summarized in Table 9-1.   The residual strength line shown in Fig. 9-7 is drawn as a 
straight line, through the origin at a slope of 8.3 degrees.   Figure 9-6 is a summary plot of the 
shear stress versus displacement curves and shows: 

1.   The ratio T /CT   decreases from 0.362 to 0.273 as ä   increases from 1 to 8 kg/sq cm. 

2. The displacement to the peak strength (6 ) is independent of CT   and equal to about 0.10 cm. 

3. The displacement required to achieve the residual strength (6 ) ranges from about 10 cm for 

tests at ä   = 1.0 and 2.0 kg/sq cm to 4 cm for the test at ä   - 8.0 kg/sq cm. 

Figure 9-6 indicates that the rate of soil extrusion was much larger in TEST 3 than in the 
other tests in this series.   The last point plotted on the AB versus 6 curve (Fig. 9-5) for TEST 3 
appears suspicious, and may be in error.   The rate of extrusion for each specimen of remolded 
London Clay is shown in Table 9-5.   Two rates of extrusion are shown for TEST 3; the first value 
was computed using the slope of the AB versus 6 curve at the final plotted point (Fig. 9-5), and the 
second value uses the slope at the penultimate point.   This second value fits the pattern established 

by the other tests and supports the suspicion that the final point on the AB versus 6 curve of 
TEST 3 may be in error. 

The large values of AB/B   at the end of the tests (Table 9-5) are due to both soil extrusion 

and the very large shear strains in the tests. 
Table 9-5 shows that the extrusion which occurred in TEST 3 has not affected the measured 

residual strength. 
Table 9-1 ehows that T /ä   for TEST 1 (5   ■ 1.0 kg/sq cm) is slightly higher than Tr/äv for 

the other tests.   This tendency was also observed in the results from tests on the crushed 
Cucaracha "Shale" but not for remolded Pepper Shale.   It seems reasonable to assume that in some 
soils the soil particles cannot be as effectively arranged at low stresses as at higher stresses, 
causing the strength line to curve slightly at low stresses.   Sufficient data have not been collected 
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at very low vertical stresses to substantiate this hypothesis. 

Descriptions of the failure planes at the end of these tests are summarized in Table 9-2. All 
the failure planes had a medium shine which was significantly less reflective than the failure planes 
obtained with the Pepper Shale or the crushed Cucaracha material. 

9.3.2 UNDISTURBED ANNULAR SPECIMENS 

Stress versus displacement curves for the four tests in this series are shown in Figs. 9-8 to 
9-11 and the results are summarized in Table 9-3.   The residual strength line shown in Fig. 9-13 
is a straight line through the origin at a slope of 9.3 degrees.   Figure 9-12 is a summary plot of the 
shear stress versus displacement curves from these tests and shows: 

1. The ratio T /«r   decreases from 0.342 to 0,320 as 5   increases from 2.0 to 8.0 kg/sq cm. 
TEST 4 (ä   = 1.0) deviates from the pattern and the ratio T lä   for this test is 0.315. v p'  v 

2. The displacement required to reach the peak (6 ) is essentially independent of ä   and equal to 
about 0.08 cm. 

3. The displacement required to reach the residual strength (6 ) is about 40 cm for the tests at 

ä   = 1 and 2 kg/sq cm, about 3 cm at 5   = 4 kg/sq cm, and 10 cm for CT   = 8 kg/sq cm. 

The AB versus 6 curves for the tests on undisturbed specimens are very similar to the AB 
versus 6 curves for the remolded specimens (compare Figs. 9-6 and 9-12).   For each type of speci- 
men, more soil extruded for the test at 5   = 8.0 kg/sq cm than for tests at the lower vertical 
stresses, but the results of these tests fall on the straight strength lines formed by the other tests 
in each series. 

The peak strength lines obtained from the tests on undisturbed specimens and remolded 
specimens are shown in Fig. 9-14.   The peak strengths from undisturbed and remolded specimens 
are surprisingly similar, and the small difference between the peak strengths of the remolded and 

* 
the undisturbed soils may indicate the specimens were not truly undisturbed.     Another indication 

that the specimens were disturbed are the AB versus 6 curves for these tests which show the un- 
disturbed soil is in a contractive state during shear, even at ä   = 1 kg/sq cm.   The disturbance 
may be from sampling or due to trimming the specimens as discussed in Section 7.3.3. 

Results of direct shear tests on specimens cut from an undisturbed block sample of London 
Clay from Wraysbury, with similar Atterberg limits and grain size distribution, have been 
published by Skempton et al., (1969).  The peak strength line from these tests, plotted in Fig. 9-14, 
has a cohesion intercept of 0.32 kg/sq cm.   The data reported by Skempton have considerable 
scatter, with the ratio r /ä   ranging between 0.82 and 0.43 as ä   increases from 0.6 to 
4.2 kg/sq cm.   The peak strength line from the annular rotation shear tests may be low because of 

possible disturbance as discussed above. 

9.4   CONCLUSIONS 

Residual shear strength lines from tests on remolded and undisturbed annular specimens are 
shown in Fig. 9-7 and Fig. 9-13, respectively.   Both strength lines have been drawn as straight 
lines through the origin. The strength line from undisturbed specimens is inclined at 9.3 degrees 
while the one from the remolded soli is inclined at 8.3 degrees.   The reason for this difference is 
not clear but may be related to different ion concentrations in the pore fluid due to remolding the 

The standard procedure for obtaining 4-inch-diameter samples in England la tu drive a thin-wall 
tube that has a cutting shoe at the bottom into the clay. 

M« 
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soil with distilled water (Kenney, 1967).   The influence of changes in ion concentration in pore 

fluids has not been adequately investigated. 

In Fig. 9-15 the residual strength of the Fondon Clay from Wraysbury is compared with 

results published by Skempton e^ al. (1969) on samples of London Clay from the same site and with 

similar Atterberg limits and grain size distribution.   The residual strength reported by Skempton 

is much greater than the residual strengths obtained using rotation shear tests.   This difference 

may be due to not reaching the residual state in the direct shear tests (Section 2.3). 

The consequences of this large difference in residual strength are most important when 

attempting to evaluate experience with slope failures in overconsolidated clays.   Before guidelines 

can be established to estimate the design strengths to be used in such soils, it is important to 

accurately measure the peak and residual strengths. 
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CHAPTER  10 

SUMMARY AND CONCLUSIONS 

10.1 DEFINITION OF RESIDUAL S STRENGTH 

The residual S strength is the shearing resistance measured in an S test, at which a material 
undergoes continuous deformation under a constant state of effective stress and at a constant void 
ratio.   This unique condition of constant stress and constant void ratio during continuous deforma- 

tion is called the residual state which Poulos (1969) has suggested is identical to the critical state 
defined by Casagrande (1936) for sands. 

10.2 REVIEW OF FAST RESEARCH ON RESIDUAL STRENGTH OF CLAYS 

A review of past research revealed that in many cases the residual S strength had not been 
reached because of insufficient displacement.   As a result, many of the values of residual strength 
reported in the literature are too high.   The main reason for this error is believed to be due to the 
difficulty in recognizing when the shearing resistance becomes independent of deformation if the 
shear stress versus displacement curve is plotted with arithmetic scales.   In this investigation, 
displacements in rotation shear tests used to measure residual strength were plotted on a loga- 
rithmic scale.   This plotting technique accentuates the slope of the stress-displacement curve at 
large displacements, permitting the point at which the shear stress becomes independent of dis- 
placement (i.e.. the residual strength) to be chosen more precisely.  The ambiguity that can result 
from plotting the displacement on an arithmetic scale is illustrated in Figs. 2-1 and 2-2. 

10.3 DESIGN OF THE ROTATION SHEAR MACHINE 

Casagrande (1965) emphasized the advantages of using a rotation shear machine to study the 

residual strength of clay because it allows large unidirectional displacement to be applied to a 
specimen.   The rotation shear machine that the author designed and built for this investigation, 
referred to as the Harvard rotation shear machine,  permits: 

1. Testing disc-shaped specimens with a diameter of 7.11 cm or annular specimens with an out- 

side diameter of 7.11 cm and an inside diameter of 5.08 cm. 

2. The specimen thickness to be between 1 mm and 25 mm. 

3    Application of a vertical stress of 100 kg/sq cm on a disc-shaped specimen and 200 kg/sq cm 

on aii annular specimen. 

4. The rate of rotation to be varied in 10 increments from 1 rev/40 mln to 1 rev/28 days (rate 
of peripheral displacement of 5.6 X 10'   cm/mln to 5.6 X 10"   cm/min). 

5. The turqu" to be appllt-d with a smooth vibration-free transmission system. 

6. The use of (i) a horizontally split confining ring with clearances between 0 and about 
0.002 inch, or (ii) a solid confining ring. 

A second machine has been built which allows a maximum vertical stress of 25 kg/sq cm on a 
disc-shaped specimen and 50 kg/sq cm on an annular specimen. 

*M 
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Torque is applied to the bottom of the specimen by the transmission system.   Two force 

transducers measure the force couple necessary to keep the upper half of the specimen stationary. 
The design permits exchanging the transducers at any time during a test, which allows more sensi- 
tive transducers to be installed as the shearing resistance decreases to the residual strength. 

In general, a specimen thickness of 6 mm was adopted for use with a split confining ring and 
2 mm for use with a solid ring. 

When a solid confining ring is used, failure occurs near a porous disc.  When a split confin- 

ing ring is used, the specimen may be precut, forcing failure to occur in the center of the speci- 
men.   The measured residual strength was found to be the same whether failure occurred in the 
center of the specimen or near a porous disc. 

10.4   INVESTIGATION OF TEST ERRORS 

An investigation of test errors presented in CHAPTER 6 suggests that soil extruding from the 
boundaries of the specimen in a rotation shear test may cause a redistribution of the vertical stress 
on the failure plane.   At the residual state the measured moment is constant and the distribution of 

effective vertical stress, CT , must also be constant.   Nevertheless, the vertical stress may not be 
uniform.   Extrusion causes ä   to be lower at the periphery than at the center of the specimen and 
the measured moment at the residual state will be smaller than if ä   were uniform; hence, the 
residual strength computed by assuming a uniform distribution of ä   will be too low. 

Disc-shapec specimens hud lower residual strengths than annular specimens when extrusion 
was similar for both shapes.   These results suggest that the effect of extrusion (hence redistri- 

bution of ä ) increases as the ratio Ro/Ri of the inner specimen radius to the outer specimen 
radius decreases. 

It is reasonable to assume that the error caused by extrusion increases as the rate of soil 
extrusion increases, where the rate of extrusion is defined as the slope of the curve of change in 
thickness AB,   versus displacement 6, at the time the residual strength is measured. 

A solid confining ring with a radial clearance between the confining ring and the loading 
platens of 0.0005 in. was adopted to minimize the amount of extrusion.   For annular specimens 

used in this investigation (R^/R, - 0.70), a rate of extrusion of about 3 X 10~   in./cm did not 

noticeably influence the residual strength, r .   On the other hand, rates of extrusion as small as 
0.2 X 10~   in./cm are believed to have lowered r   by 20% (at ä   ■ 4.0 kg/sq cm) on tests using 
disc-shaped specimens (Section 7.3.3). 

Friction between the solid confining ring (which rotates) and the specimen and upper platen 

(which are stationary) is eliminated by removing the ring temporarily while obtaining the trans- 
ducer readings from which the moment Is computed (Section A-5). 

Other errors that are inherent in the Harvard rotation shear machine are discussed in 
CHAPTER 6 and APPENDIX A and show that the residual strength for an annular specimen using a 

solid confining ring is 0.4% to 1.4% higher than the correct valu°. 

10.5   TEST RESULTS 

10.5.1   REMOLDED, NORMALLY CONSOUDATED SPECIMENS 

The results of rotation shear S tests on annular specimens of three remolded, normally con- 
solidated materials are summarized in Table 10-1. and the relationship between residual strength 
and effective stress for each material is plotted in Fig. 10-1.   All specimens were confined by a 
solid confining ring. 

The shear stress versus displacement curves for all these tests reach a peak strength after 
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which the shearing resistance is reduced as displacement increases. At ö =1.0 kg/sq cm, the 
residual strength (T ) was about 45% of the peak strength, while at higher stresses T was about 

60% of the peak strength. 
Table 10-2 is a summary of the displacement required to reach the peak (6 ) and the residual 

(6 ) strengths.   The displacement required to reach the residual strength varied considerably for 
the three materials.   In general, the displacement in each test was continued to about ten times the 

displacement required to reach the residual strength.   The results from tests on Pepper Shale indi- 
cate that 6   decreases as ä   increases.   No such pattern could be definitely established with the 
other materials. 

The displacements required to reach the peak strength in these remolded, normally consoli- 
dated specimens correspond to axial strains of about 20% to 50% in the triaxial test. 

10.5.2  REMOLDED. OVERCONSOLIDATED SPECIMENS 

The effect of overconsolrdation on the residual strength was studied by performing tests on 
annular specimens of remolded Pepper Shale and crushed Cucaracha Shale at overconsolidation 
ratios (OCR) ranging from 1 to 100.  The results for Pepper Shale are summarized in Table 10-3. 
A series of tests on specimens consolidated to 10 kg/sq cm indicated that as the overconsolidation 
ratio increased from 2.5 to 10, T   was 1.6% to 21% higher than for identical, normally consolidated 
specimens.   A test at ö   = 1.0 kg/sq cm with an OCR = 100 did not continue this trend, however, as 
r   in this test was only 3.4% higher than for an identical, normally consolidated specimen.   The dis- 
placement required to reach the peak strength decreases from 0.06 cm to 0.02 cm as the OCR 
increases from 1 to 100.   There is no definite trend established between the displacement required 
to reach the residual strength and the OCR. 

Table 10-4 is a summary of the results of tests on overconsolidated specimens of crushed 

Cucaracha "Shale."   Three tests on normally consolidated specimens at ä   =1.0 kg/sq cm gave 
residual strengths of 0.151 to 0.195 kg/sq cm.  Tests at ö   ■ 1.0 kg/sq cm and with an OCR of 10 
and 100 gave residual strengths of 0.160 and 0.180 kg/sq cm. respectively.   No definite conclusion 

concerning the effect of OCR on the residual strength can be drawn from these limited data. 

10.5.3   RESIDUAL STRENGTH OF REMOLDED AND UNDISTURBED SPECIMENS OF 
LONDON CLAY 

The relationship between r   and ä   from rotation shear S tests on remolded and undisturbed 
annular specimens of London Clay from Wraysbury are shown In Fig. 10-2.   Results of triaxial 
tests on specimens sheared along a joint or fissure,  published by Skempton et al. (1969). on 
samples of London Clay from the same site and with similar Atterberg limits and grain size distri- 
bution are also plotted in Fig. 10-2.  The residual strength reported by Skempton is almost twice as 
large as the strength measured by the author.   The reason tor this difference is not clear, but may 
be due to not reaching the residual state in the triaxial shear tests (Section 2.3). 

In the triaxial tests reported by Skempton et al. (1969), the relative movement along the 
failure plane was about 6 mm.   If the rotation shear tests on undisturbed specimens of London Clay 
reported in Section 9.3.2 had been stopped at 6 mm of displacement (Fig. 9-12), the slope of the 
shearing resistance versus effective stress line would have been about 14 degrees for ö   between 
0 and 2.0 kg/sq cm and about 11 degrees at ö   • 8.0 kg/sq cm. 

The residual strength line (r   versus ö ) from rotation shear tests on the undisturbed speci- 
mens is inclined at 9.3 degrees and the strength line from remolded specimens is inclined at 8.3 

degrees.   The reason for this difference is not known, but may be due to decreasing the ion 
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concentrations in the pore fluid of the remolded specimens due to remolding the soil with distilled 
water.   Kenney (1967) has shown that T   increased foi 
the ion concentration of the pore fluid was increased. 
water.   Kenney (1967) has shown that T   increased for both montmorillonite and hydrous mica when 

10.5.4 RESIDUAL STRENGTH OF CRUSHED AND UNCRUSHED CUCARACHA "SHALE" 

The Cucaracha "Shale" was remolded by two methods, which gave widely different liquid and 
plastic limits.   The material referred to as uncrushed Cucaracha "Shale" was remolded by air- 
drying and slaking four times, resulting in a liquid limit of 49 and a plastic limit of 28.   The crushed 
Cucaracha "Shale" was air-dried a fifth time and ground in a disc mill to a fine powder and re- 
molded with distilled water.   The liquid and plastic limits of the crushed soil were 156 and 42. 

Duplicate tests on the crushed and uncrushed material gave essentially the same residual 
strengths.   Table 10-5 summarizes the results of these tests and shows that about ten times more 
displacement was necessary to reach the residual strength in tests using the uncrushed material. 
Observation and manipulation of the material from the failure zone of the uncrushed Cucaracha 
specimens indicated that its plasticity had increased significantly when compared to material out- 
side the failure zone.   This increase in plasticity is believed to be due to breaking down silt and 

fine sand-size grains which are really clusters of clay-sized grains.   Apparently, the shear strains 
applied during the test break down these clusters while air-drying and slaking four times does not. 

Finding that the residual strength of the uncrushed and crushed Cucaracha are identical sug- 
gests that the technique of preparing remolded materials may not be too important when measuring 
the residual strength.   If confirmed by tests on other materials, this result can save considerable 
effort when testing highly overconsolidated clays because usually they are difficult to remold. 
Although large displacements may be needed if remolding is incomplete, most of the displacement 
can be obtained while rotating rapidly at first and then reducing the rate, if necessary, to measure 

the residual strength. 
The results of duplicate tests on the uncrushed and crushed Cucaracha also emphasize the 

difficulties of obtaining a correlation between residual strength and plasticity or grain size distri- 
bution.   While the Atterberg limits of a clay are affected by the degree of remolding, the residual 
strength may not be influenced because of the degree of remolding that takes place during the test 

itself. 

10.5.5 EFFECT OF RATE OF DISPLACEMENT ON RESIDUAL S STRENGTH 

Table 10-6 summarizes the results of tests performed to investigate the effect of the rate of 

peripheral displacement on the residual strength.  Each specimen was initially sheared at 
• -3 6 - 5.6 X 10     cm/min.   When the residual strength was clearly defined, the velocity was reduced 

- 3 to 0.56 X 10     cm/min.  No significant change in the shearing resistance was measured for any of 
the three materials.   When the shearing resistance was determined at i ■ 0.56 X 10     cm/min for 

• -3 the crushed Cucaracha Shale, 4 was increased to 56 X 10      cm/min.   This one-hundredfold 
increase in shearing velocity caused only a 3.5% increase in the measured residual strength. 

10.6  SUGGESTIONS FOR FUTURE RESEARCH 

(1)  Investigation of the effect of soil extrusion on the residual strength measured in a rotation 
shear test indicate that soil extrusion can be a major source of error.   It was suggested (Section 
6.2.4) that extrusion causes a redistribution of the vertical stress on the specimen.   Further 
investigation is needed to determine the distribution of the vertical stress at both the peak and 
residual strengths.   These investigations could be carried out ubing specimens which are confined 
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by a split ring designed to permit control of the clearance between the halves of the ring, permit- 
ting the rate of extrusion to be varied.   The rings should also be designed to allow them to be 
temporarily separated to eliminate friction caused by the soil extruding between them.   The follow- 
ing factors should be studied: 

1. Effect of the rate of extrusion on the residual strength of specimens with a given ratio of 
RJJ/RJ. 

2. Effect of the ratio. Rg/R., on the measured residual strength for a given rate of extrusion. 

(2) The working hypothesis presented in CHAPTER 1 suggests that void ratio on the failure 

plane when the residual state is reached is independent of the initial void ratio of the specimen.   A 
special investigation is required to determine whether meaningful measurements of this void ratio 
can be made. 

(3) Further investigation is needed to establish the most efficient and practical procedure for 

determining thv residual strength.   This investigation could be based on results from identical 
specimens tested at various rates of displacements that were constant for the entire test.  The 
rates of displacement used should include several which did not permit full drainage during the 
early stages of the test, but the tests would be continued until a constant shearing resistance was 
reached.   Results from these tests would be compared with results from specimens sheared slowly 
enough to insure full drainage during the entire test.  Other specimens would initially be sheared at 
a rapid test rate to obtain large displacements and then the shearing velocity reduced to determine 

the residual S strength. 

(4) It has been suggested that the reduction in shearing resistance beyond the peak strength 
for normally consolidated specimens is due to orientation of the clay particles in the direction of 
movement (Hvorslev, 1960).   A qualitative relationship between the degree of orientation and the 
shearing resistance might be obtained by examining, with a scanning electron microscope, the 
cross section of specimens from tests terminated at various displacements.   Variables which 
should be studied are ovcrconsolidation ratio, grain size distribution and plasticity characteristics. 

(5) Tests are necessary to determine the accuracy with which residual strength can be 
measured by reversing the direction of movement on the failure plane.   Tests should be performed 
in a rotation shear machine which would permit reversing the direction of movement until a 
constant shearing resistance is reached.   The test should then be continued with rotation in one 
direction to determine the magnitude of the change in shearing resistance. 

(6) Since the residual strength of the uncrushed and crushed Cucaractu. Shale are similar, 
the technique of preparing remolded materials apparently is not important when measuring the 
residual strength of this material.   Testing of other materials remolded by various techniques is 
suggested.  If this result applies to other soils, the considerable effort needed to prepa e remolded 
specimens of highly overconsolidated clays would not be required. 

(7) Further investigations of the effect of ovcrconsolidation on residual strength are beliuved 
to be desirable.  The difference In the strength of normally consolidated and overconsolidated 
specimens tested by the author was found to be small.   Other materials should be tested, and a 
larger number of tests performed to obtain statistically significant results for each comparison. 
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T ABLE 8• 1 

ROTATION SIIEAR S n : ST 0 ' ROUND MUSCOVITE - DISC-SliAPED SPECIMENS 

Type of lnhlal Re•idua l Shear Strenl(th Rate o~ SoU F.xtrut lon Location Teat Confinh.a Molttur q/aq em to· 1nc::hee /cm or Failure "'•· ,..0. 
Rtnc Content o ... .. 1.0 o .... 2.0 o ... . 1.0 o ... . 2 . 0 Plane No. 

[m•- • Split 60.0 0.232 0.480 1.2 2.2 Cente r 8- 3 

l <at - 2 Split fi2. 2 0.226 0.465 0.6 8.0 Cte nter 6- 4 

GM-3 Solid 67.3 0.27 1 0 .~ 58 0.2 0.7 ~~:mm,:, 6-5 

CM-4 Solid 6 1. 0 0.247 0. 520 0.4 1.5 l.Omm 6-6 
from t :MJ 

TABLE 6-2 

ROTATION SHI'.AR S TESTS ON GROUND MUSCOVll' E - ANNULAR SPECIMENS 

Type or Initial Ret idual Shear St.renf'h Rate or Son Eatru•lon LocAtion Tett Conlin Inc Motature q/aq em to·4 lnchet/c:m 
t.. ~ •~allure "'' No. Rtnc Content o ... -o.~ O..,• t.O o ... -z.o o ... -o.s ;; .... . . o a ... -2.o Plane No. 

CM-5 Split 62.0 v.zso 0.556 1.1 3. 8 Cent~ r 6- 13 

CM-6 Split 63 .2 0.285 0.560 3.2 3.0 Center 6-14 

CM-7 Sol id 64. 7 0. 156 0.281 0.553 0.4 0.5 1.3 o .o mm 8-15 r m top 

CM -C S<.Ud 59.5 0.284 0.550 0.4 1.8 0. 5 mm 6- 16 from top 
-~ 

'tett Type of 
Conlln1n& No. Rtnc 

WSS-1 Spilt 

wss-z Solid 

Te1t Typr of 

No. conttninc 
Rtnr 

w -3 Split 

WSS-4 Solid 

TABLE 6-3 

ROT Tl SHEAR S TESTS ON WARM SPRINGS ~HALE 

DISC-SHAPED SPECIMENS 

M~l~~~re 0 v T r Location 
of Failure 

Conte nt q/em2 k&/emz P lane 

35.5 1.0 0.455 Unable to 
;ut..)lt 

56.0 1.0 0.415 0.5 mm 
fro.,. tov 

TABLE 8-4 

ROTATION SHEAR S TESTS ON WAKM SPRUi()S SHALE 

ANNULAR SPECIM ENS 

Initial o. .. LocaUon 
Moi etu.re 

-..fem2 kl/em2 
of Fallure 

Content P lane 

38.1 1.0 0.477 Center 

36.5 1.0 0.462 0 , $ mm 
from top 

TA BLE 6-5 

~···· No. 

--
6-8. 6-10 

6 · 1! 

F t1. 
No. 

8-IU, 6-20 

6-21 

·-

EI'FECT OF ' UlCTF.D SOIL EXTRUSI ON T ..SIDUAL STRENGTH OF ULAR SPE CIMENS 

o. .. Tr/Gv ~ .. 6T r/T r 
Sv l 

k&/e m2 k&/e m2 
When Extru1ton 

Allo•~ 
.,. 

Remo)ded 
Warm Sprinl'l Shale 1.~ 0.471 0.4 17 - 0.071 • 15 

Retn.:ldcd I 
Cue"'' •cha "Shale'' 1.0 0. 185 0. 185 - 0.00' - 2.5 

Remolded 
Cuuracha "Shale" a.o 1.070 0. 128 - 0. 100 - 8.8 

• Remolded 
Pepper Shal 1210 1.529 0. 127 - 0. 120 ~ 7.8 



TABLE 7- 1 

ROTATION SHEAR S TESTS ON REMOLDED PEPPER SHALE 

NORMALLY CONSOLIDATED ANNULAR SPECIMENS; 6 • ~.6 X 10· 3 e m / m in 

Tot lnl tial c. .. I kl;:m 2 

Tp/Ov T 'r/Ov T r/Tp 6p ' r F11. 
No. ::..•ter •o r No. ., 'q/ cm2 

'q/c m
2 

C IT. c .... 

I 6 1. 8 1. 71 I 1 . 2~ 0. 26~ 0.255 0. 11 8 O. I IB 0 .462 0.060 3 .0 7-3 

2 o.u o 0. 126 

4 o.5U 0. 129 

2 6 1.2 1.69 4 1.09 0 .885 0 .22 1 o . ~oo 0. 125 0. 685 0.088 7.0 7- 4 

3 60.0 1. 68 8 0.4 16 1.592 0 . 199 1.040 0. 1?0 0 .652 0.088 2 .5 7-~ 

4 89. 1 1.91 12 0.485 2 . ~00 0.201 1.~29 0. 127 0 .810 0 .090 1.~ 7-6 

20 2 .680 0. 134 

T ABLE 7- 2 

ROTATION HEAR S TF.STS ON REMOLDED PEPPER SHAL E 

DESCRlPTION OF FAILUR.E ?LANES - NOR MALL\. CONSOUDATED AN NULAR SPECIM ENS 

Teat Initial •. No. Wate r Deacr lption 
Content 

'q/c m 2 

"' 
I 6 1.1 I Ve ry ahl ny allckenaldea at aeveral elnoaUona ln apectmen 

2 Could not ~parate aper hnen on continuoua faUune plane. 
4 SlickeMldel were flat and had ahallow c-ircular atr lat lona . 

2 61.2 4 Very Oat , ahiny failure plane ad cent to uppe? poroua 
d I C. 

3 60.0 8 Very Oat. atuny f&llun plane -dth ahaJlow circular 
atrtationa , about 0. ~ mm from upper porcr .. a diac . 

4 e . I 12 Ve ry flat and very r lf\Y fa ilure plane located in ce nter of 
20 apeclmen which wac about 1 mm th ick. 

-

TACLE 7- 3 

ROTATI HEAR S TESTS ON REMOLDED PEP PER SHALE 

EFFECT OF PECIMEN .>!tAPE ON RESJ{'UAL STRENGTH: 6 • 6.6 )( 10·3 c m/mln 

Tut lnlt W I •. T •pi". •r "rl0v "r/Tp ' ' r F IJ . 
No. 

Water eo c p p No. Contem 
'q/cm 2 'q/c m 2 'q/c m 2 

"' 1 e m em 

I 
I 81.8 1 • 1 1 I 1.25 D. 255 0 .2SS 0. 111 0. 11 8 0 .482 0 .080 s.o 7 - 3 

AMul~ ~ o.u o 0. 12 ~ 7- 8 

• 0. 515 0 . 128 

$ 61.3 1.60 I 1.06 0 .211 0 .2 18 0. 11! 0. 11 ~ 0.628 0. 126 8.0 7· 8 

Dltlc 2 O.U) 0. 115 7-9 

4 0.4!!0 0. 122 

/ 



T
A

B
L

E
 7

-4
 

R
U

T
A

T
IO

N
 S

H
E

A
R

 S
 T

E
S

T
S

 O
N

 
R

E
M

O
L

D
E

:l
 P

E
P

P
E

R
 S

H
A

L
E

 

E
F

F
E

C
T

 O
F

 O
C

R
 O

N
 

R
E

S
ID

U
A

L
 S

T
R

E
N

C
T

H
 (

A
N

N
U

L
A

R
 S

P
E

C
IM

E
N

S
}

: 
o •

 ~.
6
X
 1

0•
S

 
e
m

/m
in

 

T
ea

t 
In

it
ia

l 
•• 

;;y
 

O
C

R
 

•e
 

T
 

"p
tav

 
.. 

'r
/i

., 
"r

'"
p 

' 
'• 

F
ie

. 
N

o
. 

W
at

er
 

.. 
p 

N
o.

 
C

o
n

te
n

t 
l.

f;
/c

m
2 

"-
!/

em
2

 
:.

C
/e

m
2 

" 
em

 
e
m

 

I 
6

1
.1

 
1.

71
 

I 
I 

0
.1

2
5

 
0.

2&
1 

0
. 2

"
 

0
.1

11
 

O
.l

ll
 

0
.4

62
 

0
.0

60
 

3
.0

 
7

-3
 

7 
63

,4
 

1
.7

5
 

I 
10

 
0

.7
30

 
O

.U
I 

0
.4

S
I 

0
.1

41
 

0
.1

41
 

0
.3

22
 

0
.0

23
 

2
.0

 
7

-1
2

. 

7
-1

1
 

• 
6

2
.0

 
I.

 71
 

I 
1

0
 

0
.1

0
6

 
0

.4
32

 
O

.U
2

 
0

.1
45

 
0

.1
4

5
 

O
.S

S
5 

0
.0

22
 

3
.0

 
7
-U

. 

7
-1

1
 

9 
11

.5
 

1.
70

 
2 

5 
0

.4
57

 
o.

n
s 

O
.S

29
 

0
.2

U
 

O
.I

U
 

0
.4

03
 

0
.0

33
 

4
.0

 
7

-1
4

. 

7
-1

1
 

10
 

6
1

.5
 

1
.7

0
 

4 
2

.5
 

0
.~
6
9
 

1.
11

0 
0

.2
10

 
0

.1
10

1 
0

.1
27

 
O

.U
I
 

0
.0

54
 

1
.0

 
7

-I
S

. 

7
-1

1
 

11
 

1
3

.1
 

1.
74

 
I 

10
0 

0.
11

1 
0

.1
10

2 
0.

11
02

 
0

.1
22

 
0

.1
1

1
 

0
.2

43
 

0
.0

1
9 

7
.0

 
7

-1
7

 

T
A

B
L

E
 

7
-1

 

II
O

T
A

T
IO

I'I
 S

H
E

A
R

 S
 T

E
S

T
S

 O
N

 
U

N
D

IS
T

V
R

II
E

D
 P

E
P

P
E

R
 !

K
A

L
E

 

D
IS

C
-S

H
A

P
E

D
 S

P
E

C
D

IE
II

S
: 

o •
 5.

1 
X

 1
0

·3 
em

/r
tt

la
 

T
ea

t 
In

it
ia

l 
•• 

;;
. 

•• 
., 

•p
/ii

• 
•• 

"r
/i.

, 
"r

''p
 

' 
'• 

F
ie

. 
N

o.
 

W
at

er
 

p 
ll

o
. 

C
o

r-
.e

ft
l 

'q
/e

m
2 

'q
/e

ra
2 

'q
/e

m
2 

" 
e
m

 
.... 

- 12
 

10
.3

 
o.

n
o

 
I 

0
.4

4
8

 
0

.2
5

2
 

0
.2

5
2

 
O

.I
U

 
0

,1
12

 
0

.«
5

 
0

.0
41

 
so

 
, ....

. 
7

·1
4

 

13
 

2
0

.0
 

0
.5

52
 

I 
O

.S
I3

 
0

.2
71

 
0

.2
71

 
O

.I
U

 
0

.1
1

1 
O

.U
t 

0
.0

70
 

2
0

 
1

·2
0

, 

7
·1

4
 

14
 

2
0

.1
 

0
.5

74
 

2 
0

.4
5

6
 

0
.1

1
1

 
0

.3
0

8
 

0
.2

5
3

 
0

.1
21

 
0

.4
1

0 
0

.0
10

 
I
I
 

7
-2

1
 

7
·1

4
 

IS
 

21
.1

 
0

.5
13

 
4 

0
.4

0
1

 
1

.0
1

0
 

0
.2

60
 

0
.4

0
0

 
0

.1
00

 
0

.3
7

1
 

o.
o

n
 

3
0

 
7

-2
2

. 

7
-2

4
 

16
 

2
0

.3
 

0
.5

6
0

 
4 

I . 3
81

 
1

.1
0

0
 

0
.2

10
 

0.
4

0
0

 
0

.1
0

0
 

0.
31

4 
0

.0
32

 
3

5
 

7
·2

3
, 

7
-2

4
 

. 

T
ea

t 
N

o.
 

7 • 8 10
 

11
 

T
H

t 
N

o
. 

12
 

u 14
 

I
!
 

I
I
 

T
A

B
L

E
 
7

·5
 

R
O

T
A

T
IO

N
 

S
H

E
A

R
 S

 T
E

S
T

S
 O

N
 

R
E

M
O

L
D

E
D

 P
E

P
P

E
R

 S
H

A
L

E
 

D
E

S
C

R
IP

T
IO

N
 O

F
 

F
A

IL
U

R
E

 
P

L
A

N
E

S
-

O
V

F
.R

C
O

N
S

O
U

O
A

T
E

D
 A

N
N

U
L

A
R

 S
P

E
C

IM
E

N
S

 

In
it

ia
l 

;;y
 

W
a.

te
r 

O
.C

.R
. 

D
ea

cr
lp

tl
on

 
C

on
te

n
t 

'q
/c

m
2 

,. 
63

.4
 

I 
10

 
V

e
ry

 a
hl

ny
 r

au
u

re
 p

la
n

e 
w

tt
h 

ah
al

1o
w

 r
ad

ia
l 

an
d 

ta
n

ce
n

tt
al

 u
nd

u.
la

tl
on

a 
an

d 
v

er
y

 a
h

al
lo

w
 

c
ln

 ...
 ta

r 
a
t
r
i
a
t
l
C
W
~
a

. 
L

oc
:a

te
d 

ab
ou

t 
0.

3 
m

m
 

b
el

ow
 u

pp
er

 p
la

te
n.

 

82
.0

 
I 

10
 

U
na

bl
e 

to
 a

ep
ar

at
e 

ap
ec

tm
en

 o
n 

e.n
tl

re
 f

a
U

u
re

 
p

la
n

e.
 

S
ev

er
al

 v
er

y
 a

hi
.n

y 
el

ic
k

en
ei

d
ea

 w
it

h 
ra

d
ia

l 
an

d 
ta

n
ce

n
ti

al
 u

nd
ul

at
to

na
. 

6
1
.
~
 

2 
5 

V
er

y 
ah

in
y 

fa
l:

•1r
e 

p
la

n
e 

ad
ja

ee
n

t 
to

 u
p

p
er

 
p

or
ou

a 
d

la
c.

 

8
1

.5
 

4 
2

.5
 

V
er

y 
ah

in
y 

fa
tl

\.
re

 p
la

n
e.

 
ea

ae
n

tl
aU

y 
n

at
 b

ut
 

w
it

h
 e

om
e 

ah
al

1o
w

 r
ad

la
l 

aw
t 

ta
n

ae
n

ti
al

 u
n

d
u

· 
la

tl
on

a.
 

L
oc

at
ed

 a
bo

ut
 0

.3
 m

m
 b

el
ow

 u
p

p
er

 
p

la
te

n.
 

83
.1

 
I 

10
0 

S
p

ec
im

en
 d

ea
tr

oy
ed

 d
u

rt
n

c 
ae

p
ar

at
lo

n
 o

f 
p

la
te

n
a

. 
-
-

-
-
-
-

T
A

B
L

E
 7

·7
 

R
O

T
A

T
IO

N
 S

H
E

A
R

S
 T

E
S

T
S

 O
N

 
U

N
D

IS
T

U
R

B
E

D
 

P
E

P
P

E
R

 S
H

A
L

F
. 

D
E

S
C

R
IP

T
IO

N
 O

F
 F

A
IL

U
R

E
 P

L
A

N
E

S
 

In
it

ia
l 

i 
W

at
er

 
. 

O
eo

c:
rl

pt
lo

n 
F

le
ur

• 
c
-

'q
/c

m
2 

N
o.

 

" 
20

.3
 

I 
V

er
y 

ah
ln

y
. 

fl
at

 f
aU

u
re

 p
la

n
e 

w
tt

h 
ci

rc
u

la
r 

7
-8

 
81

rl
at

lo
n

a 
lo

ca
te

d
 a

d
ja

ce
n

t 
to

 u
p

p
er

 p
or

ou
.a

 
d

ia
c.

 

2
0

.0
 

I 
S

am
e 

u 
T

ea
• 

12
. 

7
-1

9
 

20
.1

 
2 

V
er

y 
ah

in
y,

 
O

at
 f

aU
u

re
 p

la
n

e 
w

it
h 

ci
rc

u
la

r 
7

-2
0

 
-'

ri
at

lo
n

a 
lo

ca
te

d
 a

bo
ut

 0
.3

 m
m

 b
el

ow
 u

p
p

er
 

p
la

te
n

. 

21
.1

 
4 

V
er

y 
ah

in
y.

 
fl

at
 f

aU
u

re
 p

la
n

e 
w

it
h 

ah
aU

ow
 

7
-2

1
 

ci
rc

u
la

r 
au

la
tt

on
a 

Jo
e:

at
ed

 a
d

)a
ce

.n
t 

to
 u

pt
)e

r 
p

or
ou

a 
dl

ac
. 

20
.3

 
I 

4 
S

am
e 

u 
T

ea
t 

13
 . 

7
-2

2
 

-
-
-
-
-

I 

• "' 

~ 



T
A

B
L

E
 1

·1
 

R
O

T
A

T
IO

N
 S

ll
E

A
R

 S
 T

E
S

T
S

 0
:-1

 
S

L
A

K
E

D
 A

N
D

 C
R

U
S

ti
E

D
 C

IJ
C

A
R

A
C

II
A

 "
S

H
A

L
E"

 

N
O

R
M

A
L

I.
Y

 C
O

N
S

O
U

D
A

T
E

D
 A

N
N

U
L

A
R

 
S

P
E

C
IM

E
N

S
: 

0 
• 

5
.6

 X
 1

0
·!

 
cm

fm
Jn

 

T
e
ll

 
In

tt
L

al
 

•• 
ov

 
••

 I
 

'p
 

",
/•

v 
'r

 
"r

/O
v 

"r
/"

p 
'P

 
•• 

F>
c .

 
N

o
. 

"
'"•

le
r
 

N
o.

 
C

o
n

te
n

t 
1

q
fc

m
2 

lq
/c

tn
2 

lq
/c

m
2 

,. 
em

 
e

m
 

I 
12

9.
1 

3
.t

8
2

 
L

O
 

2 
.•

••
 

0.
4

1
0

 
o.

uo
 

0
.1

15
 

0
.1

01
 

0.
4

1
1

 
0

.1
27

 
O

.f
O

 
1

-4
. ·-· 

2 
11

1
.5

 
3

.6
3

0 
1

.0
 

2.
3

S9
 

0.
4

U
 

0.
4

U
 

0.
19

0 
0

.1
90

 
O.

U
I 

0.
03

1 
!
.0

0
 

1
-5

, ·-· 
3 

U
4

.0
 

3
.8

02
 

1.
0 

2.
1

2
0

 
0

.4
2

0
 

o.
u

o 
O

.U
l 

0
.1

&
1 

0
.3

10
 

0.
02

0 
10

.0
 

·-· 
4 

· 
U

t.
4

 
3

.1
0

5
 

2.
0 

2.
1

5
5

 
o.

ee
o 

o.
ss

o 
0 

!3
5

 
O

.l
lt

 
O

.f
0

1
 

O
.J

IO
 

1
.0

0
 

t-
7

 
4.

0 
• 

'
"0

 
0.

14
2 

5 
13

3
.0

 
3 

18
8 

4
.0

 
1.

16
3 

l.l
O

O
 

o.
!B

t 
0.

57
0 

0
.1

42
 

0
.4

1
0

 
0

.1
2

8
 

1.
3

0 
8

-1
 

8
.0

 
1

.0
20

 
0

.1
18

 

8 
IU

.O
 

3
.2

75
 

u
.o

 
l.

IU
 

2.
1

1
0

 
0

.2
21

 
1

.4
9

0
 

0
.1

24
 

O.
SI

O
 

O.
O

J4
 

2
.0

0
 

1
-9

 
2

0
 

2
.U

t 
f 

.1
11

 

7 
12

1
.5

 
!

.U
2

 
a.

o 
1.

7
0

0
 

l.
fl

5
 

Q.
Z

02
 

0.
1

1
0

 
0

.1
2
~
 

0
.5

t1
 

0.
0

2
5

 
l.

fO
 

8
-U

 

' 

T
A

B
U

: 
t 

I 

IW
T

A
T

10
N

 .
.
 E

A
R

 S
 T

I:
S

T
tl

 O
N

 4
1L

A
K

il
D

 A
N

D
 C

II
U

!I
II

E
D

 
C

U
C

A
R

.\d
iA

 "
S

H
A

L
E

" 

E
P

f'
E

C
T

 O
f'

 !
U

ti
£

 O
F

 
D

IB
P

L
A

C
E

M
I:

N
T

 (
1f

t 
tu

"-!
iiQ

 
S

'!'
R

E
N

G
nt

 

T
eo

t 
In

it
ia

l 
•o

 
l 

••
 
l, ..

 
s 

:
fm

i•
 

'•
 

1~-
--

N
o.

 
W

aw
r 

v 
ll<

o-
r

lla
 

~
 

te
fc

-.
.a

 
lq

/<
.m

2
 

,. 
1 

IU
.5

 
•·•

" 
1.

0
 

••
 ,

0
0

 
S

.l
 

O
,H

O
 

-
-
~
~·

I 
•-•

o 
O

.K
 

O.
M

O
 

--..
 

,. 
l.

O
U

 
1.

1 
x 

to
"3 

em
/
-

. 

T
A

B
L

E
 8

·2
 

R
O

T
A

T
IO

N
 

S
H

E
A

R
 

S 
T

E
S

T
S

 O
N

 
S

L
A

K
E

D
 A

N
D

 
C

R
U

S
il

E
D

 C
U

C
A

.R
A

C
II

A
 

"
S

il
A

L
E

" 

D
E

S
C

R
IP

T
IO

N
 

O
F

 
F

A
IL

U
R

E
 

P
L

A
N

E
S

 -
·.~
O
R
M
A
L
L
Y
 

<.
:O

N
SO

L
lO

A
T

E
D

 A
N

N
U

L
A

R
 

S
P

E
C

IM
E

N
S 

D
ea

cr
lp

ti
on

 
F

tc
. 

N
o

. 
.
,
w
~
 

T
ea

t 
J 

W
at

er
 

• 
N

o.
 

C
on

te
n1

 
,.

 
,.

.,
 • 
.,

.2
 

u
r 

1 
1

.0
 

I 

12
7.

5 
L

O
 

13
4

.0
 

1.
0 

12
1

.4
 

2.
0

 
4.

0
 

13
3.

0 
4

.0
 

8
.0

 

1
1

5
.0

 
1

2
. 

n
o

 

12
1

.&
 

1.
0 

V
er

y 
eh

in
y 

eU
ck

en
1i

d
ee

 a
t 
t~

ev
e
ra

l 
el

ev
at

lo
n

a 
th

ro
u

lh
ou

t 
ep

eo
ci

m
en

. 
F

eU
u

re
 p

la
ne

 w
a1

 v
er

y 
lh

in
y

 a
nd

 n
at

, 
lo

ca
te

d
 a

bo
ut

 O
.S

 m
m

 a
bo

ve
 

J~
e

r 
pl

at
en

. 

V
tt

ty
 •

h
in

_y
 f

aU
u

re
 p

la
n

e 
ab

ou
t 

0.
5 

m
m

 a
 'J

ov
e 

lo
w

er
 p

la
te

n
 \

rt
th

 
I 

ao
w

 ra
d

ia
l 

u.
.tu

.L
a.t

lo
n

a.
 

,u
t 

0.
5 

ll
'l

m
 b

e.
lo

w
 t

op
 

ll
tc

h
l7

 l
'!>

ha
h

ed
 f

aU
II

're
 p

la
n

o
, 

al
tc

hl
ly

 <
l>

nc
av

e 
cl

o
w

n
w

ar
d

. 
T

h
ic

kn
ee

• 
or

 ~
d
m
e
n
 a

t 
en

d 
o

l 
te

1t
 a

tl
v

t 
0.

35
 m

m
. 

Il
l
~
 .-

aw
he

d 
a
h
~
M
n
e
l
d
e

.•
 o

b
u

n
e
d

 1
ut

 c
or

.U
ra

d.
t)'

 o
f 

fa
U

u
re

 
p

la
n

e 
.
.
-
k
•
t
~
d
 f

tr
ln

c 
•
•
~
r
a
t
i
o
n
 tr

 p
la

te
n

•.
 

H
ll

i>
!y

 P
<C

;a
t.

ed
, 

v
er

y
 O

at
 l
a
U
~
r
e
 p

ia
 

u
p

p
e

r 
pl
at
e~
~

. 
O

Jo
ea

 o
t 

fa
.U

ur
e 

p
la

n
e 

a 
n

at
u

ra
l 

ll
lc

k
en

•W
tr•

. 

T
A

B
L

E
 t

-4
 

- 8
-4

 

8
-5

 ·-· 1
-7

 

8
-1

 

1
-9

 

1
-1

0
 I 

IO
O

T
A

T
10

fi
 

S
II

IL
U

I 
5 

T
E

S
T

S
 O

N
 

SL
A

K
JI

:O
 

A
N

D
 

C
R

U
!I

II
E

D
 C

II
C

A
R

A
C

'I
A

 "
S

H
A

L
E

'';
 o

v 
• 1

.0
 l

q
{

eq
 e

m
 

E
F

F
E

C
T

 O
F

 O
C

II
 O

M
 

R
E

S
tD

U
A

L
 S

T
JU

:N
G

T
H

 (
A

N
N

U
L

A
R

 S
P

E
C

IM
E

N
S

I:
 6

 • 
!

.I
X

 1
0"

3 
cm

fm
ix

t 

r
-
r
-

T
ee

t 
==
~
 

•o
 

O
C

R
 

•• 
' 

. r 
T

 r/
"p

 
6 

'• 
Ft

c.
 

p 
p 

~
o

. 
c
~
 

"c
/'

"m
2

 
lq

{
c
m

2 
N

o
. 

~
 

c.m
 

em
 

! 
12

?
.1

 
3.

11
2 

I 
2.

61
4 

0.
4

1
0

 
0.

19
5 

0
.4

1
7

 
0

.0
2

7
 

0
.7

0 
8

-4
. 

8
-8

 

2 
12

7
.5

 
3.

1
3

0
 

I 
2.

33
4 

0.
4

1
$

 
0.

18
0 

0.
4$

8 
0

.0
3

7
 

3.
00

 
8-

&
. 

8
-1

 

) 
U

4
.0

 
3

.1
2

0
 

I 
2.

72
0 

0.
4

2
0

 
O.

U
I 

0
.3

1
0

 
0

.0
2

0
 

10
.0

 
1

-6
 

. 
• 

11
5.

7 
3

.2
82

 
10

 
1

.!
0

1
 

0.
1

5
5

 
0

.1
6

0
 

0
.2

4$
 

0.
01

1 
5

.0
 

1
-1

4
. 

t 

1
·1

! 

• 
11

1.
7 

3
.3

21
 

10
0 

1.
44

4 
0.

91
0 

0.
11

0 
0

.1
9

7
 

0.
02

0 
10

.0
 

a-
s 

• • 



T
A

B
I.

E
 9

-1
 

R
O

T
A

T
IO

N
 S

H
E

A
R

 S
 T

E
S

T
S

 O
N

 
R

E
M

O
L

D
E

D
 

L
O

N
D

O
N

 
C

l.
A

Y
 

N
O

R
M

A
I.

l.
Y

 C
O

N
S

O
U

D
A

T
E

D
 A

N
N

U
L

A
R

 
S

P
E

C
IM

E
N

S
: 

i 
• 

&.
I 

l<
 1

0
-J

 e
m

/m
in

 

T
~
l
t
 

In
it

ia
l 

•o
 

c;v
 

•e
 

•p
 

Tp
/O

v 
T

 r 
T

,./
•v

 
T

r/
T

p 
'P

 
'

r 
F

ie
. 

N
o.

 
W

at
er

 
Jll

o.
 

C
t n

te
n

t 
q

/c
m

2 
q

/c
m

2 
q

/c
m

2 
• 

e
m

 
em

 

I 
67

.0
 

1.
12

1 
I 

1
-l

U
 

0
.3

12
 

o
.3

U
 

0.
17

1 
0.

17
1 

0.
41

1 
0

.1
1 

9
.0

 
9

-s
. 

9
-1

 

2 
13

.4
 

1
.7

U
 

2 
o
.
•
~
•
 

o.
as

o
 

O
.S

JO
 

o
.~
 ...

 
0

.1
41

 
0.

44
4 

0
.9

0 
u

.o
 

1
-4

, 

4 
0.

57
2 

O
.I

U
 

8
·1

 

3 
12

.1
 

1.
19

0 
8 

o
.u

o
 

2.
18

0 
0

.2
73

 
1.

17
3 

0
.1

41
 

O
.&

S
I 

0
.1

0 
4

.0
 

1
·5

, 
8

-1
 

-
-

-
-
-
-
-

-
-
-
-
-
-

-
-

T
A

B
.l.

E
 1

-2
 

R
O

T
A

T
IO

N
 S

ti
E

A
R

 S
 T

E
S

T
S

 O
N

 
R

E
M

O
L

D
E

D
 

L
O

N
D

O
N

 
C

L
A

Y
 

D
E

S
C

R
IP

T
IO

N
 O

F
 

F
A

II
.U

R
E

 
P

l.A
JI

IE
S

 -
JI

IO
IU

IA
I..

L
Y

 
C

O
N

S
O

U
D

A
T

E
D

 A
JI

IJ
II

U
LA

R
 

S
P

E
C

IM
E

N
S

 

T
e

a
t 

In
it

ia
l 

i 
I Fie

. 
M

o.
 

•
•a

te
r 

. 
D

ea
cr

ip
li

of
t 

M
o.

 
C

on
te

n
t 

k
c/

cm
2 

" 
I 

u7
.o

 
I 

::
:.

l~
mc

!:
.'

: ~
~
=
~
~
~
 :
.
~
 P~

";
:.
 

1
-3

 

b
o

lh
 r

ad
ia

l 
an

d 
ta

..
,.

..
,t

la
l 
-
.
.
t
a
t
-

. 

2 
13

.4
 

J 
~
:
.
n
p
l
~
!
~
a
~
r
~
~
~
~
~
:
,
•
 

1
-4

 

• 
th

e 
ap

ec
lm

en
. 

B
ot

h
 p

l.
an

el
 h

ad
 a

 m
ed

ha
m

 
lh

ln
e,

 w
er

e 
na

t.
 a

nd
 M

d 
••

•.
n

ow
 l

lt
ri

a
tl

o
o"

J. 

3 
U

.l
 

I 
F

•.
U

ur
e 

oe
C

'u
r.

-.d
 a

bo
ut

 0
.2

 "
"
"
 f

ro
m

 ~
r
 

9
-5

 
p

la
te

n
. 

T
h

e 
fa

U
u

re
 p

la
n

e
 h

ad
 a

 m
ed

iu
m

 a
h

ln
e 

w
it

h
 r

ad
la

l 
a.n

d 
ta

.n
ce

nU
al

 u
n

d
u

la
ti

on
a.

 

T
A

B
U

: 
9

-S
 

R
O

T
A

T
IO

N
 S

II
E

A
R

 S
 T

E
S

T
S

 O
N

 
U

JI
ID

IS
T

V
R

B
E

D
 

l.O
S

D
O

H
 

C
l.

A
Y

 

A
N

N
U

L
A

R
 

S
P

E
C

lM
E

N
S

: 
j 

• 
5.

1 
l<

 1
0-

3 
e
m

/m
in

 

T
ee

t 
In

it
ia

l 
•o

 
c;v

 
•• 

T
 

Tp
/O

v 
•r 

T
 ,./

0'1
1 

T
r/

Tp
 

'P
 

'r 
F•

C
· 

W
at

er
 

p 
N

o
. 

C
on

te
n

t 
N

o
. 

"' 
k

«
/e

m
2

 
q

/e
m

2 
k

c/
cm

2 
e

m
 

em
 

4 
2

1
.1

 
0

.1
&

0 
I 

0
,6

9
7

 
0 

•. 3
15

 
0.

31
5 

0
.1

6
0

 
0

.1
1

0
 

0.
50

1 
0.

06
 

4
0 

8-
1

. 
i-

12
 

5 
21

.0
 

0
.7

62
 

2 
0
.
6
~
 

0
.6
~
5
 

0
.5

42
 

O.
S

39
 

0
.1

70
 

0.
48

5 
0

.0
9 

u 
9

-9
, 

9
-1

2 

6 
28

.5
 

0
.7

16
 

4 
0

,6
4

0
 

1.
32

2 
0

.3
S

t 
0.

6$
0 

0.
16

2 
0

.4
t2

 
o.

o;
 

3
.5

 
9

·1
0

, 

8
-1

2 

1 
25

.3
 

0
.6

88
 

a 
0

.2
7

5
 

2.
5

60
 

0.
3

20
 

1.
32

0 
0

.1
65

 
0.

5
20

 
0

.0
1

 
tO

 
9

·1
1

. 
8

-1
2 

-
-
-
-

--
--

--
-

T
 .
.
 t 

N
o

. 

4 5 • 1 T
ea

t 
N

o.
 

I 2 3 3 

T
A

B
U

: 
9

·4
 

R
O

T
A

T
IO

N
 

S
ti

E
A

R
 S

 T
E

S
T

S
 O

N
 

U
JI

I:
:li

ST
U

R
B

E
D

 
L

O
N

D
O

N
 

C
L

A
Y

 

D
E

S
C

R
IP

T
IO

N
 O

F
 

F
A

IL
U

R
E

 
Pl

.A
JI

IE
S 

-
A

N
N

U
L

A
R

 
S

P
E

C
.IM

E
N

S
 

In
it

ia
l 

c;v
 

W
a

te
r 

D
ea

cr
lp

cl
on

 
C

on
te

n
t 

" 
q

/e
m

2 

27
.7

 
I 

M
od

er
at

el
y 

ah
ln

y 
fa

U
u

re
 p

la
n

e 
ad

J.
C

:e
nt

 t
o 

u
p

p
er

 p
la

te
n.

 

28
.0

 
2 

V
er

y 
fl

at
, 

m
ed

iu
m

 •
h

ln
y 

fa
U

u.
re

 p
la

n
e 

ab
ou

t 
0.

2 
m

m
 b

el
ow

 ~
r
 p

la
t.

en
, 

w
it

h 
ah

al
lo

w
 

ll
tr

la
tl

on
a

. 

28
,,

 
( 

V
er

y 
fl

at
, 

m
ed

iu
m

 a
h

ln
y 

fa
tl

u
re

 f
la

M
 

ad
,a

c.
en

t 
to

 u
p

p
er

 p
la

te
n

. 

u
.s

 
a 

V
er

y 
fl

at
, 

m
ed

iu
m

 a
h

m
y 

la
U

u
re

 r
~t
a
n
e
 a

bo
ut

 
0

.2
 m

m
 b

el
ow

 u
p

p
er

 p
la

te
n

, 
v

er
y

 a
h

al
lo

w
 

ci
rc

u
la

r 
ll

tr
ia

tl
oo

a
. 

T
A

B
L

E
 8

-5
 

R
O

T
A

T
IO

N
 

S
H

E
A

R
 

S 
T

E
S

T
S

 O
N

 
R

E
M

O
L

D
E

D
 

L
O

N
D

O
N

 C
l.

A
Y

 

A
N

N
U

L
A

R
 S

P
E

C
IM

E
N

S
 

R
A

T
E

 O
F

 
E

X
T

R
U

S
IO

N
 

W
IT

H
 

A
 9

0
U

D
 C

O
N

F1
N

.IN
G

 
~
G
 

c;v
 

6 m
ax

 
A

B
/B

e 
R

at
e 

cr
 

E
xt

n
aa

to
n 

q
/c

m
2 

e
m

 
... 

so
·•

 l
n.

,'~
m
 

1.
0 

33
 

9.
7 

0
.6

 

2.
0

 
4

5
 

u
.s

 
2

.5
 

4
.0

 
24

 
27

.0
 

3
.0

 

a.
o 

!1
3 

47
.0

 
8.

4 

O
a

in
c 

p
en

u
lt

lm
at

e 
p

oi
n

t 
on

 A
B

 v
a.

 6
 c

u
rv

e 
39

.0
 

3.
2 

.....
 

N
o

. 

9
-8

 

9
·8

 

9
·1

0
 

9
-1

1 

T
 r/

O
v 

0.
17

7 

0.
14

5 

0.
14

3 

0.
14

7 

.,. Q
l 



T
A

B
L

E
 

10
·

1 

R
E

S
ID

U
A

L
 S

II
E

A
R

IN
O

 
R

t:
S

IR
T

A
N

C
E

 
O

F
 

P
E

P
P

E
R

 
S

II
A

I.
£

, 
C

U
C

A
R

A
C

II
A

 "
SH

A
L

E
" 

A
N

D
 

L
O

N
D

O
N

 
C

L
A

Y
 

R
o

ta
ti

on
 S

h
e
a
rS

 T
ea

te
 o

n 
R

e
m

ol
d

ed
 A

nn
ul

a
r 

S
p

ec
lm

en
a 
.
•
 •

 5
.6

 )
( 

10
·3 

c
m

/m
ln

, 
ao

li
d

 c
o

n
li

n
tn

t 
r"

lf
ll 

" 
R

an
a•

 o
t 

'r
/i

v
 f

o
r 

M
a

te
rl

a
l 

L
,.

 
p

w
 

N
tn

u
a 

•. 
O

_.(
k

a
/a

q
 e

m
) 

• 
R

ef
e
n

n
c
e
 

2 
M

ic
ro

n 
k

c
/o

q 
e
m

 
I 

• 
20

 

P
ep

p
er

 S
ha

le
: 

70
.&

 
21

.&
 

1S
 

1-
2

0 
0

.1
1

8
 

0
.1

3
0 

0.
13

4 
F

lc
•·

 T
·

l 
to

 7
·7

 
a
•r

·d
rt

e
d

 a
nd

 r
e
m
o
l
d
~
d
 

T
ab

te
a 

7
•1

, 
7

-2
 

w
lt

h
 d

la
t U

le
d 

W
&l

e
r
 

C
uc

.a
ra

ch
a 

"S
ha

le
'':

 
u

s 
42

 
10

0 
1-

2
0

 
0

.1
7

9
 

0
.1

21
 

0
.1

11
 

F
ic

o
. 

1-
1 

to
 1

-1
2 

a
ir

-d
ri

ed
 a

n
d

 a
la

ll
ed

 
T

ao
le

e 
1

-1
. 

1
-2

 
fo

u
r 

U
m

ea
, 

a
ir

-d
ri

e
d

 
an

d
 c

n
aa

h
ed

 i
n

 a
 d

ie
c 

m
il

l,
 t

h
n

 r
em

ok
le

cl
 

w
it

h
 d

la
1i

.U
ed

 w
at

e
r 

..
_

.,
..

C
ia

¥
: 

71
.5

 
21

.5
 

n 
1-

1 
0

.1
1

7
 

0
.1

47
 

N
. 

A
. 

F
ip

. 
8

-1
 t

o 
8

-7
 

.-
.m

o
ld

ed
 w

it
h 

d
i.

tU
le

d
 

T
ab

le
a 

9
-t

, 
9

-2
 

w
at

er
 f

ro
m

 .
'1

e 
u

tu
ra

l 
-a

te
rc

O
ft

t.
..

-.t
 

T
A

B
U

: 
10

-2
 

D
IS

P
L

A
C

E
M

E
N

T
 R

E
Q

U
U

IJ
:D

 T
O

 I
IJ

:A
C

H
 

P
J:

A
K

 A
N

D
 

R
J:

S
IO

U
A

L
 S

T
II

J:
N

O
T

H
S

 

R
o

ta
U

00
1 
-
•
r
 S

T
u

 ..
 •

 
R

em
o

ld
ed

 A
_

..
r
 S

,.
C

II
M

n
o

. 
6 •

 5
.1

 X
 t

o
"
' 

em
/m

il
t,

 
o

o
ll

d
 e

O
II

II
nl

nt
l 

ra
,.

. 

R
o

n
p

o
t 

R
o

n
p

o
t 

R
o

n
p

o
t 

R
o

n
p

o
t 

M
at

er
ia

l 
•. 

"r
'"p

 
•, 

•
r
 

k
c/

o
q

 e
m

 
er

a 
en

t 

P
.,

..
r
 S

hA
le

 
1

.0
 t

o
 1

2
.0

 
0

.4
U

 t
o

 0
.1

1
0

 
o.

oe
o 

to
 \J

.O
IO

 
1.

1 
to

 3
.0

 

C
M

1o
ho

4 
C

u
c
a
n

c
h

a
 "

S
ha

le
'' 

1.
0 

to
 1

1
.0

 
0

.4
35

 t
o

 0
.5

17
 

0
.0

2
1

 t
o

 O
.O

S
t 

0
.7

"
' 

2
.0

 I 
L

oo
id

of
tC

ia
J'

 
1.

0 
to

 1
.0

 
0

.4
44

 t
o 

0
.$

36
 

o.
to

 to
 o

.e
o 

4
.0

 t
o

 15
1 

T
A

B
L

E
 

1
0

·3
 

E
F

F
E

C
T

 O
F

 O
V

E
R

C
O

N
S

O
L

ID
A

T
IO

N
 

R
A

T
IO

 O
fi

 
R

E
S

ID
U

A
L

 
S

T
R

I!
N

O
T

H
 O

F
 P

E
P

P
J:

R
 !

M
A

L
E

 

R
«M

at
io

n 
S

h
e
a
rS

 T
e
a
ll

 o
n

 R
em

o
ld

ed
 A

n
n

u
la

r 
S

p
ec

im
en

a
. 

6 
• 

5
.1

 X
 1

0
·3 

e
m

/m
in

. 
eo

U
d 

c.
O

II
Ii

ni
ft

c 
rt.

nc
 

ov
 

•p
 

•
r
 

Yr
/"

• 
"r

/O
p 

I 
• 

•
r
 

O
C

R
 

p 
F

lp
,.

. 
N

o
. 

k
c
/e

m
2 

q
/c

m
2 

k
c/

<
m

1
 

e
m

 
e

m
 

I 
I 

0
.2

55
 

0
.1

11
 

0
.4

62
 

0
.1

11
 

0 .
0

6
0

 
3

.0
 

7
-
l 

I 
10

 
0

. 4
31

 
0

-.1
41

 
0

.5
22

 
0.

14
1 

0
.0

23
 

2
.0

 
7

-1
2

, 
7

-1
1

 

I 
10

 
0.

43
2 

0
.1

45
 

0
.3
~
5
 

o
.
u
~
 

0
.0

22
 

l
.O

 
7

•1
l,

 
T

-I
l 

I 
10

0 
I 

0
.&

02
 

0.
12

2 
0

.2
45

 
0

.1
22

 
0

.0
19

 
7

.0
 

7
-1

7
 

2.
 

I 

I 
--

0
.2

SO
 

--
O

.I
U

 
--

--
7

-3
 

2 
5 

0
.6

5
8

 
0.

1
U

5 
0

.4
0

' 
0

.1
3

2
 

0
,0

3
, 

4
.0

 
1

·1
4

, 
7

·
16

 

• 
I 

0
.1

8
5

 
0

5
0

0
 

0
.5

65
 

0
.1

25
 

0
. 0

&
1 

7
.0

 
7

-4
 

• 
2

.5
 

I 1
.1

60
 

'1
.5

01
 

0
.4

51
 

0
.1

21
 

0
.0

54
 

s.
o 

7
-1

5
, 

7
-1

1
 

-
-
-

·-

• 
R

ea
ld

u
al

e-
tr

en
ct

h
 a

t 
2

.0
 k

a/
aq

 e
m

 d
e\

e
tm

in
ed

 f
ro

m
 a

 a
p

ed
m

e.
n 
pr

~·
io
us
ly
 e

M
a
re

d
 a

t 
ev

 • 
l.

O
 k.

c/
~ 

em
. 

T
A

B
U

; 
10

·4
 

E
F

F
E

C
T

 O
F

 O
V

E
R

C
O

S
S

O
L

JD
A

T
IO

N
 R

A
T

IO
 

O
N

 
R

E
S

ID
U

A
L

 S
T

R
E

N
G

T
H

 

O
F

 C
R

U
S

H
E

D
 

C
U

C
A

R
A

C
il

A
 "

S
il

A
L

E
" 

. 
-3

 
R

o
ta

ti
o

n
 S

h
e
a
rS

 T
ee

t 
o

n
 R

e.m
ol

df
'd

 A
n.

nu
b

r 
S

p
ec

im
en

•.
 

• 
• 

5.
C

 X
 1

0 
c

r~
/
r
m
n

, 
eo

li
d

 c
on

fm
in

e 
r

in
r 

•. 
O

C
R

 
T

 
•
r
 

T
 r/

T
p

 

:: I
 • r 

F
ic

u
re

 N
o

. 
p 

k
c

/e
m

2 
q

/e
m

2 
em

 

I 
I 

0
.4

15
 

0
.1

9
5

 
0

.4
87

 
0

.0
27

 
0

.7
0 

8
-4

, 
1

-6
 

I 
I 

0
.4

1&
 

0
.1

90
 

0
,4

51
 

0.
03

7 
3

.0
 

8
-'5

. 
8

-8
 

I 
I 

0
.4

20
 

0
.1

51
 

0
, ,

8
0

 
0

.0
20

 
10

.0
 

1
-6

 

I 
10

 
O

. U
&

 
0

.1
8

0
 

0
.2

45
 

0
.0

11
 

5
.0

 
8

-1
4

. 
1

-1
5

 

I 
10

0 
0

.8
10

 
0

.1
10

 
0

,1
97

 
0.

02
0 

10
.0

 
8

-1
5

 
-

-
-

-

T
A

B
L

E
 

10
·5

 

E
F

P
'l

!C
T

 0
1

' 
M

J:
T

H
O

O
 O

J!
' 

R
E

M
O

L
O

IJ
'6

G
 

O
N

 
R

E
il

D
U

A
L

 S
T
R
E
N
O

'~
H
 
or

 C
li

C
A

R
A

\.
.H

A
 "

S
H

A
L

E
" 

R
cN

U
on

 !
M

a
rS

 T
u

u
 o

n 
R

em
ol

de
d 

A
n

n
u

la
r 

S
p

e
c
im

n
..

 
6 

• 
$
.(

 )
( 

1
0

-J
 c

rn
/m

ln
, 

eo
li

d
 c

o
n

fi
n

ln
l 

rtn
c 

T
re

a.
t ..

..
 "
' 

L
iq

u
id

 
P

lu
tl

c 
~
 M

in
u

a
 

•. 
•
r
 

I •
r
 

F
ir

u
r•

 N
o

. 
L

im
it

 
L

im
tt

 
2 

M
ac

ro
n 

L
w

 
P

,.
 

k
c
/e

m
2 

k
c
/e

m
2 

em
 

ll
ak

e<
l 

I 
0

.1
.0

 t
o

 O
.U

l 
0

.7
0 

to
 1

0 
1

-6
 

a
n

d
 

15
6 

42
 

10
0 

c
n

ll
h

e
d

 
4 

o
.n

o
 

1.
3

0
 

1
-1

 

-
I 

0
.1

40
 

70
 

1
-1

7
 

-
48

 
n 

45
 

I 

on
cr

tlo
ho

<
l 

4 
0

.5
75

 
2

0
 

1
-
"
 
I 

T
A

B
L

E
 

1
0

•1
 

J:
P

P
'J

:C
T

 O
P

 R
A

T
J:

 O
P

 D
IS

P
L

A
C

E
JU

!I
n

' 
O

N
 I

IJ
:S

IO
li

A
l.

 !
 

U
N

O
T

H
 

B
ot

aU
on

 S
h

ea
r 

S 
T

e
-.

a
 O

ft
 R

eo
nc

ld
~
 A

nm
lle

..r
 S

pe
ci

.r
nf

tt
t•

. 
S

o
li

d
 

""'I
na,

.. r
lq

. 

•. 
' 

•
r
 

M
at

er
ia

l 

q
/e

m
2 

to
"

3 
e
m

/m
in

 
k

c
/e

m
2 

5
.8

 
0

.1
41

 

P
ep

p
er

 !l
h&

le
 

1
.0

 

0
.5

41
 

0
.1

5
2

 

54
1 

1
.0

1
5

 
C

ru
o

h
o

d
 

1
.0

 
5.

6 
0

.9
8

0
 

C
uc

ar
ac

:h
a 

"S
h

al
e'

1 

0.
56

 
0

.9
10

 

5
.8

 
0

.5
72

 

L
on

do
n 

C
la

y
 

4
.0

 

0
.5

6 
0

.5
41

1 

·~ 



STUtl - snAm CUBVI 
OIUCT •MIA« •  Tt»T 0« 

HXCMLY OVnCOM0LZ0*nD CLAY 

tTMU 

i 
rio. i-i 

i 



68 

i 
Q 

I 
5 u 

9 * 
8 0 

3 § M fi 

•   OUV» OXOA ttnxt «vnt 

FIG.   1-2 



2.S ca thick 

no.  2-i 



0.5 Ml 

1    1 II 

<f la 
: 0.4 

\\\ 

1 

III s i «4 

s Ha ndoi n CLAV I 
Lw -  78 

—    r, - w 
uodisturbad 

K 
• e "M ■     0.3 
W 

1 
•^ f * O.fJ h9 

\ 

m\\\ i iii 

0.2 1 iitll 
0.1 1.0 

OiSpUCMMIIt. 

10 

PIC.   2-2 

UriATID  DIRICT tHIAR TUT 

Croat    tlUMptoo.   19M 
•p«cüMn alMt 

2.S cm thick 



71 

J 
t 
i 
m 

\ 

I 
0.1 

uadistui 

?v - 2.3 kg/ca' 

>- — — ■>. i 

_ Brown London Clay, 

\- * 

O.S   1.0 10 

O.S 

0.4 

O.J 

o.a 
O.S 

T 
i 

T 

• 

\», -  0.9J k«/»2 

i     1   l   1 1 ill 1 

v 
\ D  ^ 

\ 

• re 
Ml        1    1 
»n Lontfoa Cl.y i 

1 
1.0 10 

UUATtD OIUCT  fMIAK  TUT 

front    Vntloy,   IM« 
•poclnnn slant 
« tq ca 
2.5 en thick 

no. 2-3 



72 

0.3 

"?' 

5 
t 
i 
I 
w 

f 
5 

o.i 

\ 

T"! 
i 

\ 
i 

1 w 
»Ungl«,   SukUn Clay 

1^-60                       

Jv -   2.2 Hq/c Ä2 

0.»       1.0 10 

0.6 

0.5 

0.4   -' 

0.) 
0.S 

1 ,,     _ 
I 

I 
y 

V 
\ 

\ ^ 

III    K 
1^-57 

OOdUturtad 
7.1.«  ko/e m2 

¥ 

1 
1.0 10 

UFIATtD OIUCT fMUII  TMT 

t     fetUy.   IMd 
■iMl 

thick 2.S < 

PIC.   2.4 



I 

'» w 
73 

' 

^ A 20 

It 

IS 

10 

4 

20 40 40 
CUy rractim, » 

to 100 

ivuisaci or CI>Y nucrxo« o« 0t 

fro«:     MtUy.   1966 

FIG.  2-S 



74 

^•^ 

*V4 

1 --1  * -l-r-r-i   \\\         1 

! 

i _..!. .. -4    .--i 
1        j 

—-j        . -r i ! +\i i - j 
1                                   ! 

h r 1     -i   ' ,-.--, 1 l^H 
:  . .. a . 1 

-t- 1 * I  
> .ftd i 

i 
I f 

1 -     i 

l 
■ |i 1 i      1 

i i a 
i      i 

1 

t i* 1 
• 

i iS 
—? 1 

i      1 

L [ • j L ; 
I | 4 

4 LI 
i 

i  . l } "S —      ■ 

i 
i 

i < 
\i 

\l K *           1 

i i ri ; ißi- T      ~~mm 

I 

s 
j«   i 

4 
5 

«1 

I    !    !    I i 

SI 
« 

I 

(4i,j IWJ iMm/ nvojwm 
147 

rxc. 2-« 



75 

Dl»pU 
100 

UFtATID DIRBCT MIA« TUT 

fro«:  tonan «a£ Molfsklll 

•p«Cl»«t   «It«: 
S.l OB aq 0.« CM thick 

PXO. 2-7 



76 

FRICTION TEST ON TEFLON COATED  SHEAR   BOXES 

■TRAIN   MA 11    COUALt    01    INCH    FC*   30  MiNUTCS 

RESULTS; 

1       BL [ij 
{t/fr)mx ir/<nmn 

1 29 2 219 068 

2M 4 092 064 

5.16 S .091 091 

10 32 16 103 .053 

(i) BAICO   ON  ACTUM.  MCA 
Of   CONTACT   MraCIN   TWO 
»«AN  101   NALVCt 

[t] C0UIVA4.ENT    NOAMAL   tTMt« 
ON   MMPlI    *'   MCMNT   ANO 
CAMIYMM    ALL    LOAO 

TYPICAL INDIVIDUAL TEST: 

€ i, 

* Oft 

r -wlUlMUM                             LMHMWM J- r\ <^Ll ^T 1 t 
OtOAOOOtJOgM        «AJO 

•CAN MKACtMCNT.        |M«MÜ 
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HARVARD 

ROTATION SHEAR MACHINE 

PARTS   LIST 

1. 

2. 

3. 

4. 

b. 

6. 

7. 

8. 

9. 

10. 

II. 

12. 

13. 

U. 
IS. 

u. 
17. 

IS. 

If. 
20. 

21. 

22. 

23. 

Top plat«. 

Adjustable tr«n»duc«r cl«ap and transducer, 

Locking nut. 

Adjustable  rsstrslnlr>9 sm. 

Vortical post. 

NoMont tranafar plata. 

Hollow opacar. 

Loading platan. 

Porous atainlaas ataal discs. 

Confining ring. 

Confining ring support pins. 

Confining ring support pins. 

Luc it« raaanroir. 

Turntable 

Rotating 

itatioaary 

Tilt duu. 

Pour-poiat contact radial ring, 

Cantoring pin. 

Teflon buehtng. 

Stalnlooa atool lOOdlng platen. 

i 

nc.  3-4 
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KNIFE EDGE 

H^rn i^oo 

drill and 
C bore for 
NO. 8 flat head 
screw 

M^ 
t 

lead 

>"■ 

^ 
N 

t 
FULCRUM 

iff ,f 

T~4 
■|QQ 

Note 
knife edge and fulcrum are 
fabricated from cold-rolled 
steel and case hardened 

HARVARD 

ROTATION SHEAR MACHINE 

TYPICAL KNIFE EDGE & FULCRUM 

FIG.   3-10 

/ 

M^^Mi 
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YOJ<E CLAMP 

FIG. 3-11 
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Part No. Description 

1. Globe A.C. hysteresis Syncronous Gear Motor. Output speed 
is 15 rpm and maximum output torque is 3 .1 in-lb. Planetary 
gear reduction is 80:1. 
Manufactured by: Globe Industries, Inc. 

2275 Stanley Ave. 
Dayton, Ohio 45405 

Approximate cost: $150. 

2. APCOR Series 2400 Mul tiratio Speed Reducer. Maximum output 
torque is 6 in-lbs. Ten step incremental ratio selec~or 
gives ratios shown on Schematic Plan of Transmission Train. 
Manufactured by: Geartronics Corp. 

100 Ch.elmsford Road 
North Billerica, Mass. 01862 

Approximate cost: $135. 

3. Cone-Drive wo~ gear, fixed ratio speed reducer and Cone-Drive 
worm gear set. 
Manufactured by: Cone-Drive Gears, 

Div. of Michigan Tool Co. 
7171 E. McNichols 
Detroit, Michigan 48212 

Approximate cost: Spe reducer: $100 
Gea set : ~ 70. 

4. Precision ball ring pillow blocks. 
Manufactured by: Boston Gear 

Quincy, Mass. 
Approximate cost: $10 each. 

HARVARD 

ROTATIOH SBBAR ~CHID 

TRAIJSMISSIOH SYSTDl PARTS LIST 

PIG. 3-13 
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IG . 3 - 14 ASSEMBL TRANSMI SS I ON YS EM 

• 

F IG . 3 -15 .... XPLODE VI E\'~ 0 'I" SD JCER AS E 1.BLY 

I . - 4 a .d 'I · . - 5 

/ 
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Digital 
Millivoltmeter 

93 

Power 
Supply 

® 
Machine 

No. l 
Machine 

No. 2 

Digital 
Millivoltmeter 

1. Power Supply - Precision DC Power Source 0-20 VDC.. TWo 
dual, concentric decade switches provide dial readout 
to four places with an accuracy of 0.1%. 
Manufactured by: Power Designs Inc. 

1700 Shames Drive 
Westbury, N.Y. 

Approximate cost: $325 

2. Switching box - Two position switching box designed to 
keep all fo~r transducers continuously energized. 

3. Transducer - Dynisco Force transducer. Repeatability 
of 0 . 1% F.s. Full-scale output 3.5 MV/V. Maximwn 
probe displacement of 0.00035 in. 
Manufactured by: Dynisco, Division of Microdot, Inc. 

20 Southwest Park 
Westwood, Mass • . 02090 

Approximate cost: $525 

4. Millivoltmeter - Digital millivoltmeter. Full-scale 
DC range of 40 mv. Accuracy 0.1% F. S. Reading resolu
tion of 5uV. 
Man~factured by: United Systems Corporation 

918 Woodley Road 
Dayton 3, Ohio 

Approximate cost: $445 

SCBBMATIC VOLTAGB MBASURia; SYSTBM 

PIG. 3-16 
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- ... 

. VOLTAGE ~SURI~ SYSTEM 

FIG . 3-17 

/ 
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/XJI"OI.IS sfolnless steel disc 
· Is 40A 

note: 
porov5 ells·, drtll~d fo allovt~ 
1/4-·'' scr~w fo enf~r fo prevenf 
sl/d/ng o.,t' disc In plof.en. 

~ O. finch I 

o.oso'' 
. I " f~- If{ (, 

..Lho l# s 
@~00 

PIG. 3-18 

DISC SHAPED LOADIR; PLATEN 

, PIG. 3-19 

ANNULAR LOAD~!Ii PLATER 

PIG. 3-18 and PIG. 3-19 
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FIG . 3-21 

ANNULA R CONFIGURATION 

FIG. 3-22 

SHEARING UNIT 

IN POSITION 

FI • 3-2 1 and FIG . 3 - 22 
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-- ~ - . 

ROTATION SHEAR MACHINE WITH 

SHEARI NG UNIT AND TOP BAR 

OF LOADI NG YOKE REMOVED 

~ -

FIG. 4-1 
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FIG . 4 - 2 mASURING SPEC EN THIC NESS 

FIG . 4-3 PLACING A R.Ef.'OLDED SPEC EN 

F I G . 4 -2 and F I G . 4 - 3 
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-IG. 4-4  TRIMMING THE TOP OF A REMOLDL- 
^zciiri; 

FIG.   4-5     CLEANING   PERIPHERY  OF  CENTRAL  SPACER 

FIG.  4-4  and  FIG.   4-5 

_«^MM^MMii 
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FIG. 4-6  APPARATUS FOR TRIMMING UNDISTURBED 
SPECIMENS 

FIG. 4-7 COMPLETED UNDISTURBED DISC 

FIG. 4-6 and FIG. 4-7 



103 

— 9.50 cm dla. 

r 

h  5.08 cm —»■   - bras« trimming clamp 

confining -»f^ 
ring 

j_. ̂ -  SOIL DISC 3 lugs at 120 

PIG. 4-8 SOIL DISC CLAMPED FOR 
TRIMMING ANNULAR SPECIMEN 

INCHtt 

■ • ■ m 

FIG.   4-9     UNDISTURBED ANNULAR SPECIMEN 

FIG.  4-8  and  FIG.   4-9 

^^m^m^am 
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FIG.  4-10     PLACING  SPECIMEN IN  SHLA.   HACKZHZ 

FIG.   4-11     INSTALLING  TOP   PLATE 

FIG.  4-10 and   FIG.   4-11 

Ai^^^MM 
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fIC.   4-12     TO0i£  FOR PRLCUTTXMC  A  SPCClMtH 

1 

fIC.   4-13     TOOLS  POR   RUTATIMC  UPPER CONFINING 
RING 

FIC.  4-12 and FIC.  4-13 

-    —  • 
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(2) (3) 

Tp 

.... ~ 
T3 

.. Tl ~ Cll 
Cll ~ ~ 
E-t ~ 
Cll ~ 
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'lllg R~a, 1- ~1 
5-lc 

~.... T t 2 cuo 
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+ 

R2 ----"1• 
condition (1) 

5-ld 5-le 

condition (3) 

- • .... 

Tr 

5-la 

DISPLACEMENT, 6 

+ 

condition (2) 

"a= "r 

+ 

residual condition 

EFFECT OF NONUNU'ORM SHBAR 

STRESS ON "a versus 6 curve 

FIG. 5-l 

/ 
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I 
~ B dec:reaain9 

-~ 
~ 

1.0 10 100 13 0 

PERIPHERAL DISPLACEMENT, 6, c m 

CRUSHED CUCARACHA -TEST 2 

REMOLDED NC 

2 11111 thick annulus 

6 • 5.6 x lo-3 em/min. 

0- av - 1.0 kg/eq em 

ll - confining ring 
temporarily raieed 

~ 
~-o--~ - lA> .a 

v -
fU .... 

1.0 10 100 130 

PERIPHERAL DISPLACEMENT, 6,cm 

FIG. 5-2 
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APPENDIX A 

DISCUSSION OF TEST ERRORS 

A.1 ERROR IN VERTICAL STRESS CAUSED BY LEVER SYSTEM 

The lever ratios were computed by measuring the distances between knife edges after the 

levers were installed . These rE~ tios were checked by direct measurement of loads transmitted to a 

* high-tensile steel proving ring that replaced the shearing unit in the machine. The largest differ-

ences between ratios computed using these two techniques occurred when loads smaller than 25 kg 

were applied to the proving ring by the levers. The maximuM diffl•rence occurred when using the 

40:1 hanger ratio of Mac hint: No. 1 to apply these small loads wh.;.~h gave a computed ratio of 

39.62:1 compared with 39.85 computed from measurement of lever distances. The larger differ

ence in ratios at tne lower loads is attributed to the poor proving ring repeatability at the lower 

loads. 

The ratios obtained by measuring the distances between knife edges are listed below and were 

used to compute specimen loads. 

Machine 
Number 

1 

1 

2 

2 

Design 
Ratio 

20:1 

40:1 

5:1 

10:1 

Measured 
Ratio 

19.92:1 

39.85:1 

4.99:1 

9.98: 

The precision of the lever system was determined by a se ies of load-unload cycles per

formed with proving rings in place of the shearing unit. The precision was found to be as good as 

th proving rings tt:emselve.ii, i.e., 0.1 % to 0.250fo. The lead weights used in these precision tests 

were weighed on a Mettler balance. 

The error in the residual strength, caused by the lev S.fStem, is estimated to be no greater 

than plus or minus 0.1 Ofo to 0.250fo of any given value. 

A.2 ERROR IN VERTICAL STRESS CAUSED BY SIDE FRICTION 

Load applied to the horizontal top surface of a specimen confined in a ring is diminished with 

depth due to side fri;..don. Assuming both the coefficient of side friction and the coefficient of 

lateral earth pressure a.: ·e constants, the friction on the boundary between the specimen and the 

ring will decrease with depth. For simplicity, it will be assumed that the stress due to side 

friction i constant and equal to: 

where: 

* The loads pla ~don the proving ring during these tests range between 12 kg and 450 kg. 
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i1 = ve rtical s t r e ss applied to the top of the specimen v 
K = coefficient of lateral earth pressure 

~st = coe fficient of friction betwe en soil and Teflon ring 

Th is simplification will e xaggerate any change in av with depth. 

The ve rtical stre ' S on the failure plane of a specimen using a fixed c onfining ring will be 

compute d with the a id of the following definitions: 

h = distance from the top of the specimen to failure plane 

P = load applied to top of the specimen 

P c = vertical load in confining ring due to side friction 

P d = ve rtical load in cente r disc rl•1e to side fr iction 

As = area of specimen 

-av = ve rtical stress applied to the top of the specimen 

-, 
av = ve rtical stress on failure plane 

K = coefficient of lateral earth pressure 

~st = coe fficie nt of friction between soil and Teflon ring 

For annula r specimens, the lo d in the confining ring, P , and the load in the center disc, c 
P d ' will be : 

The str ss on the failure plane a~ will be: 

[
p p J - - d c a' = a - -+r 

v v As s 

which become s: 

(A-1) 

T he c enter disc for an annular spec imen in the Harvard rotation shear machine is designed not to 

* take a ny vertical load . Equation A-1 simplifies to: 

01 
av' /av = 1- 4Kh~st 2 2 

D + D 1 2 

(A-2) 

When a disc-shaped specirr en is used, 0 2 is zero and Equation A-1 r e duces : 

(A-3) 

* If the upper platen tilted 8 degrees from the horizontal, the center d isc would contact the inside of 
both the :.1ppe.· and lower platens and further tilting would cause the disc to jam. This amount of 
tilting has never be en observed, nor has the center spacer ever been observed to be jammed into 
the upper and lower platens at t~e end of a test. 
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Equations A-2 c..r-ti A-3 wili be evaluated using the following assumptions: 

1. K = 0.8 

Z. :.:st = 0.1 

3. h = 0.2 em for split confining rings and 0.5 em for solid confining rings 

The copfficient of friction between soil and Teflon has not been determined, but IJst = 0.1 is 

probably on the high side. Tests using split confining rings result in a failure plane 0.2 em below 

the upper platen when using test specimens that were initially 0.6 em thick. For tests using a solid 

comin!ng ring, h is generally 0.05 em or less. The results of inserting these assumptions into 

Equations A-2 and A-3 are tabulated below: 

.---
h a' fa v v 

ern Annulus Disc 

0.2 0.982 0.992 

0.05 0.995 0.998 

Hence, when using a split ring, side friction will cause a to be about 2% low for annular v . 
specimens and 1% low for disc-shaped specimens . When using a solid confining ring, a will be v 
about 0.5o/o low for annular specimens and 0.27o low for disc-shaped specimens. 

A .3 ERROR IN MEASURED MOMENT CAUSED BY MEASURING SYSTEM 

The transducers used to measure the force couple transmitted through the specimen were 

* calibrated by applying load directly on their probes. They were calibrated for several cycles of 

loading and unloading and were found to have a repeatability of about 0.1% for the upper 80% of 

their range and 0.3% for lower 20% when the zero shift was accounted for (Sections 3.6 and B.1). 

Excitation voltage for the transduc~ .·s is obtained from a precision DC power source which 

has an accuracy of 0.1 %. Transducer output voltage is displayed on digital millivoltmeters having 

an accuracy of 0.1 %. 

Numerous checks of transducer calibration have been made in the course of the testing pro

gram by exchanging sets of transducers during a test. For example, transducers with a maximum 

force range of 100 lbs may be required to measure the peak strength of a soil in a given test, while 

25-lb transducers may be sufficient to measure the residual strength. 

Thus, when the residual strength is reached, the 100-lb transducers will be replaced with 

25-lb transducers to obtain more precise measurements. This also permits a cross-check of the 

pairs of transducers, since both sets should measure an identical force couple. Such an exchange 

of transduce1·s (25-lb for 100-lb and 10-lb for 25-lb) has been done many times and indicates that 

there has been no change in transducer calibrations. 

With the proper selection of transducers, the maximum error in the measured moment due 

to the electronic measuring system would be plus or minus 0.3%. 

Lead weights used for the transducer calibration were weighed on a Mettler ba lance to determine 
their actual weight. 
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A.4 ERROR IN THE MEASURED MOMENT CAUSED BY FRICTION IN THE SPLIT 

CC'" . ~NING RING 

Section A.2 pointed out that friction between the soil and the confining ring causes a reduction 

in the applied stress on the failure plane. When using the split confining rings, vertical load trans

mitted from the soil to the upper confining ring by side friction will cause friction between th 

stationary upper ring and the rotating lower ring. This friction is measured as a part of the 

moment required to maintain the upper half of the shearing unit ::>~=itionary. The technique of rais

ing the solid ring and separating the confining rings eliminates this error, but it will be useful to 

estimate this error analytically. This error can be estimated with the aid of the f-:-.::.lowing sketch 

and definitions: 

~1·------------- R3= 4.75 em 
I r-- R1= 3.55 em L] 
1-- R2= 2.55 em ~ _£plane of 

failure specimen 1 
~~~r7~--------; 

As = a r ea of soil specimen 

Ac = area of mating surfaces of split confining rings 

P = load applied at the top of the specimen 

P c = load transmitted to upper co nfining ring due to side friction 

-uv = vertical stress at the top of the specimen 

a~ = vertical stress on failure plane 

a = vertical stre ss on mating sur faces of split confining rings vc 

T r = shear stre ss on fa ilure plane 

T c = ~?hear stress on mating surfaces of confining ·ring 

1.J. st = coefficient of friction between soil and Teflon = 0.1 

/.J.c =coefficient of fr iction between confining rings 

Mr = moment due to shear stress on failu r e plane 

Me = moment due to friction between confining rings 

half of 
confining 

Assuming T is uniformly distributed on the failure plane, and T is uniformly distributed on r c 
the mating surface of the confining rings , the equations for tl-te moments caused by these stresses 

are: 

(A .. 4) 
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R3- R3 
1 2 

M /M = 3 3 
c r R - R 

3 1 

Subst ituting the values of R 1, R 2, R3 , 

IJ IJ K 
M /M = (0 79) 2h c st 

c r • IJr 

(A-5) 

(A-6) 

(A-7) 

(A-8) 

(A-9) 

During a test, there is always a thin film of soil between the rings and it is r easonable and con

servative to assume 

If K = 0.8, h = 0.2, and IJ = 0.01 (q, = 5. 7 <'egrees), 
r 

M /M = 0.025 . c r 

This analysis indicates that the measured moment, hence T , is about 2.511/o larger than it 
r 

would be if there were no frict ion between the confining rings. The assumptions made to evaluate 

Equation A-9 are believed t o be conservative; in particular, the value of IJst is probably too large. 

If the Lucite C-clamps ar used to restrict the clearance between the split confining ring 

(Section 3. 7), then the foregoing analysis will not be a~plicable because the stress on the mating 

surfaces of the split ring cannot be estimated. 

The technique of removing the Lucite C-clamps and temporarily separating the confining 

ring eliminates friction between the two halves, and hence any error r ~e to this friction is also 

eliminated. 

A.5 ERROR IN MOME NT CAUSED BY FRICTION BETWEEN THE SOLID CONFINING RING, 

THE STATIONARY PLATEN AND .THE STATIONARY PART OF THE SPECIMEN 

When a solid confining ring is used, it introduces a moment due to friction between the ring 

(which rotates) and the stationary portion of the specimen as well as the upper platen, as shown 

below. 
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shaded areas 
are stationary 

plane of 
failure 

confining ring 

vertical 
support pin 

An evaluation of the error introduced by this friction may be made by studying the data avail- 

able from 34 tests in this research which were performed with solid confining rings.   In these tests, 

the moment was measured with the confining ring in position and again with the ring lifted off the 

specimen and the shear stress computed for each of these moments. 

The shear stress,  T , computed with the confining ring lifted and the difference between this 

shear stress and the stress computed with the ring in position are shown in Tables A-l to A-3. 

These data indicate that the additional shear stress due to ring friction is independent of vertical 

stress and overcrr.solidation ratio,   - nd varies between 0.010 and 0.030 with an average of 

0.020 kg/sq cm for both the Pepper bl lie and the soil from the Cucaracha "Shale."   The results for 

the London Clay (Table A-3) indicate that ring friction averages about 0.030 kg/sq cm in this soil. 

This higher value is probably the result of the higher silt content of the London Clay. 

The difference between T   measured with the ring in position and with it lifted off is not 

entirely due to elimination of friction.   When side friction is eliminated by lifting the ring, the total 

stress on the failure plane is increased by an amount equal to the total vertical side friction.   It 

was pointed out in Section A.2 that the ratio a' /a    is approximately 0.995 for tests using a solid 

confining ring.   The second, and more important,  phenomenon that occurs when the ring is lifted is 

the reduction in the measured moment due to soil extrusion.   It was pointed out in Section 6.5.2 and 

Section 6.5.3 as well as in Section 8.3.1 that the effect of soil extrusion did not occur immediately 

upon removal of radial confinement.   The interaction of these two phenomena when the ring is lifted 

may be explained with the aid of the following sketch: 

w 
w 
M 

© © 
ring lifted 

AT due to 
friction of 
confining ring 

"^  

f AT, due to Increase In a. 

sum 

AT due to soil extrusion 
9 

DISPLACEMENT, 6 

^M^ mm* 
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When the residual strength is reached with the confining ring in position,  T    is constant, as 

shown between Points 1 and 2.   At Point 2 the ring is lifted and there is an immediate reduction in 

T .     With the ring lifted, the effective vertical stress increases on the failure plane, and r   will 

increase as shown by the line labeled "AT    due to increase in ä'."   The increase is very small 

since the change in vertical effective stress is very small.   Soil extrusion also affects the shear 

stresses, as shown by the line labeled "AT   due to soil extrusion."   The sum of these two effects, 

indicated by the heavy black line, is actually observed.   In a test, the transducer readings are 

recorded at one-minute intervals (or less) after the ring is lifted until there is a reduction in the 

measured force couple, indicating extrusion is becoming dominant.   Then the confining ring is 

replaced.   The transducer readings recorded just before the reduction started are used to compute 

T  .   In this manner, the effect of friction due to confinement is eliminated and the effect of soil 
extrusion is minimized.   The actual strength may be slightly higher than the strength computed by 

this technique. 

A.6   ERROR IN THE MEASURED MOMENT CAUSED BY FRICTION BETWEEN THE  ROTATING 

CENTER DISC AND THE STATIONARY PART OF THE SPECIMEN 

Experience has shown that the center spacer used to form the inner periphery of annular 

specimens rotates with that part of the specimen below the failure plane. 

The error due to friction between this Teflon disc and the stationary part of the specimen 

above the failure plane may be estimated as follows: 

.2 

M./M, 2 

Rl "R2 

3h 
Kw st (A-10) 

st M ,/M    = (0.23) 3hK — 

If h = 0.05 cm and K = 0.8, 

M,/M   = 0.027 •st 

Rotation of the center disc on the inner periphery of the stationary part of the specimen 

results in a slickenside on this surface.   It would seem reasonable to assume that I 

friction between this slickensided surface and the Teflon center disc is about 0.5 M  . r 
assumption.  Equation A-10 becomes: 

MJ 

coefficient of 

Based on this 

M = 0.014 

Hence, the computed residual strength will be about 1.4% high due to this error. 

The act of lifting the ring generally disturbs the alignment of the top plate very slightly,  and the 
instant the ring is lifted the transducers will not be measuring forces which are truly representa- 
tive of the test conditions.   The transducer readings will change very rapidly; however,  after about 
15 seconds, the output of the transducers will stop changing rapidly and assume a slow,  steady 
increase.   It is this 15-second reading which is used to represent the shear stress due to friction 
in the above sketch. 
** 

Inferred from the observation of a slickenside on the inner periphery of the stationary part of the 
specimen. 

mm* 
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APPENUtA n 

CALIBRATION OF APPARATUS 

B.l   CALIBRATION OF FORCE TRANSDUCERS 

The transducers used to measure the force couple in the Harvard rotation «hear machine are 

manufactured by Dynisco Division of Microdot,  Westwood,  Massachusetts.   They are factory- 

calibrated and the combined effect of nonllnearlty, hysteresis, and nonnpeatabillty are «dvertised 

as less than 0.75% of their full scale output. 

Careful calibration in the Harvard Laboratory practically eliminated the effects of nonllnear- 

lty and hysteresis. 

Each transducer was calibrated by application of dead weight directly on its probe. Several 

cycles of loading and unloading are performed over a period of a few days. The transducers were 

calibrated using the same excitation and signal cables that are used during a rotation shear test. 

The output versus load and unload curves for a given transducer were found to have essenti- 

ally constant shape, but the curves were displaced along the voltage axis because of zero drift.   The 

repeatability of these curves for a given transducer was determined to be less than 0.1% of full 

scale output when the "no load" voltage was subtracted from the voltage obtained at any given load. 

Data for a typical transducer calibration are presented in Tables B-l and B-2.   Table B-l 

shows the results of one trial, consisting of three loading and unloading cycles.   The no load output 

/oltage before each loading cycle has been subtracted from the output at each load increment, and 

the no load output voltage at the end of the unloading cycle has been subtracted from the output volt- 

age at each load decrement. 

The average output voltage is then taken for each load decrement and recorded in Table B-2 

where it may be compared with other similar calibration trials.     For this particular transducer, 

three trials have been made.   The secant slope for each measured point on the calibration shown in 

Table B-2 indicates *he linearity of the calibration curve. 

Forces a-e determined during a rotation shear test by subtracting the zero load reading from 

the loaded readings.       Entering the calibration table with this difference, the secant slope of the 

calibration curve is obtained.   The difference between loaded and unloaded readings is multiplied by 

the appropriate secant slope to obtain the force.   The small deviation from linearity for the cali- 

bration curves has made this more convenient than using a curve of output voltage versus load. 

B.2   APPARATUS COMPRESSIBILITY 

Measurements of the vertical movemfnt of the upper beam of the loading yoke (Section 3.8) 

include the compressibility of the sheai ing unit.  The apparatus compressibility was determined 

for both testing machines by placing a brass disc between the loading platens.   Results of these 

calibrations are shown in Figs. B-l and B-2 and are practically identical. 

Only the unloading cycle is shown because the transducer is being unloaded as the residual 
strength is being approached. 
ft* 

During the early part of the test, the zero load readings taken before the test are assumed to 
apply. As the shear stress versus displacement curve approaches a horizontal asymptote, new 
zero load readings arc taken after each set of loaded readings is recorded. 
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TABU: · I 

PEP PER Sit LE (or • 7.5') 

EV l.UATION OF F RICTION DUE TO SOLID ONFINi hG RIN , 

•. Reoldoal St r•n"'h T J!p~::--
Test OCR Wtth R ln~ r No. 

kc/cm2 Rin& Tempurarity k~/cm2 
LUted • ::.;___ 

I I I 0 . 1<13 0. 118 0. 0~ ~ 
2 0 .275 0.250 0 .025 
4 0 .540 0 .515 0 .025 

2 • I 0 .510 0. 500 0.010 

3 • I I OGO 1.040 0.020 

4 12 I l.S~ 1. 529 0.02< 
20 2.605 2.680 0 .015 

5 I I 0. 125 0 . 11 5 0 .010 
2 0.~-&0 0.230 0.010 
4 0 .505 0 .490 0 .015 

7 I 10 0 . 166 0 . 141 0.025 

8 I 10 0. 168 0 . 14 5 0 .023 

9 2 5 0 .285 0 .265 0 020 

10 ' - 2.5 0. 533 0 .508 0 .025 

II I 100 0 . 14'1 0. 122 0 .020 

12 I Undta . 0. 132 0. 122 0 .0 10 

" I Und ia. 0. 129 0. 11 9 0.0 10 

14 2 Und ie . 0.263 0.253 0 .0 10 

15 • Undlo. 0 .420 0 .400 0 .020 

16 • Undia . 0.420 0.400 0 .020 

T BLE A - 2 

CUCARA It · · ~ lt ALE" (or • 6.4') 

EVALUATION OF FRICTI · ' I' TO SO:..JD CO FININ<.I IUS 

I Tu~ •. ~ 
"~"r~ <l> • r 

Rlnc 
No. 

ka/crn
2 

OCR 
Temporarily kg/om2 R Lifted 

I I I 0.:115 0. 105 0.020 

2 I I 0.208 0. 190 0.018 

3 I 

I 
I 0 . 156 0 . 151 ' ... oos 

4 2 I 0.335 0.335 0 
4 o•.,. 0.570 0.020 

I 
5 4 I 0 . 580 0.570 0 .0 10 

8 1.040 1.020 0.020 

6 12 I 1 S20 1.4 80 o.o .. , 
20 2.368 2.358 0.030 

7 8 I 0.990 0.980 0.0 10 

I I 10 0. 170 0 . 160 0 .0 10 

9 I 100 0.200 0. 180 0.020 

10 I I 0 . 155 0. 14 5 0,010 I 

II • I 0.580 0.570 0 .0 10 

T ABLY. A·3 

EVALU TION 0!' FRICTION DUE TO SOLID CON FIJ'<ING RING 

Te t ~ 
RealdUAI Streuth "r~ <l>T r 

No. v OCR Rlnc With 
kc/<m2 Rina 

Temporarlly kg/om2 
LUted 

I I I 0.207 0 . 177 O. OJO 

2 2 I 0.338 0.293 0.035 

• 0.602 0.572 0.030 

3 8 I 

• I Undla . 0.200 0 . 160 0 .040 

5 2 Undlo . 0.349 0 .339 0.0 10 

6 4 Undl• . 0.680 o.uo 0.030 

7 8 Und ia. 
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TABLE  HI 

HKSULTS OF TYPICAL  TKANSDliCKH  CAUHHATION - TKIAL 3 

Load 

kg 

Djfferrnce Between Loaded and Unloaded Output - mv 

Loading Cyc lea i*.;- «ding Cy< :l«l 

i  i:-» 3 421 3.428 3.430 3.382 3.340 3.341 

2.0 4.7Ö6 4.783 4 780 4.665 4.701 4.698 

4 0 9.470 9.478 9.479 9.309 9.341 9.363 

6.0 14.141 14.156 14.157 14.004 14.010 14.045 

8.0 18.747 18.831 18.324 18.618 18.680 18.711 

10.0 23.481 23.494 23.490 23.301 23.410 23.421 

11.3 26.3GS 26.538 26.544 

TABLE  B-2 

SUMMARY OF THREE  TRANSDUCER CALIBRATION TRIALS 

(UNLOADING CYCLE) 

Load 

k« 

Difference Between Loaded 
and Unloaded Output - mv Average 

Output 

mv 

Maximum 
Deviation 

from 
Average 

% 

Secant 
Slope 

kg/mv 
Trial 

1 
Trial 

2 
Trial 

3 

10.0 23.374 23.386 23.377 23.379 0.03 0.4277 

8.0 18.6 18.672 18.669 18.670 0.01 0.4234 

6.0 13.998 14.010 14.020 14.009 0.07 0.4282 

4.0 9.349 9.357 9.337 9.348 0.1 0.4278 

2.0 4.683 4.688 4.684 4.684 0.1 0.4269 

1.424 3.335 3.337 3.354 3.343 0.3 0.4259 
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