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PREFACE 

The Special Engineering Division, The Panama Canal, in a letter to 

the President, Mississippi River Commission, dated 2 April 1947, requested 

the Waterways Experiment Station to design and construct a device for 

performing torsion shear tests on soils. It was also requested that the 

strength characteristics of Atlantic Muck, in particular the decrease and 

ultimate residual values of the shearing resistance after initial failure 

of this material, be investigated by means of torsion shear tests. 

A torsion ring shear apparatus was designed and built in the summer 

and fall of 1947, and a preliminary series of tests on samples of Atlantic 

Muck was performed in the winter and spring of 1948. 

Subsequent to the preliminary series of tests, the torsion shear 

apparatus was subjected to a very detailed calibration, as part of a 

general development of s-eil testing equipment at the Waterways Experiment 

Station, and a new series of tests was performed on a sample of Lake 

Providence Clay and several samples of Atlantic Muck. The results of 

these investigations are presented in this report. 

The work was performed under the general direction of Mr. W. J. 

Turnbull, Chief, Soils Division, Waterways Experiment Station, and Mr. 

S. J. Johnson, Chief, Embankment and Foundation Branch. The torsion 

shear apparatus was designed by Dr. M. Juul Hvorslev, Consultant, and 

built in the machine shops of the Waterways Experiment Station. The first 

series of tests was performed and the preliminary report of October 1948 

prepared by Mr. w. c. Sherman. The final calibration of the apparatus and 
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series of tests were performed by Mr. R. I. Kaufman. This report was 

prepared by Messrs. Hvorslev and Kaufman. 
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SYNOPSIS 

Knowledge of the decrease in shearing resistance of soils after 

the maximum values of the resistance has been reached, and of the 

ultimate residual shearing resistance after failure, is of great 

importance in the analysis of the stability of slopes and earth struc

tures in general. Information on the shearing resistance characteristics 

of soils after initial failure can be obtained by means of torsion shear 

tests, because the cross-sectional area of the test specimen remains 

constant throughout such tests. 

A torsion ring shear device has been designed and constructed by 

the Waterways Experiment Station, and torsion shear tests on samples of 

Atlantic Muck from the Panama Canal have been performed by means of this 

apparatus. Many difficulties were encountered in the preliminary series 

of tests, and the apparatus and testing procedure were subjected to a 

detailed calibration and investigation in order to trace the source of 

these difficulties. It was found that the testing of undisturbed samples 

of Atlantic Muck required some changes in the testing procedure, and also 

that certain parts of the apparatus should be machined and aligned to 

closer tolerances. The required improvements did not affect the general 

principles of design, and it is believed that the torsion shear apparatus 

now is functioning satisfactorily, although certain sources of error, 

cow.man to most direct shear tests, have not yet been eliminated. 

A single sample of Lake Providence Clay was subjected to torsion 

shear tests for comparative purposes and as part of an investigation of 

testing procedures. A second series of torsion shear tests was performed 
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on several samples of Atlantic Muck, but difficulties in the execution 

of the tests and interpretation of the results were again encountered 

because the soil contained a large number of shells and its physical 

properties varied from sample to sample. All test specimens were 

subjected to preliminary consolidation in the shear apparatus. Changes 

in water content of the soil during the actual shear tests could not be 

prevented but were decreased by performing the individual tests as 

rapidly as possible. The results of these tests are summarized in the 

following paragraphs. 

The shape of the stress-twist diagrams agrees well with the 

published results of similar tests on other soils, and the relationship 

between the initial maximum values of the shearing resistance and 

corresponding values of the normal stress is quite consistent. However, 

plots of initial shearing resistances versus water contents show 

considerable scattering of results. 

The ultimate minimum or residual values of the shearing resistance 

are reached only after very large displacements. The surfaces of failure 

formed after such large displacements generally had a smooth and glossy 

appearance, similar to slickinsides. The glossiness of the surfaces of 

failure was most pronounced when the normal stresses were large, and it 

was absent when the normal stress was decreased to 0.5 kg/cm2 . 

Plots of residual shearing resistances versus water contents at the 

end of the tests show so great a scattering of results that a definite 

relationship could not be established. This scattering is caused in part 

by variations in physical properties of the soil and in part by variatiom 

in the formation of slickensided surfaces of failure. 
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The residual shearing resistance, as obtained in the current series 

of tests, is not directly comparable to the initial maximum shearing 

resistance because of changes in water content of the soil during the 

tests. Approximate corrections for the influence of such changes in 

water content were made in some cases, and the corrected values of the 

residual shearing resistance vary from 20 per cent of the initial shearing 

resistance, at high normal stresses, to 50 per cent at low stresses. This 

result is tentative because the changes in water content and their 

influence on the residual shearing resistance could not always be deter

mined with sufficient accuracy. 

The results of the tests on Lake Providence Clay and Atlantic Muck 

are presented in this report. The design, calibration, and methods of 

operation of the torsion shear apparatus will be described in detail in 

a forthcoming bulletin of the Waterways Experiment Station. 



TORSION SHEAR TESTS ON ATLANTIC MUCK 

THE PANAMA CANAL 

PART I: INTRODUCTION 

Need for and Scope of Investigation 

1. The failure of slopes and most other foundation and earth struc

tures is generally a progressive phenomenon. Failure starts at points in 

the earth mass where the shearing stresses exceed the available shearing 

resistance, anc since the shearing resistance of most soils decreases with 

increasing deformations after a certain maximum resistance is reached, the 

failure will spread through the soil until a new equilibrium is established 

or general failure occurs. Just before failure, the shearing resistance 

over a part of a potential surface of sliding will be smaller than its 

original maximum value. After failure the shearing resistance along the 

entire surface of sliding will be smaller than the maximum resistance. 

The shearing resistance determined by laboratory tests is generally smaller 

than that of the soil in situ, due to partial disturbance of the soil 

during sampling and preparation of test specimens, and in some cases also 

because of progressive failure during testing. Therefore, the above

mentioned effects of progressive failure in the field are often neglected 

in currently used methods of analyzing the stability of slopes and other 

earth structures. In other cases these effects are taken into considera

tion by arbitrarily decreasing the allowable shearing stresses, by using 
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the unconfined strength of cohesive soils as a measure of the shearing 

resistance, or by determining the average values of this resistance by 

field experiments or analysis of existing failures. However, continued 

improvement of methods for obtaining undisturbed samples, laboratory 

testing, and stability analysis increases the need of reliable determina-

tion of the decrease in shearing resistance after initial failure and of 

its ultimate residual value. 

2. The firGt part of the stress-strain curve after initial failure 

of soils can usually be obtained by means of the commonly used direct shear 

and unconfined or triaxial compression tests, especially when the soils are 

stiff and brittle. However, in these tests the effective cross section of 

the sample and the stress conditions in general change with increasing de-

formations, and it is seldom that thc:: ultimate or residual values of the 

shearing resistance can be determin~d with satisfactory accuracy. This is 

particularly true in case of plastic soils and slowly performed tests, for 

which the deformations required to reach the ultimate residual value of 

the shearing resistance may be very large. In contrast thereto, the cross 

section of test specimens submitted to certain types of torsion shear tests 

does not change during the test, and these tests may be continued until any 

desired deformation or twist is reached. Such tests have been used to a 

considerable extent in Europe during the last fifteen years. 

3. The transformation of the present Panama Canal into a sea-level 

canal will require excavations and spoil banks of unprecedented magnitude, 

and the rocks and soils encountered along the proposed route of the canal 

have been subjected to intensive investigations and tests(l, 2,3, 4,l2,l3)*. 

* Figures in par~ntheses indicate references at the end of the report. 
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However, complete data on the shearing resistance characteristics of the 

extensive deposits of soft Atlantic Muck could not be obtained by the usual 

triaxial compression and direct shear tests. The needed supplementary data 

might be obtained by means of torsion shear tests, and the Waterways 

Experiment Station was requested to design and construct a torsion shear 

apparatus and to perform tests therewith on samples of Atlantic Muck. The 

results of the limited number of tests completed to date are presented in 

this report, and the torsion shear apparatus and its operation will be 

described in a forthcoming bulletin of the Waterways Experiment Station. 

The general principles of torsion shear tests, and the advantages and 

limitations of such tests in comparison with direct shear and compression 

tests, are discussed in the following paragraphs in order to facilitate 

the understanding of the report without a detailed study of the bulletin 

and previous publications. 

Principles of Torsion Shear Tests 

Solid cylindrical test specimen 

4. Torsion shear tests are performed on cylindrical test specimens 

with either a full circular or a ring-shaped cross section, which are sub

jected to axial normal loads and a pure moment or torque. The use of a 

full circular or solid cross section has the advantage that both ~onstruc

tion of the shear apparatus and preparation of test specimens are simpli

fied. The shearing stresses and strains in a solid test specimen increase 

from a maximum at the cylindrical surface to zero at the center, and 

progressive failure takes place during the test. Assuming that the 

vertical normal stresses are uniformly distributed and remain constant 
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during the test, the true stress-twist curve can be obtained and the 

actual shearing stresses determined by graphical differentiation of the 

moment-twist curve as suggested by Duguet-Ludwig-Prandtl and described 

by Nadai(ll), However, the required assumptions for use of this method 

are seldom correct. 

5. Volume changes caused by the shearing stresses also increase 

from a maximum at the cylindrical surface to zero at the center of a 

solid test specimen. The consequent unequal changes in height of the 

sample are counteracted by radial displacements and plastic flow of soil 

and cause an unequal distribution of the vertical normal load. The actual 

distribution and its influence on the test results are very difficult to 
\ 

evaluate. · Furthermore, the decrease of shearing stresses and rate of 

displacement to zero at the center of the sample make it very difficult 

to determine the start of a slow plastic flow of soil before actual 

failure and to investigate the influence of the rate of displacement. 

These difficulties are greatly decreased but not completely eliminated 

when the test specimen has a ring-shaped cross section. Therefore, most 

of the torsion shear apparatus in c~rrent use and the one built by the 

Waterways Experiment Station have ring-shaped test specimens. 

Unconfined ring-shaped test specimen 

6. The principal features of various types of torsion shear ap-

paratus with ring~shaped test specimens are shown in fig. 1. The simplest 

conditions and apparatus are obtained when the sample is unconfined 

laterally. The soil will then be subjected to unknown capillary forces 

and the test is comparable to an unconfined compression test with similar 

uncertainties in interpretation of the results obtained. Furthermore, 
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when the soil.is sensitive to disturbance, zones of weakness are created 

close to the dentated base and piston, and the shearing resistance deter-

mined by the test will be smaller than the actual resistance. Finally, 

samples of soft and plastic soils may undergo lateral deformations at 

and after failure, in which case an investigation of the shearing 

characteristics after failure cannot be made with satisfactory accuracy. 

SOIL SAMPLE 

UNCONFINED SAMPLE 

A 

ANNULAR PISTON 

SINGLE RINGS DIVIDED RINGS 

C CONFINED SAMPLE B 

PLAN - UNCONFINED SAMPLE 

D 

ANNULAR PISTON 

DENTATEO SURFACES 

BASE PLATE 

ANNULAR PISTON 

OENTATEO POROUS PLATE 

SPACE BETWEEN RINGS 

OUTER CONFINING RINGS 

DRAIN 

BASE PLATE 
BASE STATIONARY OR ROTATING COUNTER CLOCKWISE 

PLAN - CONFINED SAMPLE 

FIG. I - TORSION SHEAR TESTS ON SOIL 

Confined ring-shaped test specimens 

7. The cross section of a sample confined laterally by inner and 

outer rings remains constant throughout the test, and the sample can be 

subjected to consolidation or swelling before and during the test. The 

confining rings may be divided at rnidheight into an upper and lower pair; 

the upper pair will then rotate with the annular piston, fig. 1-B, and 

failure usually takes place in a plane between the upper and lower rings 

and not close to the dcntated plates. The upper rings are raised a little 
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·before the ste.rt of the actual shear test, in order to eliminate friction 

between the rings and to insure that the total normal force is acting on 

the plane of failure. The distance from the plane between the upper and 

lower rings to the upper and lower surfaces of the sample should not be 

less than 1/4 in. to 3/8 in. to avoid failure close to the dentated 

plates. The arrangement with divided rings is usually preferable for 

tests on undisturbed samples of soils sensitive to disturbance, but the 

absence of lateral confinement in.the clearance between the upper and 

lower rings creates a small zone of weakness, and slightly too low values 

of the shearing resistance may be obtained. Furthermore, at and after 

initial failure soil may be squeezed out through this clearance, thereby 

causing observations of changes in height of the sample to be unreliable 

for determination of changes in volume and void ratio of the soil. 

8. The confining rings may also consist of a single undivided pair, 

fig. l-C, in w:t;.ich case failure usually -takes -plac~ a short distance below 

the upper dentated plate. The teeth in the dentated plates will cause 

partial disturbance of the soil close to the zone of failure, and too low 

values of the maximum shearing resistance may be obtained in tests on 

undisturbed and unconsolidated samples of sensitive soils. On the other 

hand, preliminary consoHdation of the test specimen in the shear appara

tus may cause the partially disturbed soil in the vicinity of the dentated 

plates to acquire surplus strength, and failure will then take place below 

the zone of excess consolidation and in the undisturbed part of the sample. 

The friction between soil and confining rings influences the degree of 

consolidation, and this influence increases with increasing height of the 

sample; therefore, the height should be relatively small. The arrangement 
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with single confining rings prevents any squeezing out of soil during the 

test, and it may be used to advantage in tests on remolded soils and also 

on non-sensitive undisturbed soils, particularly when volume changes 

during the shear test proper, the start and rate of slow plastic flow, 

and thixotropiq recovery of the shearing resistance are to be investigated. 

Waterways Experiment Station apparatus 

9. The test specimen in the torsion shear apparatus built by the 

Waterways Experiment Station has an internal diameter of 2.5 in., an 

external diameter of 4.5 in., and provisions are made for use of either 

single or divided confining rings. The height of the sample can be 

varied in accordance with the testing arrangement and consolidation pro

cedure. For the arrangement with divided rings the height of the sample 

is so chosen that it will be about 3/4 in. after consolidation and at the 

start of the actual shear test. The vertical or normal load is trans-

mi tted through a thrust bearing, a rod, and a lever system with- the- lever 

ratio so adjusted that 1.0 kg on the hanger is equivalent to 0.1 kg/cm2 

on the sample. The torque may be applied by either the controlled-stress 

or the controlled-strain method, and a change from one to the other 

method can be made during a test. When the controlled-stress method is 

used, the base of the apparatus is held stationary and a known torque is 

transmitted to the annular piston by means of a torque wheel and two very 

flexible wire ropes. The latter are carried over guide sheaves to a 

loading scale on which weights are placed. With the controlled-strain 

type of load appli.cation the base is rotated at constant speed .• whereas 

the annular piston is held stationary by rr.eans of the wire ropes, and the 

tension in the ropes and the torque load are determined by a proving 
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frame supporting the sheaves. The base is rotated by means of a small 

electric motor acting through worm gears and a gear box. The latter 

permits the speed of rotation of the base to be varied frcm 0.001 rpm 

to 1.0 rpm in five steps. The twist or displacement is determined by 

means of two dial indicators and/or the motor speed, gear ratio, and 

time elapsed. The tests described in this report were made with divided 

rings and the controlled-strain type of load application. 

Evaluation of Test Results 

10. The direct results of a torsion shear test are a series of 

corresponding values of torque and twist. The measured torques are 

first corrected for the influence of friction and other extraneous 

forces in various parts of the apparatus, which are determined during 

its calibration. The influence of stress concentrations at, and of 

_aoil -Squeezed out through the clearance between the upper and lower con-

fining rings is not taken into consideration. The shearing stresses are 

not uniformly distributed over the plane of failure until the corrected 

torque becomes constant or the torque-twist curve horizontal, but these 

stresses and the true stress-twist curve may be determined by expanding 

the Duguet-Ludwis-Prandtl method of graphical differentiation of the 

torque-twist curve to ring-shaped cross section. This method is de

scribed by Hvorslev( 7, B) and shall not be di.scussed further here, since 

the easier method described in the following paragraph yields sufficiently 

accurate results for the purpose of this investigation. The planesof 

failure in a test specimen sabjected to pure shear are not perpendicular 

and parallel to the axis of the specimen unless the angle of internal 
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friction of the material is zero. The shearing stresses determined by the 

torsion shear test are those acting on a horizontal plane and only approach 

those of a test specimen subjected to pure shear. 

Average shearing stresses 

11. The shearing stresses can be determined by the following 

formula, when they are assumed to be uniformly distributed over the hori-

zontal plane of failure, 

where M is the torque, S the torque load, Dw the diameter of the 

torque wheel, D the external diameter, and d the internal diameter 

of the test specimen. A = n (D3 - d3)/6 D may be called the equiva-s w 

lent shear area for a torsion shear apparatus. With S in kg, A 
s 

2 in cm , 

and the dimensions of the apparatus as built, the average shear stress 

can be expressed in the following simplified form, 

s s 2 
-ra =A= 24.5 kg/cm 

s 

and they are sufficiently accurate when the curvature of the torque-twist 
. 

curve is not too sharp or its slope is flat. This investigation primarily 

concerns th~ shearing stresses at and after initial failure, and the re-

quirements for use of the simplified formulas are generally fulfilled 

for this part of the torque-twist curve. 

Average displacements 

12. For a twist of G radians the linear displacement between the 

end surfaces of the sample is 8 D/2 for exterior elements and e d/2 

for the interior elements. The mean displacement, considering areas 
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involved, is not the average of these displacements but 

is the mean diameter determined by 

2 n3 

Dm = 3 D2 

8 D /2, where 
m 

or for the WES apparatus D = 3.60 in. = 9.14 cm. m The results of the 

shear tests are presented in terms of average shearing stresses and dis-

placements, but the correoponding twists in degrees are also indicated. 

The actual shear strains cannot be determined since the strain varies 

over the height of the sample, and after failure the displacement is 

concentrated at or in the immediate vicinity of the plane of failure. 

The rates of displacement shown in the tables also refer to mean dis-

placements. With the controlled-strain type of loading there is a slight 

slack in the wire ropes which must be taken up before the actual rate of 

displacement reaches the nominal value. Therefore, the time of loading is 

not the time interval between start of the test and initial failure of the 

soil but is obtained by dividing the mean displacement at failure with the 

nominal rate of displacement. 

Comparison of Strength Tests 

13. Inherent sources of error are found in all strength tests and 

should be taken into consideration when the results of one type of test 

are compared with those obtained by other types of tests. A brief sum-

mary of such inherent sources of error and the general advantages and 

limitations of direct shear and triaxial compression tests in relation 

to those of torsion shear tests is presented in the following paragraphs. 

Purely mechanical sources of error, which can be eliminated by proper 
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construction and calibration of the testing devices, are not included in 

this summary. Strictly speaking, the shearing resistance is determined 

directly in torsion shear tests, but the term "direct shear tests" is 

usually :reserved for tests in which failure is produced by a translatory 

displacement of one part or surface of the test specimen. Many types of 

direct shear tests have been developed but only the three principal types 

will be discussed. 

Direct transverse shear tests 

14. The term direct transverse or double shear test is usually ap-

plied to tests in which the sample is confined between three rings, fig. 

2-A, and the center ring is displaced at right angle to the axis during 

' the actual test. The apparatus is simple, and samples obtained by means 

of samplers having liners divided into rings of appropriate height can be 

tested without being removed from the liner rings. Furthermore, the 

shearing forces are transnU_tteQtn the sample as noI'!llal compressive forces 

on the cylindrical surface, which causes less .disturbance of undisturbed 

samples than transmission as tangential forces by means of rough or 

dentated plates. However, the relatively great height of the sample in-

creases the influence of side wall friction and also of the time required 

for consolidation and drained shear tests. The stress conditions during 

the test are very complicated, extensive progressive failure takes place, 

and the test will undoubtedly furnish too low values for the maximum 

shearing resistance of sensitive soils. The effective cross section of 

the sample decreases and the stress conditions become more complicated 

with increasing deformation. This type of test cannot be expected to 

furnish reliable values of the shearing resistance when the deformations 
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are large, and it is unsuitable for investigation of the shearing 

characteristics after failure. 

15. The direct transverse shear test is in some cases performed 

with only two rings, but the conditions are similar to those described 

above when the shearing forces are transmitted as compression between 

soil and rings. On the other hand, a part of the shearing forces is 

transmitted as tangential forces when rough or dentated end plates are 

used. The stress conditions are then similar to those in direct box 

shear tests, described below, but the effect of the displacements is 

greater and more difficult to evaluate. 

Direct box shear tests 

16. The most commonly used direct shear test is the box shear test, 

fig. 2-B, in which a relatively thin sample is confined between two stiff 

frames. The shearing force is transmitted in part as a normal pressure 

between soil and frames but primarily.as a tangential force by means of 

the dentated plates. Before.the start of the actual shear test, the upper 

frame is generally raised a little in order to eliminate friction between 

the frames. The principal advantages of this type of test are simplicity 

in construction and operation of the apparatus and good drainage facilities 

for the sample, so that preliminary consolidation can be accomplished and 

drained tests performed in relatively short time. On the other hand, it 

is difficult to prevent drainage during the actual shear test, especially 

when preliminary consolidation is required, and undrained tests must be 

performed as quick tests with a small amount of drainage taking place. 

17. Other limitations of the box shear tests are that the dentated 

plates cause disturbance of undisturbed samples, and a zone of weakness 



may be created in their vi-

cinity unless considerable 

consolidation has taken 

place after the sample is 

placed in the shear box. 

A small zone of weakness is 

also created in the clear-

ance between the frames, and 

soil may be squeezed out 

through this clearance dur-

ing the later stages of a 

test. Progressive failure 

does take place but probably 

to a smaller extent than in 

direct transverse shear 

tests. The effective cross 

section of the sample, er area 

A - TRANSVERSE TEST 

REACTION 

SHEAR FORCE 

REACTION 

e-eox TEST 

LI.I SECONOARV SHEAR PL.ANES 

~ 
a: 
< ... 
J: 

" 

C-SWEDISH TEST 

13 

PISTON 

L.INER SECTIONS 

BASE OR PISTON 

PPER FRAME 

DENTATED POROUS PL.ATE 

PRINCIPAL SHEAR PLANE 

DENTATED POROUS PLATE 

LOWER FRAME OR BASE 

O'""TATE.J POROUS PLATES 

LOWER PLATE 

BASE • 

FIG. 2 - DIRECT SHEAR TESTS 

of soil in contact with soil, decreases with increasing displacement, 

but the soil in the remaining parts of the original area is in contact 

with metal, and the corresponding frictional resistance should be taken 

into consideration in evaluating the test results and computing the 

shearing stresses in the soil proper. The corrections for various sources 

of error become increasingly uncertain with increasing displacements, and 

this type of test permits only a limited investigation of the shearing 

characteristics after initial failure. 
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Swedish direct shear tests 

18. In direct shear tests of the Swedish type, fig. 2-C, a short 

cylindrical sample is confined by a rubber membrane and a series of thin 

rings. The influence of side wall friction during consolidation is there

by eliminated, and it may be noted that the same apparatus is used both 

for standard consolidation tests and for direct shear tests. The shearing 

forces are transmitted entirely as tangential forces by means of the 

dentated end plates, and the lateral deformations during shear tests are 

fairly uniformly distributed over the height and cross section of the 

sample. The arrangement provides good drainage facilities and is well 

suited for preliminary consolidation and drained shear tests. Further

more, the amount of water expelled or absorbed by the soil can be 

measured, and drainage can be prevented at any time during a test by 

closing a valve. Therefore, undrained tests can be performed at any 

desire~ rate of displacement or load ~pplication. 

19. The above-mentioned advantages are impressive, but the test 

arrangement also has certain limitations. Proper placement of the rubber 

membrane and confining rings is not always easy, and the membrane may be 

pinched between the rings when the vertical settlements are large. The 

resultants of the vertical normal forces must form a couple in order to 

balance the moment produced by the shearing forces acting on the ends of 

the sample. As a consequence, the vertical normal stresses in the swnple 

are not uniformly distributed. This non-uniformity of stress distribution 

increases with. increasing deformation, and the shearing characteristics 

after failure can be investigated only to a limited extent. The dentated 

end plates cause disturbance of undisturbed soil samples, and zones of 
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weakness ma;}' be created unless considerable preliminary consolidation 

takes place. However, for undrained tests the dentated plates have re

cently been replaced with smooth plates which are given a thin coating 

of gelatin. The gelatin is allowed to dry before being placed in 

contact with soil, whereupon the gelatin absorbs water from the soil and 

forms a bond between soil and metal, which permits transmission of the 

shearing forces without slippage and disturbance. 

Triaxial compression tests 

20. The principal advantages of the triaxial compression test, 

fig. 3, are that both axial and lateral external forces are definitely 

known, can be varied independently of each other, and are transmitted as 

normal compressive forces to the sur

faces of the sample, so that pre

mature disturbance of the soil struc

ture is avoided. Drainage through 

the ends of the sample requires 

considerable time, and satisfactory 

arrangements for drainage through 

the cylindrical surface have not yet 

been developed. On the other hand, 

the ·amount of water expelled or 

absorbed by the soil caw be measured, 

and drainage can be prevented at any 

time during a test by closing a 

valve. Therefore, this type of test 

is well suited for determination of FIG. 3 - TRIAXIAL COMPRESSION TEST 
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the maximum shearing strength of samples of sensitive soils and for un

drained or consolidated-undrained test conditions, but drained triaxial 

compression tests on soils of low permeability are very time-consuming 

because of the poor drainage conditions. 

21. Inherent sources of error in tria.xial compression tests are 

primarily caused by the restraints exerted by the rubber membrane and by 

the friction between the soil and the porous end plates. The former is 

of importance only when the deformations are large and the external forces 

small, and the latter probably exerts only a minor influence on the 

strength when the length of the sample is more than twice its diameter 

and provided the principal planes of failure do not intersect the ends of 

the sample. However, the end restraint causes non-uniform deformations, 

pore-water pressures, and volume changes, wherefore the effective cross 

section, the effective stresses, and significant void ratios cannot 

always be determined with satisfactory accuracy. These sources of error 

increase with increasing deformations, and the test can be used only to 

a limited extent for investigation of the shearing.characteristics after 

initial failure of the soil. 

22. A comparison of the results of tria.xial compression tests with 

those of direct or torsion shear tests, and the application of the results 

of any of these tests to practical problems, is often difficult because of 

differences in stress conditions and in the location of the planes of 

failure with respect to the stratifications of the soil. The stress 

conditions during preliminary consolidation, and the intermediate princi

pal stresses during the actual test, are different for triaxial compression 

tests and for direct shear tests. The planes of failure in triaxial 
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compression tests usually intersect the stratifications, and their loca

tion and inclination may be influenced to a considerable extent by local 

irregularities or deficiencies in strength of the soil. On the other hand, 

failure in direct or torsion shear tests is forced to take place along a 

definite plane, which usually is parallel to the stratifications of the 

soil. The actual shearing resistance along a surface of failure can be 

determined from the results of triaxial compression tests when the sur

face is plane and distinct and its inclination is measured before it is 

changed by deformations after failure. However, 'the determination of the 

shearing resistance corresponding to the compressive strength is indirect 

in most cases and depends to some extent on the theory of failure adopted 

and the consequent angle of internal friction used in analyzing the test 

results; see paragraphs 37-38 and fig. 8-B. 

Torsion shear tests 

23. The advantages and limitations of torsion shear tests on spec1'

mens with ring-shaped cross section, already discussed to some extent, may 

be summarized as follows. The shearing resistance is determined directly, 

and although the stress conditions do not fully correspond to those of 

pure shear, they are closer to this condition than in direct shear test& 

The drainage conditions are good, consolidation may be accomplished, and 

drained tests can be performed within reasonable periods of time. The 

cross section of the sample remains constant throughout a test, and any 

desired amount of displacement may be obtained so that the shearing 

characteristics of the soil after its initial failure may be fully 

explored. 
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24. The principal limitations and inherent sources of error in 

torsion shear tests are the following. The test specimens are more dif

ficult to prepare than for other strength tests. Drainage cannot be 

prevented, and "undrained" tests can be performed only as quick tests 

with some drainage taking place. The torque producing failure in shear 

is transmitted as tangential forces by means of dentated plates with 

consequent premature disturbance of the surface of undisturbed samples 

and creation of a zone of weakness unless the sample is allowed to 

consolida·t,e to some extent in the shear apparatus. The clearance 

caused by raising the upper rings creates a zone of stress concentration 

and weakness, and when soil is squeezed out through this clearance, the 

vertical settlements of the sample are no longer representative of the 

volume changes. It may be noted that many of the above-mentioned sources 

of error are similar to those existing in direct box shear tests. 
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PART II: GENERAL PROPERTIES OF SOILS TESTED 

25. The principal purpose of this investigation was to determine 

the shearing resistance characteristics of Atlantic Muck by means of 

torsion shear tests. However, a few such tests were also made on a single 

test specimen of Lake Providence Clay in order to trace the source of 

various difficulties encountered and anomalies observed during the pre

liminary torsion shear tests on Atlantic Muck. The sample of Lake 

Providence Clay and samples of Atlantic Muck were also subjected to 

various classification and other standard laboratory tests. The results 

of these tests and the origin of the samples are described in the fol

lowing paragraphs. 

Lake Providence Clay 

26. The sample tested vro;s- 5-1/2 ±rr. irr diameter and- obtained.- fronr 

a depth of 52 ft at Sta 930+00, 120 ft R.S. at Lake Providence, Louisiana. 

Lake Providence Clay is a uniform, medium stiff, blue-gray clay with a 

natural water content of 48 to 59 per cent, a liquid limit of 104, and a 

plasticity index of 69. The grain-size distribution and the coefficient 

of permeability were not determined. An approximate pressure-void r·atio 

curve was obtained by preconsolidation in the torsion shear apparatus, 

and it was estimated that the preconsolidation pressure of the undisturbed 

soil is about 1.5 kg/cm2 • By kneading in the hand the soil appears to be 

sensitive to remolding, and the torsion shear tests indicated that the 

residual strength after failure is only 35 per cent of the maximum shearing 

resistance, but there is very little difference in the unconfined 
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compressive strength of undisturbed and remolded test specimens; see 

tables 2 and 3. However, it is possible that the soil lost water during 

testing and handling, and that the strengths obtained for the undisturbed 

and remolded states are not directly comparable. 

Atlantic Muck 

Origin and sampling 

27. The samples of Atlantic Muck used in this investigation were 

obtained between depths of 29 and 60 ft from boring SL-120 at the North 

Plug of the Gatun Third Locks excavation. The samples were taken by means 

of a thin-wall piston sampler, using copper tubes with an internal 

diameter of 5-1/2 in., and were preserved in the tubing by sealing with 

wood blocks ·and paraffin. A total of ten samples were obtained, and the 

depth, field classification, and type of tests performed on the individual 

_samples are summarized in to.ble 1. The sampl-ing -was completed in June 

1948, and the major torsion shear tests were performed between May and 

November 1949. The samples were thus preserved in the tubing for periods, 

between 11 and 17 months, during which time some corrosion occurred with 

conse~uent adhesion between soil and tubing. As a result, it was often 

difficult to remove the tubing without disturbing the surface of the 

sample. The upper sections of the samples were not used for strength 

tests because of partial disturbance of the soil; other sections with 

visual signs of disturbance or too great a content of shells, roots, and 

other organic matter were also discarded for strength tests. The lower 

sections of the samples received in the laboratory were generally in good 

condition because disturbed soil already had been removed in the field in 



TABLE I -- SUMMARY OF SA~!PLE DATA AND TYPES OF TESTS PERFORMED 

BORING SL-120 -- NORTH PLUG OF GATUN THIRD LOCKS EXCAVATION -- THE PANAMA CANAL 

DEPTH IN FT SAMPLE LENGTH TESTS PERFORMED 
SAMPLE FT FIELD CLASSIFICATION PRO-

PERM~~ ~ 
WAT. SAT. M.A. LL. x 

~~ REMARKS 
NO. FILE ~Nl: ON < 

SCALE SAMPLE GROSS NET s S.G. PL. 
K i~ U a: w ... 1-11) 

0 
I 

YELLOW-BROWN CLAY FROM PREVIOUS REPORTS a: - TO NONE GROUND WATER AT 8 FT. AVERAGE WATER CONTENT 80 % "' .. 
~ 0 

NO SAMPLING ABOVE 29 FT. AVERAGE UNIT WEIGHT 102 .S LB/CU. FT. z 29.0 0 - x 0 
~ . . z . . < 

_1Q_ SANDY, SILTY . a: 
I 2.1 1.7 : (•) . 0 ~ "' ORGANIC MUCK ~ "' z . a: "' - 31.I . . CL 2 .. ... u 

0 i ~ 
- NO SAMPLE "' a: "' "' "' ... u CL 

"' \!! 0 "' - 33.1 CL ... ... x . .,; a: "' SILTY, HIGHLY ORGANIC .J "' I.) 

- .J I- a: 
2 2.1 1.7 MUCK. PLASTIC "' ~ < 

J: .J 

-2L "' 2 
3S.2 . ,.. u x z z 

SILTY, HIGHLY ORGANIC . < 
2 ;S - MUCK CONTAINS SHELLS : . 

3 2.1 l.S . . 8 a: 
ANO FAIRLY WELL PRE- . 0 

SERVED WOOD. .. I-- 37.3 . .. 
SILTY, CLAYEY, ORGANIC x "' "' - .J u 

4 2.1 1.S MUCK CONTAINING A .J z "' "' < I-
LARGE NUMBER OF SHELLS ~ 2 "' - a: "' 39.4 ,.. 0 ... x z .. ,.. 

a: ~ SILTY, CLAYEY, ORGANIC < 
~ 

z 
2 < 

s 1.8 1.3 MUCK . BOTTOM 0.3 FT 0 a: .. 
SLIPPED OUT OF TUBE. 0 0 

0 - I- .. 
41.S 

A . 
-

B . . .. . . .. . . 
SHELLS CLAYEY, ORGANIC MUCK c - 8 2.8 2.3 PLASTIC AND COHESIVE IN SECT. 

0 . 
A AND C 

E . . . . - 44.3 ~ 

A 
~ B .. . . .. . . CRACKS 

CLAYEY, SILTY, ORGANIC 
c . . . . IN SECT. A 

7 2.8 2.5 MUCK 
-

PLASTIC ANO COHESIVE 
0 . . 
E . . (•) 

- 47.1 ::::><:: 

A . 
- SILTY, CLAYEY, ORGANIC B . . . . CRACKS 

8 2.8 2.6 MUCK c . . . . IN SECT. A 

- PLASTIC AND COHESIVE 0 . . . .. 
E . . . . 

50 49.9 

-
- NO SAMPLE 

-
- 54.2 

A 
55 B .. SHELLS ...---- SILTY, CLAYEY, ORGANIC 

9 2.8 2.1 MUCK c . . . . . . . IN SECT. 

- PLASTIC AND COHESIVE 0 . •k•W A AND B 

57.0 1>< - A . [CONTROL TESTS LOSS OF WATER DURING STORAGE] 
B • I I 11••• LARGE 

- SILTY, CLAYEY, ORGANIC c I I CONCRE-
10 2.8 2.5 MUCK e--!?-- . I I . ...... 

TION IN 
- PLASTIC ANO COHESIVE 

E AVAILABLE FOR FUTURE TESTS SECT. C 

_!L 
59.8 I I 
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order to permit sealing of the tubing. 

Description and classification tests 

28. The Atlantic Muck formation is a Pleistocene deposit consisting 

of clays, silts, sands, layers of sea shells, and swamp deposits with de-

cayed roots, wood, and other organic matter. At the site of boring SL-120 

the ground-water level was found at a depth of 8 ft and the deposits to a 

depth of 29 ft were of recent origin, consisting of stiff and brittle, 

yellow-brown clay which is different in character from the underlying 

Atlantic Muck deposits. Samples 1 to 5 of Atlantic Muck contained so many 

shells, pieces of wood, and other organic matter that large test specimens 

could not be prepared. The soil in samples 6 to 10, used in the principal 

tests, was a very dark and highly organic clay of soft to medium consistency. 

The undisturbed soil was brittle but appeared plastic after partial disturb-

ance, and showed great loss in strength by complete remolding. Probably a 
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considerable amount of gas was dis-

solved in the pore water and re-

leased when the pore-water pres-

sure was decreased. 

29. Figs. 4 and 5 show re-

sults of grain-size analysis and 

Atterberg limits tests of Atlantic 

Muck} it will be seen that the points 

on the plasticity chart fall close tc 

or below the 11 A" line. Results of 

these and other tests are summar-

ized in table 2 and there compared 
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120 v BORING SL-120 
/ ,_____ SAMPLE LL PL Pl v I 149 88 81 A 

3-A 180 70 90 A- LINE 6 

3-B 183 67 98 ""- / A 

100 
x 
Lii 
0 
z 

20 

3-C 183 72 91 y 
3-0 187 59 108 

/ 8-B 163 58 105 0 

9-BU 145 52 93 
9-BL 148 77 69 v 9-CL 148 50 98 

/ v 6 SAMPLES 1-3 

/ 0 SAMPLES 8-9 

/ 

I/ 

> 80 
t: 
u 
j:: 
II) 

< 
.J 

80 IL 

40 
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LIQUID LIMIT 

FIG. 5 - PLASTICITY CHART - ATLANTIC MUCK 

~ 

GENERAL PHYSICAL PROPERTIES- OF- SOILS- Tm'flID-

\later satu- Penoea- Precon. UncOiit. Cc:mpr. 
Content ration Liquid Plastic Plastic Spec. bility St re BB Strength 

y s Limit Limit Index Gravity k Undia~. ;j°cm~ Soil __L_ J_ ~ ~ PI __ G_ cmL•ec ~ ~ 
lake Providence Clay 48 0.83 0.65 

to lo4 35 69 to to 
59 0.85 0.79 

(a) 
Atlantic Muck 

Harvard teats 
Boring 45 57 32 2.54 0.7 0.31 

SL-86 to to to to to to 
24.5 to 35 :rt 137 93 55 2.76 1.3 0.67 

Boring 47 103 48 2.68 7 to lio 0.5 0.17 
SL-86 to to to to x lo- to to 
35 to 58 :rt 171 172 69 2.89 (b) 1.1 0.67 

WES teats 
Boring U8 911 41 51 
SL-97 to to to to 0.56 o.16 
44to50:!'t 146 161 56 112 (a) 

Boring 46 149 59 82 0.31 0.12 
SL-120 to to to to to to 
29 to 41.5 :rt 161 167 72 l.08 0.67 0.24 

Boring 92 89.5 145 50 69 50 to '('O 1.0 O.Jl 0.07 
SL-120 to to to to to 2.70 x lo- to to to 
41.5 to 6o :rt 150 97.9 163 77 106 (b) 1.2 0.72 0.17 

(a~ Water content or undisturbed and remolded apecimeDJI not &lvaya equal. 
(b Correspond& to v = 8o to 130 per cent. 
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with results of similar tests on samples from borings SL-86 and SL-97, 

used in tests at Harvard University by Casagrande and Shannon(3) and in 

a preliminary series of tests at the Waterways Experiment Station(l5). 

The natural water content of the soil used in the tests described in 

this report varied between 92 and 150 per cent, the liquid limit between 

145 and 167, and the plasticity index between 69 and 108. The correspond-

ing great differences in soil properties made it very difficult to cor-

relate the results of the various tests performed and to make reliable 

corrections for differences or changes in water content of the test 

specimens. 

Consolidation and permeability tests 

30. A consolidation test was performed on a part of sample 9, 
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corresponding to a depth of 55.5 ft 

below ground surface, and the results 

are shown in fig. 6. The diagram 

indicates that the soil is very com-

pressible, but it is probable that a 

part of the compressibility is caused 

by gas entrapped in the pores or re-

leased from the pore water. The 

preconsolidation pressure estimated 

from the diagram is about 1.1 kg/cm2 • 

The effective vertical pressure at a 

depth of 55.5 ft is 1.15 kg/cm2, 

assuming the ground-water level to be 

at a depth of 8 ft, the average water content of the upper 29 ft of soil 
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to be 60 per cent, and that of Atlantic Muck equal to 120 per cent. There-

fore, the soil appears to be in a state of natural consolidation corre-

sponding to the existing overburden pressure. Special permeability tests 

were performed on the upper parts Of Samples 6 and 8 as a part Of other 

investigations, Hvorslev(lO), and yielded coefficients of permeability 

which vari~d from 50 x lo-9 cm/sec for a water content of 80 per cent to 

170 x 10-9 cm/sec for a water content of 130 per cent. 

Unconfined Compression Tests 

31. Unconfined compression tests were performed on both undisturbed 

and remolded material from all samples used for torsion shear tests on 

Lake Providence Clay and Atlantic Muck. The objects of these testswere 

to obtain the usual data for classification of consistency and sensi-

tivity of the material as well as relationships between water content 

and strength. A single triaxial compression test was aiso performed: in 

an attempt to obtain a check on the maximum shearing resistance obtained 

by torsion shear tests, but the available material was insufficient for 

performance of the additional tests required for definite conclusions. 

Storage and preparation of test specimens 

32. Specimens for unconfined compression tests were prepared from 

the core of each annular specimen for torsion shear tests. The equipment 

for performance of unconfined compression tests was undergoing altera-

tions and was inoperative for considerable periods of time. As a result, 

the above-mentioned cores were stored in sealed glass jars for periods of 

7 to 55 days. A slight loss in water content occurred during this stor-

age, as indicated by the moisture accumulated on the walls of the jars. 

32159 
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Special tests indicated a loss in weight of the core amounting to about 

one gram in 62 days, corresponding to a decrease in water content from 
. 

103.3 to 102.1 per cent. It is probable that a major part of this loss 

occurred during the first few days of storage, but the actual rate could 

not be determined with certainty since additional loss of water took place 

each time the jar was opened and the sample removed for weighing. 

33. Test specimens 1 in. in diameter and 2 in. long were cut from 

the cores by means of a thin-wall piston sampler, Hvorslev( 9). The cores 

must be supported laterally during this operation to avoid cracking. Some 

cores were given lateral support by means of rubber bands acting through a 

split cylinder of thin celluloid, but it was difficult to obtain uniform 

support and cracking occurred in some cases; see sample~ 6D, 7DL, and 8DL. 

The remaining cores were placed in a ring cut from a 3-in. standard pipe, 

and the annular space between the core and the ring was filled with loosely 

packed sand. All test specimens obtained from cores supported in this 

manner were free of visible cracks. 

Undisturbed strength and water content 

34. The unconfined compression tests were performed ~t a constant 

rate of strain equal to 0.02 in. per minute. The water content and degree 

of saturation were determined immediately after completion of each compres-

sion test. The results of the tests on the cores are summarizedin table 3 

and plotted in fig. 7. In Part III these results will be compared with 

those of the torsion shear tests. The large variations in character of the 

soil precluded establishment or a definite relationship between water con-

tent and strength from the results of tests on cores obtained from torsion 

shear test specimens. Therefore, additional tests were performed on 



Table 3 

RESULTS OF UNCONFINED COMPRF.SSION TESTS 

Undisturbed Remolded 
Sample Water sat. Stre~h Water Streng~h 

Soil No. ~ ~ g,,Lcm _L_ kgLcm Remarks 

Lake A (47.6r 0.83 47.6 0.79 Same sample as 
Providence c (49.0 * 0.85 49.0 0.65 torsion specimen. 
Clay T 45.0 0.96 After torsion 

Atlantic 6B 132.0 95.0 0.513 132.0 o.o81 
Muck 6D (132.0)* (94.4)* Sample cracked 

6E 132.0 93.8 0.654 

7BU 144.2 96.0 0.511 124.8 0.165 Note different water 
7BL 149.8 95.3 o.484 131.9 0.071 content for remolded 
7cu 148.4 96.0 0.592 tests 
7DL Sample cracked 
7E 91.7 97.8 0.325 

8B 114.7 96.6 0.309 
8cu 124.8 96.8 0.275 
8DU 134.1 95.8 0.348 
8DL 143.0 95.8 Sample cracked 
BEL 145.3 97.2 o.427 

~ 109·2 21·2 0.721 

* Interpolated values 
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specimens from two uniform sections of sample 10. Before the final cutting 

the individual soil sections were dried slowly in order to obtain test 

specimens with a wide range in water content. The resulting diagram of 

strength versus water content is also shown in fig. 7. The lower part of 

this diagram is nearly parallel to the equivalent diagram for remolded 

soil, but the upper part shows a slight reverse curvature, which is 

similar to that of the pressure-void ratio diagram, figs. 6 and 20. 

Sensitivity to disturbance 

35. As indicated in table 3, a few unconfined compression tests 

were made on remolded soil from individual sample sections. In the case 

of Lake Providence Clay each undisturbed test specimen was remolded in a 

rubber bag after the initial test, but the water content was not deter

mined before the test on remolded soil was completed. It is possible that 

a loss in water content occurred during testing and handling, and that the 

· sensitiYity of the soil is greater than indicated by -the figure~ in the 

table. The sensitivity to disturbance of Atlantic Muck cannot be deter

mined from the test results indicated in the table because of the dif

ference in water content of undisturbed and remolded soil. Therefore, a 

strength-water content relationship for remolded soil was needed and ob

tained by remolding and mixing scraps of Atlantic Muck from samples 8 and 

9. The remolded soil mass was allowed to dry slowly; at various times the 

soil was again remolded, whereupon a test specimen was taken by means of 

the thin-wall piston sampler, and the unconfined compressive strength was 

determined. As seen in fig. 7, the resulting diagram of strength versus 

water content is a straight line, and when this diagram is compared with 

that for undisturbed soil, sensitivity ratios varying from about 3.5 to 



7 are obtained. However, the diagrams for undisturbed and remolded soil 

were obtained by means of test specimens from different samples, and a 

change in character of the soil would influence the above-mentioned 

sensitivity ratios. 

Triaxial Compression Test 

29 

36. A test specimen 1.4 in. in diameter and 3.0 in •. long was cut 

from sample 7CL and allowed to consolidate under a fluid pressure of 1.0 

kg/cm2 • Thereafter the pressure was reduced to 0.5 kg/cm2 and the sample 

allowed to swell. The amounts of water first expelled and later re

absorbed by the soil were measured by a pipette, and determination of the 

actual volume changes by direct measurements was also attempted in order 

to obtain data on the influence of gases.in the voids or pore water, but 

the attempt was unsuccessful. After completed swelling, the triaxial 

test was performed. as an undrained quick tes-t with a constant rata of_ 

strain equal to 0.012 in. per minute, and the results of the test are 

shown in fig. 8. The maximum deviator stress is o.84 kg/cm2 and the 

water content of the central part of the sample is 119.3 per cent. These 

data are plott~d in fig. 7. It will be seen that the triaxial strength 

falls within the range of strengths obtained by unconfined compression 

tests. 

37, A comparison of the results of the triaxial compression test 

With those of the torsion shear tests requires computation of the normal 

stresses and shearing stresses on an actual or assumed plane of failure 

in the compression test specimen. The actual surfaces of failure were 

rather irregular with an average inclination of 63°, corresponding to an 
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angle of internal friction ¢ = 36°. The steep inclination of the sur-

faces of failure is probably caused by local irregularities, and the 

angle ¢ = 36° is much too large. The angle of inclination of a tangent 

to the Mohr circle and through the origin of the diagram, fig. 8-B, is 

¢ = 27°12 1 but does not represent the actual internal friction since the 

test specimen was strongly overconsolidated and had acquired considerable 

cohesion. The angles of inclination of the shearing resistance lines ob-

tained by the torsion shear tests, see fig. 17, are ¢ = 17°30' for normal 
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onsolidation and ¢ = 8° for overconsolidation. The angle ¢ = 8° 

epresents the Tiedemann condition of failure but is much too small since 

.t is obtained from results of practically undrained tests. 

38. A value of ¢ larger than 8° and probably somewhat smaller 

;han 17°30 1 would be obtained when the cohesion is assumed to be an 

!Xponential function of the void ratio or directly proportional to the 

!quivalent consolidation pressure, Hvorslev(6, 7). However, this angle 

:annot be determined in the absence of results of drained shear tests. 

~he shearing stress and normal stress on theoretical planes of failure 

:orresponding to an angle ¢ = 17°30' are determined in fig. 8-B. The 

:-esulting values, -r = o.401 kg/cm
2 

and a = 0.794 kg/cm2 , n are 

irbitrarily used for comparison with the results of the torsion shear 

tests; see fig. 17. A small variation from the correct values is 

immaterial in this case because of the slight scattering of results ob-

tained in the torsion shear tests. 
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PART III: TORSION SHEAR TESTS 

Types of Tests Performed 

39. As indicated in the introduction, it is difficult to perform 

unconsolidated torsion shear tests because the material close to the end 

surfaces of the test specimen is disturbed by the dentated plates trans

mitting the torque to the soil. All tests performed were of the consoli

dated undrained type or, since drainage cannot be fully· prevented, 

actually consolidated quick tests with some drainage taking place during 

the tests. The tests on Atlantic Muck were performed in duplicate in 

order to verify the results obtained and detect the disturbing influence 

of shells in the interior of a test specimen. It was also intended to 

perform consolidated drained tests on Atlantic Muck and to investigate 

various testing procedures, but number of samples available and suitable 

-f'or --te-st±ng-was -uot --suffict-ent -for -the-se -purpcYSeB • 

40. The sensitive character of Atlantic Muck necessitated performing 

the tests with divided rings so that the plane of failure would occur close 

to the center of the test specimen. The loading arrangement for controlled 

rate of strain or displacement was used throughout. In most cases the rate 

of displacement before failure was 0.0243 in. per minute, corresponding to . 

the rate commonly used in direct box shear test, but after failure the 

rate was generally increased to 0.1217 in. per minute. In future tests it 

might be preferable to increase these rates of displacement in order to 

decrease the changes in void ratio and the amount of soil squeezed out be

tween the rings during the tests. However, definite recommendations cannot 

be made until the influence of the rate of displacement on both the maximum 



and residual shearing resistance obtained by the test has been investi

gated. A few tests to determine the influence of the rate of strain on 
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the residual shearing resistance were made on the sample of Lake Providence 

Clay, but the results were not conclusive and may not apply to Atlantic 

Muck. 

41. Some disturbance of the soil close to the surfaces of the test 

specimens occurred during their preparation, especially when shell 

fragments and organic matter were encountered. Small scratches and 

cavities were filled with remolded soil but the test specimens were 

discarded when the disturbance of the soil was excessive. 

Tests on Lake Providence Clay 

Preparation 

42. The torsion shear tests on lake Providence Clay were performed 

before the final calibration of the shear apparatus was completed. The 

results of the test were corrected for the influence of auxiliary forces 

as determined by the calibration, but they may also have been affected to 

a minor extent by inadequate adjustments of some parts of the apparatus. 

Only a single test specimen was used, and it was strongly overconsolidated 

in order to reduce changes in void ratio during the testsJ that is, the 

test specimen was consolidated under a vertical pressure of 5.0 kg/cm2 

and thereafter allowed to swell under a reduced pressure of 2.0 kg/cm2, which 

also was maintained during the actual tests. A series of additional tests 

were performed, after completion of the initial torsion shear test, in order 
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to determine recovery of the shearing resistance by consolidation and 

thixotropic processes, and to investigate the influence of the rate of 

displacement on the residual shearing resistance. The results of all the 

tests on Lake Providence Clay are summarized in table 4. 

Initial test and stress-twist diagram 

43. The initial torsion shear test was performed without encounter-

ing difficulties of any kind and the stress-twist diagram obtained, fig. 9, 

closely resembles diagrams obtained in Europe with similar apparatus and 

various types of soils. Therefore, it was concluded that the torsion shear 

apparatus as a whole was functioning satisfactorily; however, minor ir-

regularities were observed in later tests, a~d the detailed calibration 

and adjustment of the apparatus were continued. As indicated in fig. 9 
' 

and table 4, the maximum shearing resistance was 1.088 kg/cm2 and the 

minimum after failure or residual resistance was 0.373 kg/cm2 or 34 per 

--cent of the maximum -value, -which -corresporrd.13 to -sensitivity ratio of 3. 

N 0 
:I 1.2 
~ 

: t 

" " I.I 
l! 

8 
j 

7 
1 

ip I~ 
TWIST IN DECREES 

I~ I~ 15 

'tmax = 1.088 KC(CM
2 OVERCON~OLIDATIO~ s-2 KC;cM• '; 

~ 1.ol---:P"'o:="<-+---+---+----t---T1 __ -+1 __ -+:---+---t----I~~-
~ / \ SAMPLE tEICHTS' l~ITIAL 0.8~!>" - CONSOLIDATED o.eo2· ::; 

~ 
0

'
9 

/ \AVERA~E SHEAR STRESS RATE oF 1 D1sPLACE~ENT 0.02~3 IN/MIN. ~-
;Ji 0

·
8 I \ AVERAGE WATER TOP CENTER II -w BOTTOM >< ;I 

~ O. 
7 

END OF ALL TESTS 49.9 % Sl.3 % 48.9 % ~ u 

ffi I \ 11- ~ 
~ 0.8 'l. ~- I 

o.s 
""'.... _,...TEST NO. 1, mi'){~~x = 0.34 ~ ~ 

/ v "- ' ,,,_ 1.0 ~ 
I '\ --._r----o,_ / '" 'lmin = o.373 KC/CM• ~ "' 

o.4 hrf--f-~-f--:::t=~-:!:::-::::!~~-r~==f===t~:::;;:::=f==tj1====='~-=~I ... I i. .J-- 0.8 o I ~, /INCREASE IN HEIGHT OF SAMPLE / ,....- ~ 

o.3 l-f-rY--+---24;:._~.(._--t---t---t---t---+---+---+---+---,.L-l---l o.e !.! 
/ ..a.,_ -•-- --•- INTERRUPTION AND REST PERIOD= S.47 HOURS ~ 

0.2 1 - 0.4 ~ ; -.. ~...._ ... -- "' 0.1 ~- 0.2 i:i 
-...... .......... -... f5 

0 
0 0.1 0.2 0.3 0.4 0.5 o.e 0.7 0.8 0.9 l.O I.I 

0 l! 
1.2 

AVERAGE DISPLACEMENT IN CM. 

FIG. 9 - STRESS-TWIST DIAGRAM FOR LAKE PROVIDENCE CLAY 



Table 4 

SUMMARY OF TORSION SHEAR TESTS ON LAKE PROVIDENCE CLAY 

Rate of Dura- Rest Period 
Shear Strength 

Cumulative 
Shear tion Between Displacement Decrease Height 

Test Displ. Total Tests kgLcm.g in Inches at of Samplez. In. 
No. In./Min Min Hr Max Mi:n End "'inax i'end Start End Remarks 

1 0.0243 22 1.088 (0.373) 0.373 o.o63 o.433 0 0.0001 Max. and min. shear 

5.47 
2 0.0243 30 21.27 (o.489) (0.489) o.489 1.159 1.159 0.0001 o.ooo8 Influence of 
3 0.0243 30 gr.40 0.520 0.500 0.518 1.595 1.886 0.0011 0.0013 consolidation and 
4 0.0243 55 0.551 o.476 o.494 1.899 3.226 0.0018 0.0025 thixotropy 

20.62 

5 0.0243 30 o.487 o.4.71 o.492 3.249 3.955 0.0029 0.0032 Irregularity 

0.067 
6 0.1217 10 0.083 0.500 (0.1t71) o.471 3.985 5.172 0.0032 0.0037 Influence of rate 
7 1.2170 10 0.100 o.495 0.1+48 o.475 5.476 17.34 0.0038 0.0054 of shear dis-
8 12.170 10 0.559 0 .1fgr 0.524 20.38 139.o4 0.0058 0.0150 placement 

23.30 

9 0.0243 10 (o.483) (o.~83) o.483 139.28 139-28 0.0173 0.0178 Irregularity 

o.433 
10 12.170 10 0.217 0.520 o.475 0.502 145.37 26o.98 o.018o 0.0266 
11 1.217 10 0.183 o.459 0.1~21 o.439 261.28 273.15 0.0279 0.0310 Influence of rate 
12 0.1217 10 0.083 (o.439) (o.1~39) o.439 274.37 274.37 0.0317 0.0324 of shear dis-
13 0.0243 10 o.o83 (0.443) ( 0 .l.i.4 3) o.443 274.61 274.61 0.0327 0.0330 placement 
14 0.0122 10 o.441 0 .1~23 o.441 274.73 274.73 0.0331 0.0332 
15 0.0243 10 19.27 (0.442) ( 0 .l.i.42) o.li.42 274.gr 274.98 0.0338 0.0339 



This reduction in shearing resistance was considerably greater than that 

indicated by the results of unconfined compression tests on undisturbed 

and remolded soil, table 3. However, the compression test specimens were 

not consolidated to the same degree as the torsion shear test specimen, 

and as indicated in paragraph 35, it is also possible that a loss in water 

content occurred during the testing and handling of the compression test 

specimens. 

Water content and volume changes 

44. It was the intention to use the core obtained from preparation 

of the annular torsion shear test specimen for determination of the initial 

water content and the unconfined compressive strength, but the core was ac

cidentally discarded before these tests could be performed. Therefore, it 

was attempted to determine the initial water content by means of the 

final water content and changes in height of the test specimen during the 

tests. The average water content of the test specimen after completion of 

all tests was 50.0 per cent; see fig. 9. The original height of the test 

specimen was 0.875 in.; the reduction in heigh~ during the preliminary 

consolidation was 0.073 in. and during rest periods between tests 0.007 

in. Assuming that the reduction in height during the actual shear tests, 

0.027 in., was caused by soil being squeezed out between the confining 

rings, the reduction in height caused by actual consolidation was 0.080 

in., which corresponds to a change in water content of 8.8 per cent. That 

is, the initial water content should be about 58.8 per cent, which is 

greater than that of the test specimens for unconfined compression tests, 

but the latter were taken from a part of the main sample directly below 

the torsion shear test specimen and may have been subjected to a loss of 
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water during handling and testing. 

45. The height of the test specimen increased during the initial 

test until failure occurre~fig. 9, whereafter the height decreased, and 

at the end of the test was 0.001 in. smaller than at the start. The de

crease in height after failure may represent soil squeezed out between the 

confining rings. However, it is also possible that an internal migration 

of water occurred, and that the soil close to the plane of failure was 

consolidated whereas the remaining soil continued to swell. Such a con

solidation of the soil close to the plane of failure may explain the in

crease in residual shearing resistance after the initial test. 

Regain of shearing resistance 

46. Tests 2, 3 and 4 on the same test specimen, see table 4, were 

performed after rest periods of different lengths of time in order to in

vestigate a possible regain of the shearing resistance lost after the ini

tial failure. In these as well as tests ) to l~, the shearing resistance 

often passes through a temporary minimum and increases slightly towards 

the end of the test, but only the final values are considered in the 

evaluation of the test results. The results of tests 2 to 4 are plotted 

in fig. 10 and indicate an exponential relationship between time and regain 

in shearing resistance. In this case, it is possible that the regain in 

shearing resistance in part is a thixotropic phenomenon and in part is 

caused by increased consolidation of the soil close to the plane of failure. 

Test 5 was intended as a check on test 3 but gave lower values of the 

shearing resistance, which possibly may be due to the start of formation of 

slickensides, see paragraph 48, in turn caused by the longer duration and 

increased deformations during test 4. 



Influence of rate of displacement 

47. Tests 6 to 8 were performed with increasing rates of displace-

ments and tests 10 to 15 with decreasing rates in order to determine the 

influence of the rate of displacement on the residual shearing resistance. 

The rest period between the individual tests in the two series was only a 

few minutes, but test 9 was performed after a time interval of nearly 24 

hours and gave lower instead of higher values of the shearing resistance. 
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A definite explanation of this inconsistency cannot be given, but it is 

possible that a new plane of failure was forme~ close to the bottom of 

the sample; see paragraph 48. The diagrams representing the results of 

the two series of tests, fig. 11, have the same form but are displaced 

with respect to each other, probably because of differences in void ratio 

of the soil. The diagrams indicate that for a constant void ratio, the 

rate of displacement has but little influence on the residual shearing 

resistance when the rate is between 0.0243 and 1.217 in. per minute, but 

higher rates of displacement cause an increa3e in the residual shearing 

resistance. It should be noted that these tests were'made after several 

other tests had been performed and the void ratio of the soil had reached 
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fairly stable values. The rate of displacement used at the start of tests 

permitting some drainage of the soil will influence the volume changes 

during the tests and thereby both the maximum and the residual shearing 

resistance. 

Planes of failure and slickensides 

48. Examination of the test specimen upon completion of the test 

and dismantling of the apparatus revealed the existence of two distinct 

planes of failure, one at the center and one close to the bottom of the 

specimen. The latter plane of failure had a glossy surface, fig. 12-A, 

LAKE PROVIDENCE CLAY 

VERTICAL LOAD 2.0 KG/CM 2 

DISPLACEMENT 27 ~ IN. 

ATLANTIC MUCK -SAMPLE 7 DL 

VERTICAL LOl\O 5.0 KG/CM2 

DISPLACEMENT 9.2 IN. 

FIG. 12- FORMATION OF SLICKENSIDES BY TORSION SHEAR TESTS 

similar to that of slickensides often found in undisturbed clays and 

shales. The formation of such glossy surfaces of failure was also observed 

in the tests with Atlantic Muck and will be discussed further in paragraph 

56. A comparison of the results of tests 14 and 15 indicates that there 

is no regain in shearing resistance during a period of rest after slicken-

sided surfaces of failure have been formed. It is probable that the 

plane of failure in the center of the test specimen was formed during the 

initial test and the one close to the bottom during a subsequent test, 

probably test 8. It is possible that this shift in planes of failure 
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occurred because the soil close to the bottom of the test specimen was 

not consolidated to the same degree as in the upper part, due to the 

influence of friction between the soil and the confining rings, and 

because the wire ropes transmitting the torque were not slacked off beM 

fore starting the test, so that a shock was imparted to the test specimen. 

Comparison with compressive strength 

49. An unconfined compression test was performed on remolded soil 

from the lower part of the torsion shear test specimen; see table 3, The 

strength obtained was 0.96 kg/cm2 , and the corresponding shearing resist

ance was about O. !~8 kg/cm2, whereas the final residual shearing resistM 

ance obtained by the torsion shear tests was o.44 kg/cm
2

• The difference 

in residual strengths obtained by the two types of tests is small and may 

be explained by the fact that slickensided surfaces of failure were formed 

in the torsion shear test specimen, and that the water content of the soil 

close to these surf'at..""'BS vf -failure, 49 per cent, was sligntly higher than 

that of the compression test specimen, 45 per cent. It is also possible 

that the torsion shear test specimen absorbed some water during the dis

mantling of the apparatus, and that the actual difference in water contents 

of the compression and torsion shear test specimens was smaller than in-

dicated by the above-mentioned values. 

Summary of test results 

50. The results of the torsion shear tests on Lake Providence Clay 

may be summarized as follows, but it is emphasized that definite con

clusions cannot be formulated on the basis of the results of tests on a 

single and strongly overconsolidated test specimen. 

a. The results of the initial test agree well with the results 
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obtained in Europe with similar apparatus and soils. It ap
pears that the torsion shear apparatus is functioning satis
factorily, and that the difficulties encountered in the pre
liminary tests on Atlantic Muck primarily were caused by the 
character of this material, which requires adjustments in the 
testing procedure. 

b. The shearing resistance decreased 34 per cent after the ini
tial failure, but during continued testing the residual re
sistance increased to about 40 per cent of the original maxi
mum shearing resistance. The increase in resistance after 
attaining a temporary minimum value is undoubtedly due to 
progressive consolidation of the soil close to the surfaces 
of failure. 

c. Volume changes of the soil during a test decrease with in
creasing rates of displacement, but for a constant void 
ratio of the soil the rate of displacement seems to have but 
little influence on the residual shearing resistance when 
the rate is between 0.0243 and 1.217 in. per minute. Higher 
rates of displacement cause an increase in the residual 
shearing resistance. 

d. The plane of failure acquires smooth and glossy surfaces 
after large displacements. The appearance of these surfaces 
is similar to those of slickensides found in many natural 
clay and shale deposits. 

e. There is a partial recovery of lost shearing resistance when 
deformations are stopped immediately after the initial test. 
This recovery increases with the length of the rest period 
and may in part be a thixotropic phenomenon and in part caused 
by progressive consolidation of the soil. However, such a 
recovery is very slow or does not occur after the void ratio 
has reached a fairly stable value and slickensided surfaces 
of failure have been formed. 

f', The residual shearing resistance at the completion of all 
tests agrees fairly well with the unconfined compressive 
strength of remolded soil from the torsion shear test 
specimen. 

~· The results of other unconfined compression tests on un
disturbed and remolded soil indicate a sensitivity to 
disturbance which is smaller than that obtained by the 
torsion shear test. However, the validity of the compari
sons is uncertain because of differences in degree of con
solidation and a possible decrease in water content of the 
compression test specimens during their handling and testing. 
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Tests on Atlantic Muck 

General testing procedure 

51. Two series of tests were performed in duplicate, one with 

normally consolidated and one with overconsolidated test specimens. The 

test results are summarized in table 5, and the samples and depths from 

which the test specimens were obtained are indicated in table 1. The first 

test specimen prepared, 6B, had an initial height of o.847 in., which was 

reduced to 0.557 in. during consolidation. This height was too small, and 

failure occurred close to the top surface of the specimen. The initial 

heights of subsequent specimens were varied in such a manner that the 

height after completed consolidation would not be less than 0.80 in., and 

failure then took place along the plane separating the upper and lower 

confining rings. 

52. A rate of displacement of 0.0243 in. _per minute was UBed, with 

one exception, until shortly after initial failure. The corresponding 

loading times are· obtained by dividing the average displacement at failure 

with the rate of displacement, and these times vary between 3 and 5 

minutes for most of the tests; see tables in fig. 13. In the test on 

sample 9CU a very large displacement was required before the maximum 

shearing resistance was reached, probably because of shells in and partial 

disturbance of the soil, and in this case the loading time was 16.2 

,minutes. In contrast thereto the loading time for sample 8DL was only 

1.1 minutes since the rate of displacement was increased to 0.1217 in, per 

minute; thereby it became possible to reach a greater displacement before 

it was necessary to interrupt the test and elevate the upper rings. A rate 



Table 5 

SUMMARY OF RESULTS OF TORSION SHEAR TESTS ON ATLANTIC MUCK 

Ave~e Shear Stress Avg Displace-
S~le Heightz Inches ~Lem or TonsLa'l. f't ment 1 Inches Water Contents in Per Cent 

SBlll- Consol. Normal Initial Consol. Change Failure Final Ratio At End Initial Consol. Failure 
ple Proc

2 
Load

2 Ho Hl t.H BU Br sr/eu Fail- of 
WO End of Teet 

No. kl!,L= ~ ure Test Wl w2 
~ Center Bottom Remarks 

-l- 2 _3_ -i;-- 5 7 tr 9 10 ~ ~ 13 ~ --1:2.... 16 17 1.8 

(l) (2) (3) (4) ( 5) (6) (6) (7) ~z> 6B 5-2 2.005 o.847 0.557 +O.OOll 1.249 o.443 0.355 0.056 3.46 232.0 78.8 79.0 (78.0) 82.l .6 Failure at top 
6D 5-2 2.005 1.237 0.819 +0.0012 1.276 0.395 0.310 0.092 5.21 (132.0) (8o.2) 80.4 79.8 67.6 82.8 Slickeneidee 

6E 2-1 1.002 1.077 o.849 -0.0015 0.585 0.247 o.422 o.o86 6.53 132.0 102.1 101.8 105.7 99.1 106.8 Slickensides 
7cu 2-1 1.002 1.138 0.900 -0.0010 0.616 0.297 o.482 0.090 13.02 148.4 ll4.8 ll4.6 lll.3 105.0 112.0 

7BU l-1/2 0.502 1.013 0.94-0 -0.0021 0.337 0.247 0.733 0.071 7.64 144.2 136.8 136.4 137·3 u9.7 121.2 No elickensides 
7BL 1-1/2 0.502 1.000 0.949 -0.oo41 0.318 0.243 0.763 0.083 7.06 149.8 147.3 146.5 142.4 i32.3 141.6 

7DL 5 5.ou 1.223 (-O.oo8l) 1.656 o.886 0.535 0.131 9.23 70.7 64.7 8o.O Slickensides 
8B 5 5.ou 1.223 0.775 -0.0081 1.769 0.828 o.468 O.ll6 6.25 ll4.7 61.6 (6o.6) 67.7 61.l 64.3 

7E 2 2.005 1.137 0.909 -0.0140 0.754 0.365 o.484 0.159 12.65 91.7 67.4 65.8 65.8 59.9 66.1 Slickensides 
8CU 2 2.005 1.039 0.805 -0.0131 0.749 0.382 0.510 0.139 6.91 124.8 91.6 89.5 82.6 77.9 82.8 

8EL 1 1.002 1.023 0.940 -0.0252 o.456 0.378 0.830 0.175 6.20 145.3 134.4 129.8 124.4 ll5.0 134.0 Part slickensides 
9CU l 1.002 0.935 0.897 (-O.o424) o.431 0.286 o.664 0.394 7.57 io9.9 106.4 (99.6) 103.6 94.6 lo4.l Shells, repairs 

800 1/2 0.502 o.847 o.847 -0.0200 o.3u 0.241 0.775 0.099 2.91 134.1 140.0 (135.8) 151.4 138.4 147.8 No slickensides 8DL l/2 0.502 o.847 0.839 -0.0102 0.301 0.273 0.906 0.122 6.07 143.0 147.6 (145.4) 151.5 143.4 147.8 

(1) H1 is height at end of consolidation or start of shear test .. Values approximate due to displacements by annular dentated plates. 
(2) t.H ie change in height from start of test to initial failure or 8u. 
(3) Subsequent higher values of B occur in some instances after interruption of test and consolidation. 
(4) Temporary mini.mum values of s occur in some inetances, see fig. 13 and text. 
(5) Wu is water content of unconfined compression test specimens, table 3, and possibly too low due to evaporation. 
(6) Values of Wl and W2 computed from change in height, table 6, complete saturation assumed. 
(7) Water contents top and bottom are probably too high due to SW<,~lling during dismantling of apparatus. 
(8) All values shown in parentheses are estimated or of questiona.rle reliability. 
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of 0.1217 in. of displacement per minute is probably the maximum which can 

be used when a sufficient number of observations are to be obtained before 

initial failure of the soil occurs. However, automatic recording of the 

stress-twist diagram would permit the use of greater rates of displacement. 

53, The tests were continued until there were no further changes in 

the shearing resistance. The total duration of the individual tests, in

cluding interruptions to elevate the upper rings or change the rate of 

displacement, is shown in the tables in fig. 13. The rate of displacement 

after the initial failure was also 0.0243 in. per minute for the first 

tests, but this rate was too slow and made it necessary to interrupt two of 

the tests overnight. The rate of displacement was then increased to 0.1217 

in. per minute, and with increasing experience in operating the apparatus, 

the total duration was decreased to about one hour for the last tests, Even 

then there was considerable consolidation during the test, and- several 

interruptions were required to elevate the upper rings. These difficulties 

can be decreased by increasing the rate of displacement. 

Stress-twist diagrams 

54. Diagrams showing the relation of the average shearing stresses 

to both twists and average displacements are presented in fig. 13. All 

interruptions of the tests, and the duration of each interruption, are 

indicated and it will be seen that an increase in shearing resistance 

usually occurs after each interruption. The first interruption was made 

after initial failure of the soil and start of the decrease of the 

shearing resistance. However, in most of the tests on normally consoli

dated test specimens a second maximum value of the shearing resistance, 

higher than that at initial failure, was reached after the first 
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interruption of the individual tests. This increase in shearing resist

ance is undoubtedly caused by consolidation of the soil, and only the 

maximum values corresponding to initial failure are shown in table 5 and 

considered in the analysis of the test results. 

55. In many tests the shearing resistance attained a temporary 

minimum value after the initial failure. Thereafter it increased slightly 

until the ultimate residual value was reached. This increase is also the 

result of progressive consolidation of the soil. In these tests the 

temporary minimum values of the shearing resistance depend on so many 

factors -- such as vertical pressure and consolidation procedure, rate of 

displacement, and duration of interruptions of the test -- that they are 

not representative. Therefore, only the ultimate residual values of the 

shearing resistance are shown in table 5 and considered in the final 

analysis, although these values have been inereased by consolidation of 

the soil and cannot be compared directly with the initial maximum values 

of the shearing resistance. 

Formation of slickensides 

56. The test specimen usually parted along the surface of failure 

upon dismantling of the shear apparatus. In most cases this surface had 

a glossy appearance, fig. 12-B, similar to that of slickensides in 

natural deposits of some clays and shales. The glossiness of the surface 

of failure was most pronounced when the test specimens were overconsoli

dated and/or the vertical, normal stresses were large; see column of 

remarks in table 5. The glossiness was still discernible for normal 

pressures of 1.0 kg/cm2, but it was absent for pressures of 0.5 kg/cm2 • 

It is probable that a certain amount of displacement also is necessary to 



produce a slickenside:lsurface, and that the required displacement increases 

with decreasing normal stresses and increasing rates of displacement. 
I 

Definite data on such relationships can be obtained only by making a series 

of tests for each consolidation procedure, normal pressure, and rate of dis-

placement and by terminating the individual tests in each series of various 

amounts of displacement so that the condition of the surfaces of failure 

can be examined. 

57. The stress-twist diagrams in fig. 13 show that the increase in 

shearing resistance was very rniall after the overnight interruptions of the 

tests on samples 6B and 6D. This might indicate that Atlantic Muck is not 

a thixotropic material; however, slickensided surfaces probably existed at 

the time of the interruptions of the tests, and it is possible that the 

formation of such surfaces prevented or retarded a thixotropic regain of 

the shearing resistance. 

Water contents and volume- changes 

58. As mentioned in paragraph 32, the cores of the annular test 

specimens were stored in sealed jars for varying periods, whereupon 

cylindrical test specimens were prepared, unconfined compression tests 

performed, and the water contents determined; table 3. These water con-

tents are also showri in table 5 and were assumed to be equal to the 

initial water contents of the torsion shear test specimens, w
0

, but the 

latter were undoubtedly somewhat higher than the former, because the 

cores had lost water during storage, handling, and testing. Such a dif-

ference between the assumed and actual water contents was particularly 

noticeable for several normally consolidated test specimens, where it 

~aused the computed water contents at failure to be smaller than the water 



Table 6 

CHANGES IN WATER CONTENT AND SHEARING RESISTANCE 

Water Degree H AH SU s' .. 
Sam- Consol. Content Sa tu- m • ...! m•v 1-m As u 

0 100- vl H1 el • AV kg/cm2 8u - As ple Proc~ vo1' ration Ho -b- G 
No. kgLcm 81' Table 5 i "' -"'- Table 5 Gvif 100 

"' 
Table 5 kg/cm2 kg/cm2 

(1) (2) (3) (4) 
6B 5-2 132.0 0.95 c..658 91.5 12.7 78.8 -t0.0020 2.109 +0.23 1.249 -0.009 1.258 
6D 5-2 (132.0) 

(5) 
(o.~) 0.662 (9~.7) 12.5 (So.2) +0.0015 (2.164) +0.17 1.276 -0.006 1.282 

6E 2-1 132.0 0.938 0.782 110.7 8.1 102.1 -0.0018 2.743 -0.25 0.585 +O.oo4 0.581 
7cu 2-1 148.4 0.960 0.791 122.5 7.7 114.8 -0.0011 3.086 -0.17 0.616 +0.003 0.613 

7BU 1-1/2 144.2 0.960 0.928 139-5 2.7 136.8 -0.0022 3.688 -0.38 0.337 +O.oo4 0.333 
7BL 1-1/2 149.8 0.953 0.949 149.2 1.9 147.3 -o.oo43 3.974 -0.79 0.318 +0.007 0.311 

(5) 
7DL 5 1.656 (+0.051) (1.6o5) 

8B 5 114.7 0.966 0.633 75.2 13.6 61.6 -o.01o4 1.669 -1.03 1.769 +0.054 1.715 

7E 2 91.7 0.978 0.798 74.9 7.5 67.4 -0.0153 1.847 -1.59 0.754 +0.036 0.718 
8cu 2 124.8 0.968 0.775 99.9 8.3 91.6 -0.0162 2.481 -2.09 0.749 +0.o47 0.702 

8EL 1 145.3 0.972 0.918 137.4 3.0 134.4 -0.0266 3.661 -4.56 o.456 +0.062 0.394 
9CU 1 109.9 0.979 o.960 107.9 1.5 106.4 (-o.o471) 2.884 (-6. 75) o.431 (+0.087) (o.344) 

1/2 134.1 140.0 
(6) 

8DU 0.958 1.000 140.0 0 -0.0235 3.745 -4.17 0.311 +0.039 0.272 
8DL 1/2 143.0 0.958 0.991 147.9 0.3 147.6 -0.0122 3.881 ~.20 0.301 +0.020 0.281 

(1) G = specific gravity= 2.70 (4) As • -0.03 • s • Av u 
(2) 

m • v0 
w1 = $ 

- 1 - m 100 
G (5) Estillla.ted or interpolated values 

(6) liH excessive because of soil squeezed out 
(3) AH l + e1 between confining rings /:,.v:11V1 H. 

l el 
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contents at the termination of the tests. Attempts were made to determine 

the initial water contents by means of those at the end of the tests and 

the vertical deformations during consolidation and testing, but reliable 

estimates could not be made in this manner because of the unknown quantities 

of soil being squeezed out between the confining rings during the actual 

tests. 

59. The initial height of the test specimens, H
0

, was measured with 

a caliper, and the height after consolidation, H
1

, was determined from the 

settlements of the piston and allowing 0.059 in. for soil displaced by the 

dentated annular plates. The water contents at.the end of the consolida-

tion, w
1

, were computed as shown in table 6, assuming complete saturation 

of the soil. 

60. Vertical deformations during the first part of the actual tests 

are shown in fig. 14. Settlements after initial failure have little 
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significance since they are influenced by soil squeezed out between the con-

fining rings. All overconsolidated test specimens were subject to initial 

swelling and increasing height, followed by a decrease in height, whereas 

normally consolidated test specimens decreased in height from the start of 

the test. The changes in height up to the moment of initial failure, 6H, 

are listed in table 5. The corresponding changes in water content, 6w, 

are computed in table 6 and plotted in fig. 15, and the water contents at 

failure, w2 = w1 + 6w, are listed :i.n table 5. In the test on sample 

9CU soil was squeezed out between the confining rings before initial 

failure occurred, and the observed change in height was not caused by 
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consolidation alone. Therefore, 

the computed value of 6w is 

too large and that of w
2 

smaller than the actual value. 

61. The water contents 0£ 

soil from the top, center, and 

bottom zones of the sample were 

determined as rapidly as possi-

ble after completion of each 

test, and the results are shown 

in table 5. The consolidation 

was greatest and the water con-

tents smallest in the vicinity 

of the zone of failure, but the 

p =VERTICAL NORl.AAL STRESS - KG/c:i.e• actual differences in water 
CHANGE IN WATER CONTENT BEFORE FAILURE 

FIG. 15 content of the various zones 
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was somewhat smaller than indicated by the figures in the table, because 

the upper and lower sections of the sample absorbed some water from the 

porous plates during the dismantling of the apparatus. Failure of sample 

6B occurred close to the top of the specimen. The water content was lowest 

there, but the actual water content was probably slightly smaller than the 

78.0 per cent shown in the table because of absorption of water during dis-

mantling of the apparatus. 

Initial shearing resistance 

62. The uncorrected values of the shearing resistance at initial 

failure are plotted as functions of the normal stress in fig. 16 and as 

functions of the water content 

at failure in fig. 19-A. The 

points in the shear diagram, 

fig. 16, show only a small 

amount of scattering in spite 

of differences in character of 

the soil in the various test 

specimens. The points repre-

senting normal consolidation 

fall on a straight line, and 

the dotted and slightly curved 

lines for various preconsoli-

dation pressures are nearly 

parallel. It should be noted 

that samples 8DU and 8DL are to 

be considered overconsolidated, 
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since the vertical normal pressure during the test was only 0.5 kg/cm2, 

whereas the preconsolidation pressure of the undisturbed deposit was about 

2 1.1 kg/cm • The result of the single triaxial compression test is also 

plotted in fig. 16 and ~grees fairly well with the results of the torsion 

shear tests. 

63. The points in the diagram of shearing resistance versus water 

content at initial failure, fig. 19-A, show considerable scattering compared 

to those in the regular shear diagram, fig. 16. Such a scattering is to be 

expected in view of the variations in character of the soil samples, 

discussed in Parts II and III, and also because the points represent both 

normal consolidation and overconsolidation of the soil. However, most of 

the points fall within a straight and relatively narrow band, but this 

band has a steeper slope than the lines representing the results of un-

confined compression tests and consolidation tests; see fig. 20 and para-

graph 70. 

64. A change in water content, ~w, between the start of a test and 

the time of initial failure influences the shearing resistance, and the 

diagram in fig. 16 does not represent the shearing resistances corre-

sponding to the indicated consolidation procedures, as would be obtained in 

truly undrained tests. A plot of water content versus the logarithm of 

strength generally forms a fairly straight line when the soil is a uniform 

and normally consolidated clay; that is, the relationship between shearing 

resistance and water content can be expressed by the following equation, 

log s = C - K w 
1 ln s = 2.3 



and by differentiating 

ds 
-S = -2.3 K • dw 

or approximately for finite, small differences 6w and K1 = 2.3 K 

6s 
-K 1 • 6w -= s 

When 6w is large, the value of s 1 = s + 6s should be determined 

graphically or by the basic equation, 

log s 1 = C - K(w + 6w) = 1 
ln s 1 

2.3 

or by subtracting the expression for s, 

and 

log (s'/s) = -K • 6w = _l_ ln (s'/s) 2.3 

-K 1 6w 
s' = s · e 

53 

The slopes of the various diagrams shown in fig. 19-A and fig. 20 correspond 

to the following values of K' with w expressed in per cent, 

Torsion shear, initial strength, average slope 
Unconfined compression, undisturbed, maximum slope 
Unconfined compression, undisturbed, average slope 
Pressure-void ratio curve, average slope 
Unconfined compression, remolded, average slope 

K' 
K' 
K' 
K' 
K' 

::: 0.020 
= 0.027 
= 0.040 
= 0.040 
= 0.053 

The average slopes mentioned in the above tabulation refer to regions of 

principal interest. The steep slope of the band in fig. 19-A may in 

part be due to systematic variations in the physical properties of the 

soil. Furthermore, the slope of diagrams•representing overconsolidated 

test specimens will generally be flatter than that of diagrams for normally 

consolidated test specimens. Under these conditions an average value of 



Residual shearing resistance 

66. The residual shearing resistances, listed in table 5, are 

plotted as a function of the normal stresses in fig. 18 and of the final 

water contents in fig. 19-B. In fig. 18 a straight line is dra~m through 

the points for normally consolidated test specimens under vertical loads 

of 5.0 and 2.0 kg/cm2 , and the dotted line corresponds to the initi.al 

shearing resistance as shown in fig. 17. It should be borne in mind that 

the initial and residual shearing resistances, cbtained in the current 

series of tests, are not directly comparable because of consolidation of 

the soil during the test~. The residual shearing resistances for normal 

loads of 1.0 and 0.5 kg/cm
2 

are greater than those corresponding to the 

above-mentioned straight line, and there is but little difference b~tween 

the results of tests on normally consolidated and overconsolidated test 

specimens. This may be explained by the fact that the formation of 

. slickensided _surfucas o:f ..:failure _.fa -1e.ss prD..nounced i'o.r normally consoli-

dated test specimens and that slickensided surfaces were not formed before 

2 termination of the tests when the vertical load was 0.5 kg/cm • 

67. The scattering of the points in fig. 19-B is so great that a 

definite relationship between water content and residual shearing resist-

ance cannot be established. This scattering is in part caused by varia-

tions in the physical properties of the samples teste~ but it was expected 

that the points in the diagram would fall within a straight and relatively 

narrow band, sir.:iilar to that obtained for the initial shearing resistance 

and shown in fig. 19-A. The greater scattering of the points representing 

the residual shearing resistance is possibly the result of variations in 

formation of slickcnsided surfaces of failure. 
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68. The relative decrease of the shearing resistance after failure 

is indicated by the ratios between the residual and initial shearing re

sistances shown in column 9, table 5. These ratios are smallest for over

consolidated test specimens and increase with decreasing normal stresses. 

These variations are in part caused by consolidation of the soil during 

the test, as indicated by the occurrence of secondary maximum and temporary 

minimum values of the shearing resistance; see fig. 13. It is difficult 

to make reliable corrections of the residual shearing resistance for 

changes in water content of the soil during the test, first, because these 

changes cannot be determined with sufficient accuracy from the available 

test results and; secondly, because fig. 19-B does not indicate a unique 

relationship' between the water content and the residual shearing resist

ance. Tentative corrections of the residual shearing resistance may be 

made by means of the equations and coefficient used in correcting the 

apparent -values of' -the -initial shear±ng -resistance, and such corrections 

are shown in table 7 for overconsolidated test specimens. For normally 

consolidated test specimens the estimates of the initial water content 

and the consequent apparent changes in water content during the tests are 

so erratic, and in some cases obviously too small, that corrections of the 

residual shearing resistance become inconsistent and valueless. 

69. As indicated in paragraphs 58-61, the estimated values of water 

contents at the start and end of the consolidation, w
0 

and w1, are 

probably slightly too small. Furthermore, the final water content, wr' 

is undoubtedly too large for sample 6B because failure in this case occurred 

close to the top, and the soil there absorbed some water during the 

dismantling of the shear apparatus. It is also possible that the water 



Table 7 

CORRECTIONS OF RESIDUAL SHEARING RESISTANCE 

Water Content 
Per Cent 

Sam- Consol. End Diff. 
ple Wl Wr /:J.w 

No. r 

(1) (1) 
6B 78.8 (78.0) + o.8 
6D ao.2 67.6 +12.6 

6E 102.1 99.1 + 3.0 
7cu ll4.8 105.0 + 9.8 

7BU 136.8 u9.7 +17.1 
7BL 147.3 132.7 +15.0 

(1) From Table 5 
-<>.03 /1 w 

s~ = sr • e 

From Table 6 

Shear~ng Resistance 
kg/cm or TonsLs~ ~ 

Res id. Corr. Res. Initial 
Br s' s' r u 

(2) (3) 
o.443 (o.433) 1.258 
0.395 0.271 1.282 

0.247 0.226 0.581 
0.297 0.221 0.613 

0.247 0.1~8 0.333 
0.243 0.155 0.3ll 

(2) 

(3) 
(4) From Fig. 7 and Fig. 19-B 

Ratio 

s' r 
8' 

u 

(0.345) 
0.2ll 

0.389 
0.361 

o.444 
o.498 
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Un. Com.pr. Str. Ratio 
k8Lcm2 

\. Undist. Remold. 

Clu <1r Clu 

(4) (4) 

2.50 o.68 0.272 

1.20 0.275 0.229 

o.64 0.094 0.147 

content in all cases increased rapidly with increasing distance from the 

surface of failure, and that the average values for the soil slices used 

in determination o~ water contents were greater than the water contents 

in the immediate vicinity of the surfaces of failure. If so, all cur-

rent values of w would be too large; the corrections t,w and t::,s 
r r r 

in table 7 would be too small, and the values of s' and s'/s' would r r u 

be too large. However, a similar rapid variation of water contents in 

the immediate vicinity of surfaces of failure may also occur under field 

conditions. 

Comparison with compression tests 

70. A general comparison of the results of torsion shear, unconfined 

compression, and consolidation tests on Atlantic Muck is shown in fig. 20 

with water contents as the common param2ter. In contract to fig. 7, 
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one-half the unconfined compressive strength is plotted as a function of 

the water content in order to facilitate comparison with shear strength. 

A direct comparison is difficult because of the wide scattering of the 

points, but it appears that the initial shearing resistance, determined 

by torsion shear tests, is of the same order of magnitude but possibly 

slightly greater than corresponding values of one-half the unconfined 

compressive strength. Considerably lower values of the unconfined 

compressive strength were obtained for the partially dried test specimens 

cut from samples 10-B and 10-D. The soil in these samples was fairly 

uniform, and the results of the tests are not scattered but form a smooth 

curve with approximately the srune shape and slope as the pressure-void 

ratio diagram, The soil in samples 10-B and 10-D has somewhat different 

physical properties than that used in the torsion shear tests, and the 

test results are not directly comparable, but it is probable that the 

strength-water content disgra..rns for the v:arious samples are more or less 

parallel. 

71. Referring to fig. 19-B, the residual shearing resistance is 

consistently larger than one-half the unconfined compressive strength of 

the remoldcd soil at equal water contents. Another comparison is shown in 

table 7, where the ratios between unconfined compressive strengths of re-

molded and undisturbed soil arc given for values of 1/2~ approximately 

equal to the corrected initial shearing resistance, s 1 • The agreement 
u 

between the ratios c
1 /s' and q /a is good for high stresses, but the "'r u r l.l 

former increases and the latter decreases with increasing stresses. It 

would appear from these results that the residual shearing resistance of 

Atlantic Muck, determined by torsion shear tests, is greater and the 



sensitivity to disturbance smaller than the corresponding values obtained 

by unconfined compression tests, except when the soil is subjected to 

relatively high stresses. It is possible that the difference in results 

obtained by the two types of tests is considerably smaller than indicated 

in fig. 19-B and table 7, since the consolidation of the soil is greatest 

close to the surfaces of failure, and it is possible that the average 

values of the final water content, w ' r 
are larger than those of soil 

in the immediate vicinity of the surfaces of failure; see paragraph 69. 

It may also be noted that in the test on sample 6D of Atlantic Muck and 

on the single sample of lake Providence Clay the decrease of the shearing 

resistance after failure is greater when determined by torsion shear tests 

than by unconfined com:pression tests on undisturbed and remolded soil. 

Suggestions for Future Tests 

-7-2. -The ·pr-inc-ipa-1 di-ff-icu-1-t-:i:e--s -encoun-tered. i·n t-he perf-orman-c-e cf 

the current series of torsion shear tc:sts on Atlantic Muck and in 

evaluation of the test results were caused bys (1) presence of extraneous 

matter and excessive variations in the physical properties of the soil in 

the available samples; (2) possible minor but systematic errors in deter-

ruination of the water contents at the start and end of the preliminary 

consolidation; (3) changes in water content of the soil during the actual 

shear tests; (4) changes in volune of the test specimen because of soil 

being squeezed out through the clearance between the upper and lower con-

fining rings; and (5) possible rapid changes in water content of the soil 

in the imnediate vicinity of the surfaces of failure. 

73. The influence of some of the above-mentioned sources of error 



can be decreased by careful work and minor changes in the testing procedure, 

as descri1Jed in the following paragraphs. However, these sources of error 

cannot be entirely eliminated, and reliable corrections and correlations 

of the test results cannot be made unless the soil specimens used in each 

series of tests have fairly unL'orm physical properties. Therefore, samples 

for each principal test series of eventual future investigations should be 

obtained from a stratum of uniform soil. Once basic relationships have been 

established, variations in the maximum and residual shearing resistances 

within a major formation can be determined by a few simplified tests on 

soil samples from each significant stratum. 

74. The initial water content and degree of saturation of the test 

specimen should be determined not only for the core but also by means of 

scraps from the final trimming. These water contents should be checked 

against the wet weight and volume of the trimmed test specimen. The 

original height of the test specimen should be measured by a comparator 

rather than by means of calipers in order to permit a more accurate 

determination of the volume and a more accurate initial setting 01' the 

vertical dial. Additional calibration tests are needed for determination 

of the volume of soil displaced by the teeth in the dentated plates so 

that changes in height and volume of the test specimen during the test may 

be dete:r·mined with greater accuracy. The apparatus should be dismantled 

and surplus water removed as rapidly as possible in order to reduce changes 

in water content of the soil after completion of a test. The final water 

content should be determined from thin slices straddling the zone of 

failure, but additional investigations of variations in water content 

of the soil in the immediate vicinity of the surfaces of failure are 
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needed in order to determine the proper thickness of the thin slices. 

75. Changes in water content and volume of the test specimen during 

the actual shear tests can be decreased by increasing the rate of dis

placement and by reducing the number and length of interruptions of the 

tests in order to elevate the upper confining rings or change the rate 

of displacement. It is also possible that controlled-stress load ap

plication, or a change from controlled-strain to controlled-stress load 

application after initial failure, may be used to advantage. However, it 

is desirable that addj.tional investigations of the influence of the rate 

of displacement be performed. An increase in the rate of displacement 

or a reduction in the total duration of a shear test will also decrease 

the amount of soil which is squeezed out tlu·ough the clearance between 

the confining rings. Loss of soil can be avoided by use of single in

stead of divided confining rings. Single or undivided rings may be used 

to. a,dvantage -f'or ..certain types of tests but are .generally unsuita.ble fer 

determination of the maximum shearing resistance of undisturbed, sensi

tive soils; see paragraph 8. 

76. The above-mentioned recommendations refer primarily to consoli

dated quick torsion shear tests, in which it is desired to reduce changes 

in water content of the soil during the actual shear test to the minimum 

possible. Foundation investigations for certain types of structures and 

soil conditions require that consolidated quick tests be supplemented 

with consolidated drained test£, 



PART IV: SUMMARY OF RESULTS AND CONCLUSIONS 

77, It is recalled that the principal objectives of this investi

gation were (1) to design and construct a torsion shear apparatus, and 

(2) to perform tests therewith on samples of Atlantic Muck in order to 

obtain data on the strength characteristics and especially the residual 

shearing resistance of this material. 

78. The torsion shear apparatus has been constructed and calibrated, 

and its performance and various testing procedures investigated by pre

liminary tests on a single sample of Lake Providence Clay. The results 

of the tests on this clay are summarized in paragraph 50, and they 

indicate that the torsion shear apparatus is functioning satisfactorily, 

although the test results are subject to the influence of some sources of 

error which are inherent both to torsion shear tests and to direct box 

shear tests. A forthcoming Waterways Experiment Station bulletin will 

present detailed data on the design and calibration of the torsion shear 

apparatus and on testing procedures. 

79, The second objective was only partially attained because 

variations in physical properties of the available samples of Atlantic 

Muck prevented reliable correlations of some of the test results, and 

since the number of samples suitable for testing were sufficient for 

only a series of consolidated quick torsion shear tests. Some drain

age of the soil during the actual shear tests could not be prevented, 

but corrections for the influence of changes in water content were made 

insofar as possible. The corrected results should approach those which 

would be obtained by consolidated undrained torsion shear tests and may 
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be summarized as follows: 

a. A plot of initial shearing resistance versus normal stress, 
fig. 17, shows comparatively little scattering of results 
in spite of the variations in physical properties of the 
soil. The points representing normal consolidation fall 
on a straight line corresponding to ¢ "" 17°30 1 and 
c .,, 0.08 kg/cm2. The lines representing various states of 
overconsolidation of the soil are approximately parallel. 

b. A plot of the logarithm of initial shearing resistance 
versus the water content shows considerable scattering of 
results, fig. 19-A, although the points fall within a 
relatively narrow band. However, the slope of this band 
is steeper than that of lines representing the results of 
consolidation and unconfined compression tests, fig. 20, 
and this slope is probably influenced by variations in 
the physical properties of the soil. 

c. The initial shearing resistance appears to be of the same 
order of magnitude as one-half the unconfined compressive 
strength of undisturbed soil with the same water content, 
but a definite comparison of these strength characteristics 
cannot be made because of the scattering in test results, 
fig. 20. 

d. Changes in water content of the soil during the test often 
cause the shearing resistance after initial failure to 
_pass ~hrough a secondary maximum and a temporary minimu.~ 
before reaching a final residual value, fig. 13. The dis
placements required to attain such residual values were 
very great and varied between 3 and 13 in., table 5. 

e. In most cases the surfaces of failure had a glossy appear
ance, fig. 12, similar to slickensides in some deposits of 
clays and shales. The glossiness was most pronounced when 
the stresses were high, and it was absent for a normal 
stress of 0.5 kg/cm2. It is probable that the formation of 
slickensided surfaces of failure requires a certain normal 
pressure and a certain amount of displacement, and that the 
required displacement increases with decreasing normal 
pressure. 

f, 

~· 

Overnight interruptions of some torsion shear tests indi
cated that a thixotropic recovery of the shearing resist
ance, lost after initial failure of the soil, is negligible 
or very slow when slickensided surfaces of failure have 
been formed. 

Plots of residual shearing resistance versus normal stress, 
fig. 18, and versus water content, fig. 19-B, show so great 



a scattering of results that definite relationships cannot 
be establ:i.shed. It is probable that the scattering is 
caused in part by differences in physical properties of the 
soil and in part by variations in the formation of slicken
sided surfaces of failure. 

h. Uncorrected values of the residual shearing resistance are 
not directly comparable to the initial shearing resistance 
because of changes in water content of the soil during the 
tests. Approximate corrections for the influence of such 
changes in water content were attempted in case of tests on 
overconsolidated test specimens. The results indicate that 
the ratios between residual and initial shearing resistances 
at equal water contents vary from 0.2 at high stresses to 
0.5 at low normal stresses. 

:i.. The ratios between residual and initial shearing resist
ances, obtained by torsion shear tests, are larger than 
corresponding ratios between unconfined compressive strengths 
of remolded and undisturbed soil, table 7, except when the 
soil is strongly overconsolidated and the change in water 
content during a torsion shear test is small. 

80. The above conclusions concerning the residual shearing resist-

ance of Atlantic Mud: are necessarHy tentative in view of the difficulties 

encountered in performing the tests and correlating the results. More 

consistent correlations and better results can undoubtedly be obtained by 

making minor changes in the testing procedure and by using soil specimens 

with uniform physical properties in each series of tests. Additional in-

vestigations of variations in water content of the soil in the immediate 

vicinity of surfaces of failure, and of the formation and significance of 

slickensided surfaces, m'.iy yield results which will require a modification 

of the tentative conclusicns. It is desirable that eventual future in-

vestigations include drained torsion shear tests, in addition to quick and 

practically undrained tests, in order to obtain data applicable to the con-

ditions created either by deep excavations in or large fills on Atlantic 

Muck. 
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