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This thesis is composed of two separate parts. 

Part A deals with the investigation of the residual 

shear strength of stiff clays under very large dis-

placement in a new ring shear a-zDaratus. Residual shear 

strength from these tests was round to be lower than 

that obtained from conventional residual shear tests 

(e.g. the reversal direct shear box tests). It was 

found that some clays exhibit .:marked variation of re-

sidual shear strength, with the magnitude of effective 

normal stress, and that tie residual stroncth is in-

dependant of stress history. Son-le optical studios on 

thin sections of shear zones produced in the ring shear 

apparatus have also been presented. A drained tension 

test apparatus was developed and. it has been shown that 

the intact London clay has a tensile strength which is 

in good agreement with the modified Griffith failure 

criteria. 

The effect of sample size on the consolidation 

characteristics of fissured. blue London clay has been 

discussed in part 73 of the thesis. The results of con-

ventional °odometer tests;dissipation tests on 11- in., 

4 in. and 12 in. diameter undisturbed samples and in-

situ constant head permeability tests have been com-

pared. It has been shown that the field permeability 

(and the field rate of consolidation) at shallow depths, 

where the degree of fissuring is high, can be seriously 

underestimated by one dimensional consolidation tests in 

the laboratory. 
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7 
PART A 

C7,A.T-31-7, 1  

Introduction to residual shear strength; some factors 

affecting it; and previous attempts to measure it. 

1.1 Introduction 

When a soil is subjected to a shearing force, the 

shear strength of the material progressively increases un-

til the "maximum" or "pe&:" strength is reached. If the pro-

cess of shearing is continued after the peak strength has 

been surpassed then a process comparable to strain soften-

ing takes Place. During this stage considerable changes in 

soil structure occurs and the shear strength drops, until 

after large disnlacements a state is achieved when further 

straining would result in no decrease in shear strength. 

This strength of the soil is referred to as the "ultimate" 

or "residual" strength of the soil. The drop in strength 

from peale to residual is often more marked in clays than in 

granular soils, and therefore has imp-ortant implications on 

long term stability of clay slopes. 

1.2 Historical develonment. 

The concemt of residual shear strength of clays to 

explain long term stability of slopes is not a very recent 

one. Tiedemann (1937), Hvorslev (1937) and 	efeli (1938) 

attempted to measure residual shear strength of clays in 

the different torsion shear apparatus that they designed. 

Terzaghi (1937), described the mechanism of progressive 

failure in stiff fissured clays. He ascribed the softening 
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of clays with time to the presel:,ce of small fissures and 

cracks, which allow the water to seep through to the more 

intact zone causing local swelling. This in turn leads to 

the development of further cracks and fissures. 

In an outstanding paper in 1950, Haefeli discussed 

the concept of residual .__tear strength of clays in extremely 

precise terms. he defined 'residual shearing stress' as "the 

specific friction, which remains in the sliding surface af-

ter complete retarding of the shearing or::eration." He - fur-

ther wrote; "The practical imsortance of - the residual shear-

ing stress lies in its adoption vfoen criticising questions 

of stability. The relation between the residual shearing 

stress and the shearing strength is then of special inter-

est: 

tan e 	_ 
9 

7( n 

tan 0R 
tan 0, 

(where)\R denotes residual coefficient, 

and S and S1 
denote shear strength at peak and residual re- 

spectively.) 

"Observations on landslides and avalanches have led to the 

conclusion that rupture never occurs simultaneously at all 

points of a surface of rupture, but takes place successive-

ly (progressive rupture). Once rupture has started at the 

weakest spot, it spreads along the most unfavourable shear-

ing surface at a certain speed which is dependant on the 

mechanical properties of the material in question." 

- Haefeli had in fact introduced the same concepts as 

early as 1938, (see Haefeli, 1938). 
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"In soils where slides have occured before, so called 

slicksides are often found, which shows clearly that slid-

ing surfaces often result in a residual weakness. There-

fore, also when judging relieved soils, the greatest care 

should be taken and any cleavage should be considered. If 

there is much cleavage it is, strictly speaking, only.pos-

sible to calculate with the residual shearing stress.- The 

difference between residual shearing stress and shearing 

strength will be greater, the more the material has been 

preloaded." 

It is clear from the above extract that Haefeli pre-

sented some important concepts about residual shear strength 

very clearly. 	use of the 'residual coefficient', AT, 

gives a quantitative characteristic of the clay with re-

spect to its drop in strength with time. he also clearly 

advocated that in soils where large movements have taken 

place in the past, only the residual strength should be 

deemed to operate. It is therefore very surprising that e-

ven after the above publication in 1950, numerous papers 

were published (e.g. Peterson, 1954; Van Auken, 1')63; 

Peterson et. al., 1960) which continued to express concern 

at the observation that a number of slides could not be ex-

plained in terms of effective peak shear strength para-

meters! 

Borowicka (1963) discussed the decrease of shear 

strength. with displacement and described such clays as 

"slippage-prone clays". he suggested that the lowest val-

ue should be used for ultimate stability analysis, since 

the danger of progressive rupture was always present in 
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such clays, and recommended the use of direct shear 

reversal tests. 

Skempton (1964), in. his hankine Lecture domonstrat-

ed the concept of residual strength in relation to long 

term stability of clay slopes. e showed that to average 

shear strength along a sli,-; .cur-"ace in overco_l.solidated 

plastic clays was nearer to the residual strength rather 

than the peak. _e further postulated that the residual 

shear strength (as expressed by the parameter 019 was in-

dependant of water content, liquidity index and stress 

history of the soil. 

A number of papers have since been published which 

appear to confirm the validity of tho residual shear 

strength concept. 

1.3 Some factors controlling residual shear strenEth 

For the purpose of this discussion it will be as-

sumed that for clays, the peak strength can be denoted on 

the kohr-Coulomb failure criteria by the parameters 0' and 

C' while the residual shear strength is denoted by O  and 

Cr = 0. That the effective cohesion intercept reduces to 

zero in the residual state is not an unreasonable assump-

tion for it can be seen from numerous test: that beyond 

peak strength the decrease in C' is more raeid than that 

in 0' (T-lenkol and. Skempton, 1957; Skempton and Tetley, 

1967). It appears that the drop from peak to residual is 

more marked if the clay is overconsolidate6. Plost overcon-

solidated clays and clay shales have fissures, cracks and 
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joints, which are pro'eals'ay formed as a release of horizon-

tal stresses. Bjerrum (1967), stipulated that clays with 

strong "diar;entic bonds" are :nost likely to achieve low 

residual strengths com::ared to the ipak. TJhen the diagen-

tetic bonds are broken and weakened, by the release of 

locked-in _horizontal stresses, (present in 1-:::)st overcon-

solidated clays) either by weathering processes or external-

ly applied stresses, then the clay would ultimately achieve 

0' which would be substantially different from 0'. This cer- 

tainly appears to 	true in a number of cases discussed by 

Skempton (1964), Petloy (1966), 3jerrum (1967), and others. 

It is worth noting here that the "peak" strength of a mass 

of overconsolidated clay may itself be much lower than the 

peak strength of intact clay present in the mass (Bishop, 

1967). 

The value of 0' depends on the amount of movement 

that has taken place on the slip surface. The amount of dis-

placement required to reduce shear strength to the residual 

is in fact a function of the structure and fabric of clay 

at the slip surface. In an unsheared mass of stiff clay the 

clay particles - thin platelets in shape surrounded by ad-

sorbed water layers, (Mitchell, 1956; Rosequist, 1959;) - 

may perhaps be only moderately orientated in the direction 

of displacement. However, under a shearing stress, the clay 

particles adopt a parallel face to face structure orientat-

ed in the direction of the applied shearing force so that 

less resistance is offered to sliding. The degree of ori-

entation (or the degree of parallelism) would obviously 

depend on the amount ef displacement, the nature of pore 
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fluid and adsorbed water layer and the clay mineral type. 

In the present project, some clays have been subjected to 

large displacement in a new ring shear apparatus to in-

vestigate whether the values of 0' as obtained by limited 

and intorruote( travel in other s_lear tests differ from 

those obtained in the ring shear apparatus. Some studies on 

the microstructure of clays both before and after shearing 

in the ring she r apparatus have also been :,aade and are de-

scribed in cha,-Jter 5. 

Very little or'_ appears to have been done to study 

the displacements required to reduce the shear strength 

values to residual for ditto  t type of clays. A very use- 

ful study on roc'cs has peon :=ade by :,rsmanovic (1 967) who 

tested large size sam.;10s of rec_:s of varying hardness in 

a sioecially desi --d direct shear machine. The samoles were 

4o sq. cm in -olan ao_d 20 c:c high. T;le results indicate that 

the residual strength for roc 	of smaller hardness would 

be obtained much earlier than those with ,seater hardness. 

Skempton (1964) indicated. that 0' was a function of par- r 

title size and that 0' decreased as clay fraction (less 

than 0.002 mm) increased. It was also suggested that in a 

limiting case, if the soil consistoe_ entirely of clay par-

ticles, then 0' would be the same as the value of interpar-

ticle friction, pti, as measured by Horn and Deere (1962), 

for various layer lattice r::inerals. This may perhaps be 

not strictly correct as recent elegant tests by Skinner 

(1969) have shown that on wetting sliding friction can 

change into much higher rolling friction, in which case 

0' would not be directly related to 0 directly. However 

Skinner's results may not be applicable to platy clay 

minerals. 
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Kenney (1967) conducted residual tests on wide range 

of soils, from massive minerals to pure clays minerals, and 

found that 01  infact did not correlate uniquely with Atter-

berg limits or even their clay fractions (<2p) alone. It 

was suggested that 01, was a function of clay mineral type 

and clay mineral fraction and not clay fraction based on 

particle size. This distinction is very imortant and only 

clay fraction based on clay mineral analysis would explain 

why some soils with low 'clay fraction' based on particle 

size show low residual values. For example the Pierre shale 

and the i=epper shale (van Auken 1963) have a clay particle 

size fraction of about 57. which should correspond to an 

average of about 15°  from Skempton's curve (1964); infact 

the residual value is about 6°. In general, high 01  were 

obtained for soils containing large amounts of massive 

minerals (e.g. quartz, feldspar or chlorite) and those 

which contained clay minerals of the mica group, while low 

01  were found for soils with high montmorillonite content. 

The two layer lattice minerals from the mica group - mus-

covite and hydrous mica showed 01, ranging from 17°  to 26°, 

and for these materials, 01, seems to increase because of 

the following: 

a) increase in the valency cations; hence calcium samples 

show higher 01, than sodium or potassium samples: 

b) increase in salt concentration in the pore fluid; 

c) decrease of grain size. 

The factors mentioned above and others like the in-

fluence of normal stress and rate of strain will be dis- 
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cussed more fully in subseouent chapters. 

1.4 Tests to  determine residual shear strength 

A number of tests have been utilized in the field of 

Soil Lechanics for the determination of shear strength 

parameters, e.g., direct shear test, triaxial test, tor-

sion test etc., and the suitability of type of test obvi-

ously depends on the objectives of the test. It has been 

shown previously that most clay soils and especially stiff 

soils (Terzaghi 1936) are subject to decrease in shear 

strength after failure (as refined • by the peak strength) 

and often a large amount of displacement is required to 

achieve the ultimate or residual shear strength. It is 

also useful to know the volume change characteristics of 

the soil when subjected to a shearing force. To meet the 

above objectives, it should be possible to control stress-

es and strains at the failure surface of the sample and, 

ideally, these should be uniformly distributed through-

out the specimen. Of course, other factors such as sim-

plicity of the apparatus and speed and accuracy of the 

apparatus should also be taken into account. 

1.4.1 Triaxial shear test  

Although the triaxial test (Lishop and Henkel, 1962) 

is perhaps the best test to measure the peak shear strength 

parameters, it is of little use to study the post-failure 

shear strength behaviour. This is mainly because of limited 

displacement on the shear plane and also that large and 

irregular changes in cross-section take place just before 

and after failure thus causing a non-uniform distribution 
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of shear stress on the failure zone. ore recently (Bishop 

et. al., 1965; Chandler, 1966; and La Rochelle, 1967) tech-

niques to measure shear strength along a pre-formed, pol-

ished, inclined cut plane have been developed.. However, 

these are often still subject to the limitation of in-

adequate displacement. 

1.4.2 Direct shear test 

The basic direct shear test apparatus, developed in 

its present form, successively by aney, Terzaghi, Casagrande 

and Bishop, is perhaps the most common method of determin-

ing residual shear strength of clays under drained condit-

ions. The samT:le, usually about 6 cm square and about 

2.5 cm thick is held in upper and lower frame, located be-

tween porous stones at top and bottom. Under the action of 

a shearing force, the soil fails along the plane of separa-

tion between the upper and lower frame. The advantages and 

limitations of this test have been discussed by Hvorslev, 

(1939); Burmister, (1953); Sowers, (1963) and Petley (1966). 

Briefly, the advantages are the simplicity of the apparatus 

and testing operation and good drainage facilities which 

enable a drained test to be carried out in reasonably short 

time. A number of tests have been carried out on large, un-

disturbed in-situ samples. Thorfinson, (1954) carried out 

in-situ direct s7-.ear tests on bentonite seam on a sample as 

large as 2.5 ft x 2.5 ft x 18.0 ft long. Schultze, (1957) 

measured shear strength of soft rocks with a plane of shear 

of 1 sq.metre, and more recently tests on slip surface in 

London clay on 2 ft square shear boxes have been carried 

out by Bishop and little, (1967). Borowicka, (1963); 
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Skempton, (1964); Petley (1966), and others have sug-

gested the use of multiple reversal technique to achieve 

large displacei::ent in which the upper half of shear box 

is brought back to the original position after the end of 

its travel, and the sample is sheared again. It will be 

shown subsequently in more detail in another chapter that 

the method seldom furnishes sufficient displacement to reach 

residual strength and very often disturbs the orientation 

of particles on the slip plane to such an extent that the 

shear strength on a subsequent travel is higher than in the 

previous one. Also non-uniform shear stresses are developed 

due to the rotation of principal stresses (`LIansen 1961) and 

the effective area of cross-section of the shear plane de-

creases as shearing proceeds. A correction may be applied 

to account this decrease in area (see Petley 1966), but 

according to Hvorolev and Kaufman (1952) "such correc-

tions become increasingly uncertain with increasing de-

formations, and the test permits only a limited investiga-

tion of the shearing resistance characteristics after 

initial failure". A fuller discussion on the limitation of 

direct shear test will be made in chapter X.4. 

In order to avoid the non-homogeneity of shear strain 

that develop in a direct shear box, aoscoe (1953) has de-

signed a shear box with rigid but hinged sides so that the 

sides tilt as shearing proceeds, thus maintaining a con-

stant length of sample in the direction parallel to the 

direction of shear. Although 	uniform shear strains are 

thus imposed, even more complicated non-uniform shear 

stresses are induced at the sides of the box in contact 
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with the soil which would tend to elongate as shearing 

proceeds. 

A shear box developed by tho Royal Swedish Geotech-

nical Institute and its advantages over conventional di-

rect shear box tests have been described by Hjellman, 

(1951). The short cylinderical specimen is laterally con-

fined by a rubber membrane reinforced by aluminium rings. 

Briefly, the advantages of t:_is arrange. ment arc that the 

area of potential surface of sliding ro.ains constant; the 

strains are uniformly distributed over the sample and side 

wall friction effects are eliElnated. Ziowever, the lateral 

deformation of the sample cannot be completely avoided and 

the possibility of the compression of rubber membrane be  

tween the rings always exists. This would, in turn, induce 

non-homo,Teneous lateral strains on the sample. Thu stresses 

on top and bottom of circular sample are also non-uniform 

and perhaps more complicated than for direct shear box. 

The above limitations and the inability of the aPparatus 

to produce large displacements renders it of little use for 

determining residual shear strength of stiff clays. 

1.4.3 Torsion shear  tests 

In general, the two obvious advantages of any type 

of torsion shear test are that there is no change in area 

of cross-section of shear plane and that the sample can 

be sheared through any uninterrupted displacement that 

may be desired. The latter, in particular, renders it 

extremely suitable for determining residual shear strength 

of stiff clays. 
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The earliest recorded torsion test apparatus was de-

veloped by the 1 A.S.C.E. Special Committee to codify pres-

ent practice on the bearing value of soils for foundations' 

in 1917. This consisted, very simply, of a laterally con-

fined cylinder of soil which was loaded directly through 

a top platen. The sample rested on a base plate which car-

ried a rotating base plate at its centre. The disc, whose 

diameter was half the diameter of the sample, had radial 

fins to engage the soil. A similar apparatus, but with con-

nected loading platen and disc, was developed at the In-

stitute of Technology in Hanover, and reported by Franzius, 

Streck and Hinderks, (1929). Loth the above simple appara-

tus have the serious limitation that the normal load on 

the actual failure plane is unknown because of arching which 

develops as only part of the 	nle rotates. The failure 

plane would not necessarily be in a well defined horizon-

tal plane and is more likely to be located at a short 

distance above the ribs of the rotating disc. 

A refined torsion apparatus was designed by Langer 

(1938) in which a cylindrical sample, 10 cm in diameter and 

6 cm high, was confined between two porous stones and upper 

and lower confining rings. An important and advanced fea-

ture was that after consolidation, and just T,rior to 

shearing, the upper confining ring could be lifted to main-

tain a gap between the two rings so that all normal load on 

the sample was conveyed to the failure zone through the 

soil-soil interface. This facility also ensures that failure 

takes place along the plane of separation of the upper and 

lower confining rings. The lower ring and the base plate 

were held stationary while the upper ring rotated; the 
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torque was transmitted to the sample by means of dentated 

porous stories in the walls of the upper ring. The torsion 

load was applied by a wheel to which the upper ring was 

fastened. .,anger obtained some extremely interesting re-

sults on a number of clays, including the London clay, for 

_ 	 w 0 h whic a value of 0r of 0.75 was obtained. These ill be 

discussed in chapter 4. Another example of a disc shaped 

sample (2.5 in. diameter and 3/fl in. thick) laterally con-

fined in split confining rings has been mentioned by 

Sombenolli and Ramirez (1969). 

It should be noted that in case of torsion shear 

tests on solid cylindrical samples, the shearing strains 

are non-uniform, varyingfrom zero at the centre to maxi-

mum at the edges. The shear stress can become non-uniform 

under certain conditions. These effects can be avoided to 

a marked extent by using ring shaped samples with suitable 

dimensions so that a more uniform distribution of angular 

displacement and hence more uniform shear stress and strain 

develop along the whole width of the sample. Generally, the 

ratio of internal to external diameter varies between 0.5 

and 0.0 (Hvorslev 1939). 

:ivorslev (1939) designed. a refined ring shear ap-

paratus at Vienna and later at the Waterways Experiment 

Station at Vicksburg in 1947. A section of his apparatus 

is shown in fig. 1-1. The sample, 11.95 cm external dia-

meter, 5.95 cm internal diameter and 2 cm high is enclosed 

in top and bottom confining rings and ring porous stones. 

The stones have machined teeth to engage the soil. The 

upper rings ban be raised by moans of elevator screws to 
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maintain a 	. The vertical load is transAtted from a 

lever system to the torque wheel and annular top plate by 

means of a loading rod and self aligning thrust bearing. 

The two horizontal dial gauges measure the rotation of the 

torque wheel, which can be held stationary or rotated by 

means of two very flexible wire ropes which are connected 

to the wheel by adjustable clamps. The rotation of the base 

and volume changes of the sample can be measured by the 

total twist dial and the vertical dial respectively. 

Hvorslev and 7-,aufman (19')2) have described  all the 

calibrations of the various coL.ponents of the apparatus in 

detail. The effect of friction in rotating and stationary 

parts seems to have been taken into account in t-nese cali-

brations. However, the influence of friction between soil 

and confining rings cannot 

apparatus. 

measured directly in this 

Haefeli (1938) (reported by sivorslev, 1939) designed 

a ring shear apparatus in Zurich which could shear a sample 

of external diameter of 2L c12, and internal diameter of 16 cril 

The sample is enclosed in upper and inner confining rings, 

but unlike other apparatus, the plane of separation between 

the two rings is at the base of the sample. This is an ob-

vious drawback because the sample is more likely to fail 

along its base. Also, no facility seems to have been pro-

vided to maintain a clearance between the upper and lower 

confining rings. 

Tiedomann (1937) improved on his earlier version of 

his 1933 apparatus, in which a ring sample (external dia. 

14 cm; internal dia. 8 cm and 2 cm high) is sheared by 
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keeping the uper, outer and inner confining rings and the 

upper annular loading piston stationary while the base is 

rotated. A facility for maintaining a gap has been -::rovid-

ed in this a-.:toaratLas. 

A summary of different tests on clays perforrod by 

Hvorslev, Tiedemann and Langer has been presented in Table 

1.1. The tests on Vienna clay (als o known as the Wie-,aer 

Tegel Clay) showed that the residual strength for over-

consolidated clay was slightly lower than that for normally 

remoulded consolidated clay k__-_vorslcv 1900j. The Vienna clay 

also displayed remarkable gain in strength after the test 

had been stopped on reachin, residual state. After a rest 

period of 10 minutes. the shear strength had increased from 

residual strength to :,,9% of -':eak strength. Tests on Little 

Belt Clay (which contained. 77 clay fraction, as compared 

to 23VD for Wiener Tegel Clay) showed very low residual 

shear strength (sea Table 1-1). The residual values for 

overconsolidated and remoulded,:al-ArAes wore 	and /4CC)v of 

the peak shear strength values and were achieved at a dis-

placement of about 3 and 8cm respectively. Tiedemann (1937) 

reported a number of residual tests on wide range of soils 

in remoulded and undisturbed state which have been in-

cluded in Table 1-1. The interesting point to note are the 

results of highly -elastic clay from Weser 'Elbe Canal. Un-

like tests on Wiener Tegel Clay by Hvorslev, Tiedemann 

found little difference in residual shear strength be-

tween undisturbed and remoulded coils at high normal stress 

2 (about 4 kg/cm -). However, the undisturbed clay displayed 

marked curvature in the shear strength envelope and the 

residual strength was clearly a function of the normal 
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stress while tho remoulded sample appeared to be unaif-

fectod. The value of 0,  for the undisturbed saL.:1ple rang-

ed from 8.30  at normal stress of 4.09 kg/cm2 to 12.3
o 

under normal stress of 1.0 kg/cm2. It would therefore ap-

pear that in this case, remoulding had altered the struc-

ture of the clay. 

It should be noticed again, that in none of the ap-

paratus described above, th,, . ffe t of friction between 

soil and the u-Ter confining rings can bo evaluated dir-

ectly. 

Cooling and Smith (1937\  sought to eliinato this 

problem by shearing an unconfined ring shaped sample (ex-

ternal dia. 4 in., internal dia. 3.25 in., and height of 

1 - 1.5 in.). These tests were, in effect, undrained tests 

under zero normal stress. The torque was increased at a uni-

form rate until the peak value was obtained. The results 

for a number of English clays seam to compare well with 

strengths obtained from unconfined, undrained compression 

tests. 

Ghani (1968) describes a torsion shear apparatus in 

which a disc shaped sample is used. The stresses on the 

upper surface of the sample are measured on a dontated ring 

plate called "measuring annulus" over a very small width of 

the sample. This, in effect, corresponds to using a ring 

shaped sample. The vertical normal load on the annulus is 

measured by strain gauges mounted on the double ring plates 

and the steel sheet which deflects under a normal load. The 

torque on the sample is measured by inductive strain gauge 

mounted on the holder. The normal stress can be measured 
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accurately on top of the sample; it may not, however, be 

the same stress which is actually present on the failure 

surface due to friction between soil and the outer con-

fining ring. 

Some attempts have been mode in chemical engineer-

ing industry to design rotary shear cells for measuring 

shear strength of ,powd.erst and only two apparatus will be 

mentioned below for completen,:ss of this review. Carr and 

Walker (1967) descri'3cd an annular shear cell (external 

dia. of 10 in. and internal dia. of 6 in.) for investigat-

ing shear strength under normal ,pressure of 1 psi. Since 

the sample is confined in an annular trough, the slip sur-

face is not necessarily in a horizontal -olane at the mid-

height of the sample. An annular shear cell in which the 

specimen is further divided into three zones by moans of 

three concentric, brass annulii which can be constrained 

individually has been, described by Scarlett and Todd 

(1965). The transission of shear from one annulus to the 

next is pre venter by a race of 1/0 in. ball bearings. Nor- 

mal stress is apolied to each of the t 	caps of the an-

nulii separately by moans of weigAts suspended. on three 

concentric tubes such that the stress on each annulus is 

porportional to its area - thus onsuri:g 	 uniform stress 

distribution on top of the sample. The shear strength is 

measured by recording the force required to constraint the 

middle annulus only. 
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1.4.4 _Field torsion shear tests  

In theory, there is no liitation to the use of tor-

sional shear box in field. The author is not aware of any 

field torsion test ao2aratus with which insitu drained 

tests may be conducted. and in which "side-wall" friction 

effects can be accurately assessed. urther, the field 

equipment uses relatively crude stress and torque measur-

ing systems (see for example, l'ayne and Fountaine, 1562; 

Marsal et. al., 1965; and Helenlund 1966). 



Table 1.1 

Some results fro::: early ring sl?.Car tests. 

Soil samD le e 2scription 

i,  

FL 

,, ,, 

i 
PT rf r 

clay 
fraction 

K2. ju 

1 
Crn 

peak 
kg/cm2  

I 
17, 
peak , kg/cm 

Wiener 'regal clay e.0. 47 21 26-  23 1.0 - 
(Vienn4 clay) TUC. 47 21 26 23 2.0 

_ 

Little Belt clay 0.C. 127 36 91 77 1.0 - 
It N.C. 127 36 91 77 5.0 - 

__._._ - - ---,__ 
O
,---------- _,I., 

6-1 09 1.375 Fat clay from ndisturbedT ()/  7--E7--  

Weser 21be Canal 
3.09 1.125 

2.09 0.97 

1.09 0.025 
It 2emeuld II it II I? 4.09 1,32 

3.09 1.0 
2.09 0.71 

if Undisturl-,ed 63 22 46 62 3.09 0.73 
2.09 0.65 
1.09 0.6 

Lean clay Undisturicd 1:4 20 24 32 .. 14.09 2.0 

1.09 1.73 

Brown Coal Soil 
from middle of 2. 

Undisturbed 79 30 41 38 4.n9 3.1 

Oder (sil.',:y clay 
wit:1 some sand) 

1.95  2 .09 

Sandy soil from Undisturbed - - - 3 2.09 , 1 .60 
...urzawka 

London clay l:',emoulded 73 29 49 1.:.92 1.68 
70 29 49 14-4 1.31 

2.96 0.975 

Atlantic Iluck Re.-loulc-_ed 
(soft clays, 	silts, 
sa77,_ds and organic 
matter). 

C.C. 145-1 
' 16..,-' 

- 69- 
106 

- 2.0 1.27 

N.C. 0.5 0.3 
17.0. 5.0 1.77 

Lake :=.rovid ace 
clay 

0.0. 101' 35 69 - n (... • %, 1.038 
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tr 
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Brittb-
noss 
factor 

- C r 

R=arks Roferonco 
to 
to  

0.7 

0.15 

0.4 

2.0 

3.0 

• U 

	

0.6 	0.01 

0.5 

2.39 
0.24 

0.59 

0.45 

0.32 

0.42 

0.31 

0.225 

0.7 
0.023 

	

1.12 	0.3 

	

0.7 	0.2 

0.015 10 

0.02 11 

0.33 12 

0.03 13 

0.02 13 

0.03 12 

0.01 	9.0 

0.005 9.5 

0.003 9.3 

0.025 11.2 

C.? 

19 

25 

11 

1..47 	0.2 

0.916 

n-kn 

0.593 

0.3 

0.Tu 

0.45 

0./:5 

0.47 

0.37 

0.35 
-.19 

0.36 

0.3 

87!-; 

0.545 

0.617 
0.600 

0 4 
0.3 

12.3°  
.2°  
„30 
,0 

0  

11.70  

9.70  
16.",D°  
15.3 

10.'3°  

or0 

, 
U.0 

IC . 3o 

11.3 

KC!, 

70.9 

14r n 

n 

h9 

52.3 

65.0 

00.9 

63.9 

64.1 

12.5 

30.3 

39.2 

Time to 
failure 
at rcak 
strongthl 
= 16days 

-drained 
tests. 

Drained 
Pro-eably 
undrain-
ed 

Ti e de mann. 
( 1537) 

Langer 
(1930) 

=r0 ably Hvorslev, 
not comp- (1939, 
letoly 	1960) 
drained 

0.4 	0.2 	12 

0.26 	0.3 	2.5  
0.32 	0.3 	13 

0.373E 0.15 

11.3° 
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• 

0.37 27.5o  13.3 *2 
9.3 54.0 *3 

0.34 	10.50 	65.7 	*1 

L,  • *1 

0.46 

Hvorslev 
and 

7 ,.aufmarrn. 

(1952) 

Dis7;1. rate=0.0243 in/min. *3) Disfll. rate: 0.0243 in/:.-_:2n 
*2 Di,spl. ratc=0.1217 in/min. 	bcforo -0.0.1217 	after 
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3 TRANSFER RINGS 
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ID ROTATING BASE 
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19 	RING PISTON 
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23 
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28 
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Figure I.1 Compositesection through torsion shear apparatus 

E_ V 4., KJI u 	A NJ, ) 



25 

CHAPTER 2  

2.0 The new ring shear apparatus 

The design of the aparatus is a result of collabo-

ration between the Soil hechanics Department of Imperial 

College and the Norwegian Geotechnical Institute. The ap-

paratus was machined and fabricated by 1 Geonort, Oslo. The 

apparatus will be described in some detail as this has not 

yet been done elsewhere. 

2.1 Principles of the apparatus 

The principles of this apparatus have been outlined 

in fig. 2-1. The sample, 6 in. C.D., Lir  in. I.it. and 0.75 in. 

high is confined between a set of upper and lower confin-

ing rings. The lower set of confininr; rings is fixed to 

the rotating table which can be turned about the central 

vertical axis by means of worm drive. The sample is loaded 

by placing dead loads on the lever loading system under 

the base of the apparatus. The load is conveyed through 

the main shaft to the loading yoke which rests on the load-

ing platten resting on top of the sample. A special fea-

ture of this apparatus is the ability to measure vertical 

frictional force between the sample and the upper confin-

ing rings. The upper confining ring can be lifted by 

raising the linking yoice by means of a differential screw 

at the top of the apparatus and the magnitude of the fric-

tional force can be measured by the upper proving ring as 

shown in fig. 2-1. 
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As the rotating table turns, the lower confining rings 

and the lower half of the specimen rotate with it while the 

upper half is restrained from doing so by the torque arm 

which bears against the two side proving rings, from which 

the torque acting on the sample may be computed. 

2.2 Detailed description 

The apparatus can be described in detail by subdivid-

ing it into four components: 

a) Sample assembly, 

b) vertical loading system, 

c) the lifting mechanism, 

d) the torque measuring system. 

2.2.1 General layout 

The general layout of the aemaratus is shown in fig. 

2-2 and plate 2-1. Tile base is rigid aluminium casting, 

100 cm long and 50 cm bromd. Two vertical rigid steel col-

umns are mounted on the base and provide reactions for the 

torque arm, as well as carrying the crosshead. The cross-

head supports, and provides a reaction for, the upper con-

fining ring lifting mechanism. A horisontal worm gear 

which rotates the sample assembly is mounted in the worm 

gear housing on the base. The worm gear is provided with 

a dog clutch (shown as ldrive to worm') which can engage 

a sprocket wheel _~loved by a chain drive from a motor, and 

variable speed gearbox. A principal element of the general 
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arrangement is the central main shaft not shown in fig. 

2-2, but readily aparent in fig. 2-4 and 2-5. This carries 

the torque arm which also transmits the vertical load to 

the platten. The shaft is designed to provide the neces-

sary vertical alignment for these load assemblies and the 

upper confining ring lifting mechanism. 

The vertical loading on the sa:Iple is provided by 

dead weights hanging from the lever loading arm. The ver-

tical deformation of -Lie saT,Iyle is measured. by the two 

sample thickness dial gauges mounted on the dial gauge 

bridge as shown in fig. 2-2. The vertical force required 

to lift the upper confining rings in order to measure side-

wall friction between the soil and the rings is measured 

by the upper proving ring and the dial gauge. The width 

of the gap between the upper and lower confining rings is 

measured by the two confining ring gap dial gauges which 

are also mounted on the dial gauge bridge. The torque loads 

are measured by two tangential load proving rings - counted 

on the rigid columns while the angular rotation of the 

sample is read on a circular scale with a vernier which 

enables the rotation to be measured to the nearest 0.1°. 

All dial gauges are capable of reading to 0.0001 of an 

inch. 

2.2.2 Sample Assembly 

The sample assembly is shown in detail in fig. 2-3 

and 2-4. The concentric sample is confined between two 

sets of confining rings namely: the upper, outer and inner, 

confining rings and the lower, outer and inner, confining 
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rings, and the upaer and lower annular porous ceramic discs. 

The confining rings are made of chromium plated brass alloy 

while the ceramic discs are made of moulded epoxy bonded 

carborundum. In order to overcome the risk of slipping 

between the ceraaic and the soil, 12 radial bronze fins, 

0.01 in. thick, 0.0a0 in. high and extending along the full 

width of the sannle, are embedded into each of the ceramic 

discs. Both u-per and lower ceramic discs are firmly screw-

ed to the upper and lower annular loading niattens which 

are also made of chromium Mateo brass alloy. The lower 

outer and inner confining rings and the lower loading plat-

ten with the ceramic disc arc fixed to the rotating table 

by means of eight fastening screws and two dowel pins as 

shown in fig. 2-1:. The adder confining rings are aligned 

with the lower rings by a guide rinc and locking screws. 

This guide ring is lowered during the shearing stage. A 

porspex cylinder sealed by an 0-ring seal enables the sam-

ple to be submerged in a water bath. 

2.2.3 Vertical loading system 

The vertical loading system shown in figs. 2-2, 2-4 

and 2-5, provides the normal stress on the horizontal shear 

plane of the sample. Dead weights are nlaced on a hanger at 

the end of the lever loading arm which provides a lever 

ratio of 1001. The load. is transferred to the main shaft 

through the thrust ball bearings which allow the rotation 

of the shaft and provide an axial load even when the lever 

loading arm is not in the normal horizontal position. A 

handle fitted is the torque free swivel (fig. 2-5) is nro- 

vided to permit it to be given a small oscillatory motion 
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to eliminate any error in the torque readings. 

An essential part of the loading arm mechanism is the 

system of counterweight and adjustments which are located 

under the base of the apparatus and shown in fig. 2-2. In 

order to accomodate vertical movements. on the main shaft 

due to the variation in height of the e.ample, the lever 

loading arm is pivoted on an adjustable fulcrum. This can 

be moved up or down 13-1 turning the levelling screw and in-

volves no change in the balance of forces. The vertical 

loading system can in this way be lifted or lowered ap-

proximately 0.5 in. from the nicciie position. Fig. 2-2 

also shows a movable counterweight operated by a screw 

control at the side of the ,p-paratus which is provided to 

balance the weights o the lever loading arm, including 

the dead weight hanger, the main shaft and the torque arm 

which act on t 	::-o1(2:. A spirit level adjacent to the 

counterweight adjusting screw is provided to assist in 

keeping the lever loading arm horizontal. 

The transfer of the vertical load from the main shaft 

to the sample is illustrated in fig. 2-k. The load, from the 

main shaft is transferred to the torque arm by a nut through 

the spherical seating. The spherical seating at the top 

of the main shaft provides the torque arm with the li_.i tech 

ability to tilt if the sample height varies differentially 

during a test. The load is finally conveyed. to the sample 

through the curved segmental spacer bloc:= screwed to the 

torque arm and which rest on the top loading platten of 

the sample asse:Tably. Four guide 'oins are provided for 

alignment of the spacer blocks with the top loading platten. 
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2.2.4 The lifting mechanism 

The components for the uprer confining ring lifting 

mechanism are shown in figs. .2-2 and 2-5. A cast aluminium 

linking yoke is mounted on the main shaft with a ball bear-

ing guide bushing to acco=ioate linear and rotary motion. 

:Pour pairs of fastening screws connect the upper, outer and 

inner, confining rings to the link.ing yoke. The confining 

rings can now be lifted by turning the differontal screw 

mounted on the crosshead of the apparatus. Two guide pins 

align the linking yoke with the upper loading platten to 

ensure that during shearing, te, upper half of the sample, 

the upper confinin„: rings and the top loading platten move 

as a unit relative to the lower half of the sam7ole. The 

lifting force is measured on the proving ring and the up-

per dial gauge w7.7.ose spindle passes through the hollow 

centre of the differential screw (fig. 2-2). 

2.2.5 Torque measuring system 

The sample is subjected to torsion by transmitting 

a moment from the rotating table to the torque arm as shown 

in fig. 2-4. The driving torque, is provided by an A.C. 

motor with a ,Ic.oppt speed variator. A chain and sprocket 

connect the external drive to a dog-clutch on the input 

shaft of the worm gear to transmit the torque to the ro-

tating table which is positioned by two radial deep groove 

ball bearings mounted on machined surfaces of the worm 

gear housing. 

An oil filler plug, drain plug, and dip-stick oil 

level indicator are provided for gear lubrication (fig. 2-5). 
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Neoprene sealing rings are provided to prevent dirt and 

water from entering the moving parts. 

The torque in the rotating table to which the base 

plate is fixed is then transmitted through the lower half 

of the sample to the upper loading Flatten and spacer block 

and the upper confining rings, and finally to the torque 

arm. The reaction for the torque arm is provided by two 

proving rings, mounted on the rigid columns. The proving 

rings are fitted with small wheels which can roll on the 

hardened stool discs at the ends of the torque arm, and 

which transit an axial force to the rings without intro-

ducing any vertical friction component which may develop 

due to vertical 7lovenent of the torque arm, as the sample 

dilates or consolidtes. 

2.3 Calibration of tie aPPar.=s_tn-,  

2.3.1 Calibration of proving rings 

The top friction measuring proving ring has to be 

calibrated in both tension and comression while the two 

torque force measuring rings need to be calibrated in com-

pression only. The apparatus for calibration is very simple 

and consists of a 4 ft. length of rectangular steel box 

and a rectangular yoke which can straddle the box and 

which may be loaded at the bottom. 
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2.3.1.1 Calibration in compression 

The sot-up is illustrated in plate 2-2 (a). A smooth 

faced brass fitting is fitted in a 1 2 in. diameter hole 

through the channel. The shaft of the proving ring is next 

fed through this hole so that the proving ring sits firmly 

on the brass fitting. In the case of the friction Proving 

ring, it was found convenient to apply the load through 

the bell-shaped casting o the linking yoke as shown in 

the illustration, plate 2-2 (a). The side proving rings 

could be set up in a similar way except that the rectang-

ular loading yoke was olaccd directly on the loading wheel 

of these rings. 

2.3.1.2 Calibration in tension 

The proving ring is now suspended from the rectang-

ular channel by means of a locking nut as shown in plate 

2-2 (b). A short length of 1- in. thickbrass strip with a 

in. diameter tapped hole in the middle is positioned in 

the slot in the aluminium casting underneath the proving 

ring. A loading hanger can now be screwed in the brass 

strip and dead loads applied. 

2 .3 .2 Static friction i n the lever loadin sYstem 

The lever loading system (including the weight of 

the hanger and the weight of the shaft) is careful balanced 

by means of the counterweight. Very small weights are next 
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placed on the hanger until the lever loading arm moves 

continuously. It was foune that only about 10 ems. on the 

hanger was required to overcone static friction in the 

system. This corresponds to a force of 100 gms. on the 

specimen and can be neglected. 

2.3.3 Friction in tT:10 vertical loadin, system and_ the  

ex=ination o I the lever arm ratio 

It is important to investigat2 the above effects 

to ascertain how much of the load on the hanger is ac-

tually conveyec' to the :ample. This can easily be done 

by coupling the vertical to ding system to the lifting 

mechanism so that the load acting on the sample can be 

read off the upper proving ring. This can be done con-

veniently by re3noving the segmental spacer blocks from 

the torque arm and allowing it rest on a in. thick, 

steel ring, 6 in. 	C in. 0.2., which is placed on 

top of the upper confining ring. (The top loading platten 

is removed during this stage.) A diagrammatic sketch of 

the layout is shown in fig. 2-6, from which it can be 

seen that as the lever loading system pulls the torque 

arm downwards the load is transferred. to the linking 

yoke through the spacer ring and its value can be ob-

tained from the upper proving ring. After the vertical 

loading system is balanced by the counterweight, dead 

weights are added on the hanger and corresponding loads 

on the upper proving ring are no 	Assuming that the 

loading arm has a lover ratio of 10:1, the loss in load 

was again found to be negligible. For hanger loads of 
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more than 3 lbs., a maxi,:lum loss of 0.3% of the total load 

acting on the ;ample, with no repeatable trends was notic-

ed, and this accuracy is well with in the accuracy of the 

proving ring measurelilents. Hence no appreciable inaccuracy 

would be introduced by assuming a lever arm ratio of 101, 

and neglecting friction in the linear bearings. 

2.3.4 Effect of any horizontal thrust  in the linear 

bearings 

To investigate the effect of any possible develop-

mont of horizontal thrust in the linear bearings during 

shearing stage, the ay:aratus was asse..blod as for (2.3.3), 

and a loop of cord was fed around the main shaft fig. 2.6, 

so that a horizontal force could be directly applied by 

hanging loads on this cord passing over a pulley as shown 

by dotted lines in fig. 2-6. 

No change in upper proving ring dial gauge could. be  

detected when horizontal loads of up to 60 lbs. were 

apPlied. 

Hence, it can be concluded that provided the vertical 

loading system 	balanced carefully by the counterweight, 

no appreciable error (loss than 0.3%) would. be  caused by 

any friction losses provided the load on the hanger is 

greater than 3 lbs. 
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2.3.5 Calibration of vertical deformation of anT::aratus — 	 .. _ 
, uncbr dead  load . 	.._  - ------ 	_ - -_—_-_-.---- - --._ 

The vertical com-,?ression of the apparatus has to 

be investigated so that its effect may be taken into 

account from the readings of height change dial gauges. 

This is done by assembling the aparatus yit2 a aummy 

brass ring toa -clot. However, in order to avoid damage 

to the radial fins, the tot ane_ bottom annular ceramic 

with fins are replaced 2y an tar ceramic without radial 

fins. A calibration grapI of load on the hanger against 

vertical deformation is plotted. as shown in Appendix A. 



PLATE 2.1  

Ring shear apparatus. 





PLAT3 2.2 (a)  

Calibration of proving rings in 

compression. 



PLATE  2.2 (b)  

Calibration of proving ring in tension. 
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36 

CHAPTER 3 

Sample preparation;  and test procedure  

Two typos of tests were carried out - tests on re-

moulded, an on 'undisturbed' samples. 

3.1.1. Remoulded sa ples 

Sample preparation of remoulded clay materials pre-

sented no difficulty. Clay was first air-dried in the 

laboratory, after which it was Placed in a rotary grinder 

and ground for about 60 minutes. The ground material is 

then sieved through B.S. Sieve 36. Only material passing 

through this sieve size is used in the preparation of re-

moulded samples. After the Atterberg limits have been 

established some distilled water is added to the remainder 

of the dried clay and the mass is constantly stirred with 

a spatula to achieve a uniform water content throughout 

the sample. The water content was generally brought up to 

half of that at the liquid limit. The sample is now ready 

for placement in the apparatus. 

The upper and lower, outer and inner, confining 

rings are then firmly screwed together to the base plate. 

The lower ceramic annulus, which has already been deaired 

in boiling water is also firmly screwed in the base plate. 

Wet clay, in 1" wide, 1/4" thick strips, is then carefully 

kneaded irr; taking great care that no air voids are en-

trapped. After the sample has been built well over 3/4" 

thickness, a special scraping tool is then passed over the 
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soil to level it to exactly 3/4" thickness. The tool, which 

is made of special 1/8" thick hard gauge metal has a tip 

1 in. wide and runs along the tops of both inner and outer 

upper confining rings. Its depth is such that it scrapes 

off any soil lying above the 3/4" height level and also 

removes any soil that may be lying around the sides of 

the confining rings. This also likes a clean passage for 

the upper ceramic annulus and top ring to be placed in. 

3.1.2. Undisturbed samples 

The 'undisturbed' samples were usually brought from 

the field in 9"x9"x12" high boxes. Soil was covered by 

aluminium foil over which molten paraffin had been poured 

to ensure no loss of moisture during storage. 

The placement of undisturbed soil in the apparatus 

is achieved by using different cutting rings and wooden 

blocks as shown in fig. 3-1, a-f. A sharp, steel cutting 

ring is pushed in the block of clay ( fig. 3.1 (a) ).  

This ring is 6.0 in. internal diameter, 3/4 in. high and 

0.045 in. thick. 3ecause the cutting ring has a small 

wall thickness (for least disturbance while cutting), it 

has a tendency to distort as it is pushed into the soil. 

To prevent this, a stiffening ring (0.08 in. thick, 

6.0" in. internal dia7yletcr) is mounted around the cutting 

ring to provide lateral rigidity. The cutting ring coupled 

with the stiffening ring is, then pushed evenly into the 

block of clay, which is then cut by means of a wire saw. 

The stiffening ring is removed and the clay on the 

upper end of the cutting ring is carefully planed with a 



38 

straight edge (fig. 3.1 (b) ). 

The outer upper and lower confining rings aro screwed 

together and placed on a smooth working top. A wooden spac-

er nominally 6.0 in. in diameter with small clearance gap 

and 1.7 in. high is then placed inside the confining ring 

assembly. (Note that diameters of all wooden spacer blocks 

mentioned hereafter are nominal values and in practice a 

small clearance gap is maintained for case of operation. 

Further, all the wooden blocks used were varnished to 

prevent any seasonal variation in dimensions and the top 

surfaces, which come into contact with soil, have a formica 

finish.) The upper confining ring has a small recess into 

which the cutting ring is now located. Soil is pushed down 

from the cutting ring on to the wooden spacer by using a 

heavy wooden block, 6.0" diameter and 2.7 in. thick, as 

a piston mounted in drill press as guide, (fig. 3.1 (c) 

and plate 3.1). 

The cutting ring is now removed and the soil is 

Planed with a straight edge such that the plane surface 

is flush with the top surface of the upper confining ring. 

The sample is now 3/4 in. thick. 

The 1.7 in. wooden spacer is now removed and a two 

piece wooden spacer 0.92" high, and 6.0 in. diameter is 

substituted in its place. This spacer, consists of an 

annularring, 6.o in. 0.D., 4.0 in. 	and a disc, also 

0.92 in. high and 4.0 in. diameter, which fits inside the 

annulus. The sample is pushed down to rest on this spacer, 

and the whole assembly is carefully centred and clamped on 
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the working surface of a drill press (fig. 3.1 d). A thin 

walled steel core cutter is then positioned centrally in 

the drill-chuck. The cutter, 4.0 in. outside diameter and 

2.25 in. high is made of hard steel, and has a wall thick-

ness of only 0.003 in., to minimize any disturbance to 

the soil. It is firmly pushed into the sample, by lower-

ing the drill head (fig. 3.1.e) and plate 1.2). This 

leaves behind a clay sample of required dimensions. The 

wooden spacer is removed very carefully and the sample 

assembly is placed on the base plate on which the inner 

lower confining ring and the lower annular loading platten 

with ceramic annulus (which has previously been deaired 

in boiling water) have already been preassembled. The 

clay is next embedded on to the radial fins of the lower 

ceramic and the upper, inner, confining ring is inserted 

(fig. 3.1 f). The sample assembly may now be fastened to 

the rotating table and the apparatus assembled. A V-notch 

is provided on all components of the sample assembly for 

subsequent correct positioning of the lifting yoke. 

3.2 Assembly of the apparatus 

The base plate with the sample assembly is aligned 

with the rotating table (a V-notch is marked on the com-

ponents for easy alignment) and is fixed by means of two 

Dowel pins and eight fastening screws. The perspex cy-

linder which forms the water bath is next fitted in the 

base plate. The upper annular loading platten is aligned 

with the V-notch and placed gently over the soil. sample. 

Care should be taken to ensure that the radial fins on the 
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underside of the upper loading platten do not embed deeply 

into the soil at this stage. The torque arm with the seg-

mented spacer block (see fig. 2-4) is next carefully placed 

on top of the sample assembly and balanced by means of the 

counterweight. The sample assembly is then aligned with 

the torque arm such that four guide pins from the spacer 

blocks can be fed in their slots in the upper annular load-

ing platten. To facilitate this, it may be necessary to 

rotate the whole sample assembly slightly by means cf the 

rotating handle mounted on the horizontal worm gear drive. 

A nut which rests on the spherical seating in the middle 

of the torque arm is next tightened around the main shaft 

(fig. 2-4). 

After the upper proving ring has boon zeroed to 

balance the weight of the linking yoke, the cross-head 

carrying the linking yoke is mounted on the rigid columns. 

The guide pins and fastening screws are inserted so that 

the up-eer, outer -.ad inner, confining rings are firmly 

attached to the linking yo-e (fig. 2-5). The dial gauge 

bridge is now quickly assembled and zero readings of gap 

change and height-change dial gauges are noted after the 

lever loading arm has been levelled by means of the 

levelling screw and the spirit level. Dead weights are 

next placed on the hanger for consolidation to proceed 

and the water bath is completely filled with water. Fin-

ally the circular scale and the vernier are mounted to 

complete the assembly of the aPparatus. 



3,3 Dismantling of the aToparatus  

The dismantling operation takes place in reverse 

order of the assembling operation. After the final read-

ings are noted, the motor is stopped and the drive to worm 

gear is di'seni2o.ged. 

After the water in the water bath has been siphoned 

off, the load on the hanger is removed. (The water is first 

removed so that the 	of the soil on removal of load 

from the hanger may be mini:nisod). Next the circular scale, 

the dial gauge yoke; the crosshead and the linking yoke; 

and the torque arm are successively and quickly removed. 

The base plate with the sample assembly can now be unfast-

end from the rotating table. 

The problem,  now is to remove the sheared soil sample 

from the confining rings without disturbing it. To do this, 

the base plate (with the sample assez:bly) is lifted off the 

rotating table and is placed inverted on a 3 in. high 

metal ring (5.0 in. O.L.; 4.4 in. I.D. with the annular 

upper loading platten resting on this ring. The sample,  

assembly is next unscrewed from the base plate which is 

very carefully removed. The sample asser,lbly.is then placed 

on the metal ring such that it is now resting with the 

lower annular loading platten on the ring. The lower outer 

and inner confining rings are removed by pushing downwards 

while the upner pair arc removed by sliding these upwards 

and applying a gentle pressure by thumbs on the upper 

loading platten. The soil sample is now confined by the 

upper and lower loading 7)lattiens only. Extreme care must 
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now be exercised to remove the upper loading platten so 

that the sample is not separated. along its shear plane. 

The determination of the final moisture contents of 

the sample can now be made. For the determination of 

water content profile along the height of the sample. 

A special thin-walled, 4,- in. diameter brass piston sampler 

was used. The determination of the final moisture content 

profile was made using 1/16 in. to 	soil discs weighed 

on aluminium foil on an accurate balance (accurate to 

0.001 gm.). 

3.4 Testing procedure  

The sample is first allowed to consolidate (or swell) 

under a constant load on the hanger. After the consolida-

tion is complete (as observed on the height change dial 

gauges), the confining guide ring is lowered and outer and 

inner locking screws, 8 in nuffber, are removed. The origin-

al gap dial gauge reading is noted and the gap between the 

upper and lower confining rings is opened (initially by 

about 0.001 - 0.002 in.) by lifting the upper outer and 

inner confining rings by means of the differential screw. 

The dog clutch is next engaged and the motor is started. 

A speed is selected to give a constant rate of strain 

which permits adequate dissipation of pore Pressure. 

The speed was usually increased 5 to 25 times the 

original slow speed after peak failure in order to obtain 



large deformations more quickly. The gap ras usually closed 

during this stage. Thu shearing rate was -Laen reduced to 

the original value, tee gal; reopened anc.  tae readings were 

taken after a few hours had elapsed to confirm whether a 

steady state had been achieved. 

The same sample was used in a number of tests to 

measure residual shear strenr:th under different normal 

stresses. When the residual condition had been established 

under a constant load on the hanger, the motor was stopped; 

the gap between confining rings was closed and the now 

load was placed en the hanger. The sample was allowed to 

consolidate (orsv.rell) under the new normal stress, and at 

the completion of this stage (indicated by height change 

dial gauges), the gap was reopened and shearing commenced. 

Hence the subsequent shearing amounted to doing a test on 

a 'slip surface'. This method has also the advantage that 

residu-al strength under different normal stresses may be 

investigated by using only one sample. (It was, of course, 

necessary to deto=inc that previous stress history had 

no significant effect on the value of 0' at any particular 

value of normal stress.) The following set of readings is 

taken at suitable intervals: 

a) Angular displacement in degrees as measured on the 

horizontal circular scale. 

b) Torque force readings on the two side torque Droving 

rings. 
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c) Friction force as registered on the friction proving 

ring. 

d) Sample height change readings. 

e) Gap width readings on the gap dial gauges. 

3.5 Calculation of results 

The average shearin stress, 	calculated on 

the assumption that nor=1 stress and the shearing stress 

are uniformly distributed across the width of the failure 

surface in a horizontal plane. Then: 

a = 311/211 	
-R3), 

	

1 ) 	- (3-1) 

where 	is the torsional moment calculated from the read- 

ings on torque force proving rings;* 

and are the externalinternal  and 	radii of the 

sample respectively (= 3.0 and 2.0 in.). 

The normal stress,crA = PI/7(P2-:7,2\ - -2 '/ (3-2) 

where P' is the net effective normal force acting on the 

sample. 

The average displace  -lent, in inches, is calculated 

on a mean radius of 2.5' in. It should be noted that be-

cause the apparatus =produces a plane of failure perpendi-

cular to trio axis of the sample, a complicated stress con-

dition is established, and it is no longer a case of pure 

torsion and pure shear (Hvorslev 1939). lence equation 
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(3-1) is not strictly correct. Hvorslev (loc. cit.) there-

fore modified the Duguet - Ludwif: - Prandtl solution. for 

short thick cylinder (sec Nadai 1331) to obtain stress 

strain curve by graphical differentiation of the mo et - 

twist curve. 'However, workdone at the Norwegian Geotech-

nical Institute has conclusively shown that the curves 

obtained from equation (3-1), and Hvorslev's .clethod (which 

is tedious to perfor) are virtually coincident (with, of 

course, no difference at residual) (coo N.G.:. Internal 

Report F 346). Hence, in this project, all shear stress 

calculations nave been based on eouation (3-1). 

3.6 Graphical presentation of  results 

Two main ty-3es of graor, have been use-t to present 

the results. The first is a graph of, r. /Tr! against dis-

place;:i.lent. It should be noted that since the friction 

value term in normal load changes as the test proceeds, 

(and hence the normal stress,CFA), it is advisable to plot 

values of the ratio17,10-111  at any particular point. The 

tangent of ch-n gives the value of 0! (origin 01 ), the 

angle of friction directly. 

The residual shear strengthi by definition, operates

when there is no further decrease in shear strength with 

displacement, 

i.e. when d(r/Tt) = 0 (3-3). 

    

d (displacement) 
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When the above condition is satisfied, the curve in the 

standardr-ATIanuinst displaceent plot becomes horizont- n 	_ 

al. However, in practice, it is often difficult to visual-

ly judge , from the above plot whether the soil has reached 

the resi-dual state. I:ence, another graph of L/T,I1  against 

logarithm of displacement is also presented. It is sug-

gested that in such a plot, the above condition (equation 

3-3) will be satisfied when: 

d( 7:/y ) 
:--- 0 

but with the advantage that the slope of the curve is now 

greatly exaggerated, thus 3-,laking it 	sier to ascertain 

whether residual state has been reached. In subsequent 

chapter, a nu:nber of tests on direct shear apparatus have 

been presented on a shear stress against displacement 

plot where the sloT)e of the curve appears to beco,le zero. 

Thwever, the same results when elottod against log. dis-

placement demonstrate quite remarkably that, invariably, 

the residual state has not been achieved in direct shear 

tests. 

3.7 Accuracy of results 

The calibration of the apparata.s has already been 

described in chapter 2, where it was -1:,,cntioned that there 

appeared to be virtually no loss of ioad due to friction 

in the bearings. However, the following points have now 

to be considered to assess the accuracy of results. 

d(log displace-Lrlent) 
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i) The effect of non uniform stress distribution on the 

failure plane, and, 

ii) the effect of soil soueezing through the gal) between 

the upper and lower confining rings 

±) the calculation of average shearing stress,ra, using 

equation (3-1) implies that the normal stress acts 

uniformly over the failure surface. This may not 

necessarily be so as is seen by the small difference 

in loac.s on the proving rings at the end of the torque 

arm. It may also be non-uniform as a result of non-

homogeneity of the saz,7:le and due to squeeze of soil 

on the failure surface through the confining ring gap. 

The variation in 0 du to seven different stress 

distributions is shown in fig. 3.2, and the results are 

given 	greater details in Appendix R. It will be seen 

from this figure that rfiaxiTI:um variations in 0' (assuming 

uniformly distributed load) at assumed 0 = 10°, due to 

any non-uniform stress distri-bution that lies been considered 

is about 0.Ce or -0.6°. An examination of the sli-9 sur-

face across the width of the sa,A7Dle at the end of the test 

showed that the slip surface was concave downwards and 

suggests a parabolic symmetrical distribution of normal 

stress(cases parabolld I and II). The following Table 

gives an estimate of the variation in 0'. 
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True 01  r Iwiaximum variation Most probable variation 

10o  +0.05°to -0.6° 	+ 0.1
o 

 

	

15° 	+1.22oto -0.65° 	+ 0.12°  

	

O 	,o +1.0 to -0.13° 	° + 0.10 20  

ii) The influence of  squeeze  through the  gap 

After initial consolidation of samsle under a 

normal load, the upper confining rings are lifted by 

about 0.001 - 0.002 in. just prior to shearing the 

sample. This is done to ensure that net vertical ef-

fective load acts on the failure surface through the 

soil - soil interface. However, in doing so, the sam-

ple tends to squeeze out through the gal:). This seueeze 

is seldom observed at peak strength, but it may be 

more marked at large disolaceents. The shearing re-

sistance thus obtained may therefore be slightly larger 

than t-ie true residual shear strength. An estimate of 

the maximum increase !lay be obtained by considering 

that squeeze takes place along a lip 1/32" wide. This, 

in effect, increases the external diameter from 6.0 in. 

to 6.031 in., and decreases the internal diameter from 

4.0 in. to 3.969 in.. Hence the ratio between the ap-

parent and true shearing stress is given by: 

(6.o313  - 3.9693 ) / (63  - 43 ) = 1.03; 

in other words, squeezing increases the value of 
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average shear resistance,z7a, by 3,. The consequent in-

crease in 0 1  would de send on the magnitude of normal stress. 

o 
As an exam,.Dle, a clay whicn has a 1 true 1  01  r  of 9 at an 

effective normal stress of 30 psi. would show an apparent 

01 . 9.3o. The actual increase  ould probably be much 

smaller than 3./: because the coefficient of friction for 

soil on metal is less than for soil and soil and the 

vertical stress on the squeeze out soil in the gap would 

very likely be less than on the failure surface itself. 

Also, it has been noted in the tests carried out that 

often squeezing is not continuous and takes place only 

in 1.ited sections of the gap. It should be mentioned 

that the direction of movement of squeezed material with 

respect to direction of shear will also determine the 

apparent increase or decrease in shear stress.. 

The squeezing of soil through_ the gap also implies 

that the decrease in height of the sample as registered 

on the height-change dial gauges does not accurately 

reflect the behaviour of the soil on shearing. 
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sample assembly. 
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CHAPTER 4 

4.0 ?in shear tests on stiff clays 

During the course of :resent study, the residual 

shear strengths of following clays were investigated in 

the ring shear ap--)aratus 

1) Blue London clay 	(Wraysbury) 

2) Brown London clay 	(Edmonton) 

3) Weald clay 	(Arlington) 

4) Cucaracha clay-shale 	(Panama Canal) 

5) Dawson Formation 	(Chatfield Dana, U.S..L.) 

The above mentioned clays can be conveniently 

studied under two categories; viz. plastic stiff clays 

from 	(clays 1 to 3, and the highly plastic clay 

shales from America. Hence for each of the two categor-

ies, the general geology of the areas, previous investi-

gations and ex)eriences, and test results and discussions 

would be mentioned separately. 

4.1 Tests on stiff clays from J.K.  

4.1.1 Brief review of previous work 

The concept of analysing slope stability failures 

to investigate in-situ shear strength of clays just prior 

to failure is fairly recent. Terzaghi (1937) discussed 

the effect of discontinuities on shear strength of stiff 

clays and pointed out the dangers of progressive failure 
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if fissures and joint open out due to some form of stress 

release. Toms (1940) described a 60 ft. deep cut in Weald 

clay which failed 70 years after excavation, and showed 

that softening of clays was a time dependant process. 

Skempton (1948) mentioned the softening effect 

due to presence of fissures in six slips in London clay. In 

ail the cases, failure ese,C.. taken place some time after the 

end of construction, and a tentative relationship of the 

decrease in shear strength of London clay with time was 

proposed. Cassell (19k0) also described slips in overcon-

solidated fissured clays and attributed loss of strength 

to softening along fissures. He also made the important 

observation that laboratory tests on undisturbed samples 

would give a higher pea strength than taat ceeerating in 

the field due to the presence of fissures and the (now 

well recognised) effect of saei'ele-size. He further demon-

strated that moisture content on natural slip surfaces 

in stiff clays was invariably greater than in the ad-

jacent unsheared material. 

Henkel and Skempton (1955) investigated a shallow 

slip at Jac afield in the exe)osed Coalport Beds of the 

Upper Coal measures which, near the surface, are composed 

of stiff fissured clays. They found that the slip could 

be ex-elained in ter :_::s of 0' = 21°  and CI = O. Bishop and 

Henkel had exoerie:entally demonstrated in 1953 with 

tests on overconsolidated, undisturbed Weald clay that 

the value of undrained conesion droedped on cyclic loading; 

on softening due to the :presence of opened fissures and 



52 

due to softening as shearing takes place. -::enkel, (1957) 

described two long term slope failures at Wood Green and 

Northolt in Brown London clay, which he explained in 

terms of effective stress analysis using a 	= 20
o and 

a reuuced value of cohesion compatible with a factor of 

safety of one. A tentative curve for the decay of co-

hesion with tie was also nrseted (assuming Oil:,  = 200  m 	e n 	 ), 

in which C' dropped from 250 lb/ft2 to 70 lb/ft2 in about 

70 years. Skempton and DeLory (1957) suggested that 

slopes in brown London clay, greater than 100  would be 

unstable. This value would be consistent with ground 

water level at surface and 0' 
	

(CI 	 for shallow 

translatory slides. It would therefore appear that co-

hesion (as defined by Mohr-Coulomb shear strength en-

velope) is destroyed rapidly by shearing and also due to 

progressive weathering and softening of clay. In this 

context it is interesting to note that Ran:eine, (1862) 

considered that cohesion "was destroyed by the action of 

air and moisture, and of changes in the weather" and that 

"friction is the only force which can be relied upon to 

produce permanentstability". The rate of weathering 

and softening of clay and hence the rate of decay of co-

hesion would depend on environmental factors and this is 

reflected in the varying times (after excavation or con-

struction) at which enone failures occur for the first 

*The same point was noted by Wilson and Johnson 	(1964-) 
who found that there was negligible cohesion after any 
movement had taken place on horizontal bedding alanes of 
the overconsolidated. clays along the Seattle Freeway. 
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time in London clay. For exa:eple at 1 mbley Hill, the 

time to failure was 13 years, while at 'Jpper 7=lolloway, it 

took 31 years before a slip occured (LeLory 1957). 

Significant contribution was made by Skempton, (1964)1 

Petley, (1966)and Skempton and Petley (1967) who reported 

a number of direct shear tests on natural slip surfaces, 

the results of which were compared with those from ana-

lysis of slip surfaces. The case of Walton's Wood slip 

involved multiple landsliding in weathered Upper Carboni-

ferous Mudstone (Skempton and. i-:Lutchinson, 1969). The in-

stability consists of two distinct parts- the lower, 

steeper part which has at least two rotational slides and 

0 . an upper, less steep 9 slope containing multiple slides 

parallel to the slope. Since the profiles of the ueoer 

translatory slides have had to be approximated because of 

rotational slips in the lower part, the analysis of slides 

in the lower portion would appear to be more certain. The 

shear strength parameters as determined by multiple re-
versal direct shear tests and cut plane triaxial tests 

were found to be: 

Peak 
	

CI = 320 lb/ft2, 01  = 21 

residual: 	CI . 0 
	

0 1  = 130. 

The analysis of rotational slides in the lower 

.o 
region gave 01  = 15 - 15.5 .0r  = 0, while the weper 

slides (which were affected by the flow in the lower ones) 

required 01  = 13.5 	14°. Good agreement between field 

and laboratory values was clained, although the more 



reliable, lower portion yielded results which were about 

2O higher than laboratory values. The state lent "No par-

ticular significance is attaches: to t": is relatively small 

order of discrepancies" (Ske=to-ri anal Hutchinson, 1969) 

is not justified in this case. Perhaps the results would 

imply that either the shear strength on the slip plane had 

not achieved residual state even though a higa.ly pron-

ounced slip plane iladi been form-- or that the true re-

sidual shear strength envelope shows substantial cur-

vature which was not evident fron laboratory tests. 

Skein ton (1 	on an examination of shallow slips 

in natural as well as excavated sioes in brown London 

clay pro-eosed a value of 01, = 15 - 	(C' = 0). (The 

very shallow slips in natural sle2es were reexamined by 

considering the groundwater table 2-3 feet below ground 

surface, which gave a lower value of 0' required. for 

stability). An excellent example of a highly polished 

natural slip surface in brown London clay from Guildford 

was tested in the laboratory and gave average residual 

strength paraeters of C' = 60 lb/ft2. 	= 12o  (or C' = 0; r  

0' = 15°). (Skempton and :-etley, 1967). It is worth noting 

that that shear strength, envelo7e at residual showed 

marked curvature and that the residual values obtained 

from cut ?lane triaxial tests were invariably lower than 

those obtained fro :a direct shear box tests. Curved shear 

strength envelopes were also obtained from tests on slip 

surfaces in the Atherfiold and 7eald clays, but no sig-

nificance was attached to this. The results of residual 
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shear strength parameters on natural slip surfaces pre-

viously found have been summarised in Table 4-1. 

Nutchinson (1967) on the basis of morphological 

,0 evidence suggested that sloes greater than 6 in brown 

London clay would be unstable. This would be consistent 

with 02  lying between 11°  and 1 5°  depending on the depth 

of ground water conditions. Other work on residual shear 

strength of overconsolidated clays from 	has been 

described by Agarwal, (1967); .:Lutchinson, (1969) and 

James, (1970). 

4.1.2 Brief geology of London clay  at WraysbusEy 

At liraysbury, near Staines, London clay overlies 

approximately 130 ft of Reading Beds mainly composed of 

purple and grey mottled clays of estuarine origin. The 

depth of London clay is also about 130 ft at this site.  

London clay is of marine origin except for the Basement 

Bed which indicates a transition from estuarine conditions 

and therefore indicates the beginning of submergence of 

land. After the sedimentation had continued to a depth 

of about 100 fathoms (Burnett 1968), there was an uplift 

and considerable erosion took place. The present clay 

lies about 45 feet about 0.L. London clay at 7,Traysbury 

is overlain by 10 - 15 ft of flood plain gravel over 

which lies a 1 - 4 ft layer of alluvium consisting of 

organic soil and loam. The magnitude of preconsolidation 

pressure,Pl,at liTray: bury has been disputed. At the Ash-

ford Common site (close to 7Jraysbury), 1,  ,pis mop, 	e.,L) and 
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Lewin (1965) estimated, I?' between 39 - 45 T/ft- , which 

corres- ponds to a removal of about 1200 ft of overburden; 

though Fookes (1966) est-17-flated -J7-,  to be approximately 

half that of the above experimental value from geological 

evidence. It is interesting to note that Som (1963) est-

imatecl PI to be about 40 T/ft2  at this site on the basis 

of tests in constant rate of strain oeoometer. Because 

of the high degree of overconsolidation, the clay shows 

insitu horizontal stresses much larger than the vertical 

stresses (Skempton, 1965; 13 shop et. al. 1965). 

The area has experienced tectonic activity in the 

oast and the folding and faulting is probably a result of 

this activity, (ookes 1967). At Wraysbury a uniformly 

horizontal shear zone, about 6 	wide was discovered 

at an average depth of 6 - 7 feet from the top of clay 

stratum. 

4.1.3 Tests on Blue London clay (Wraysbury)  

Four tests on undisturbed clay and one on a re-

moulded sample were conducted in the ring shear appara-

tus. The samples were prepared for testing as described 

in chapter 3. The saa,ples were taken from clay pits at 

a depth of about 13 ft from the top of the clay stratum. 

Graphs of stress/disolacernent relationships have 

been plotted in figures (4-1 - 4-5). The strength is 

shown in terms of stress ratio -C/T'and 0' degrees (tak-

ing 01  = tan
-1 (T/T1"') ). Test 17S1 was remoulded at an 
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average moisture content of about 43%. The sample was 

subjected to a mean displacement of about 6.7 in., at an 

average nor:;a1 stress of -ooroximately 27 psi. It will be 

observed from fig. 4-1 that the shear strength decreases 

rapidly i-r,,,Iediately after the peak shearing resistance 

has been overcome. The readings are normally tal:en with 

a small gap between the confining rings. however, it has 

been observed in all tests that the gap once opened, 

does not necessarily remain in this position as shear-

ing proceeds. The development of the slip surface often 

results in uneven deformation of the sample and as a ro - 

sult the confining ring gap may not be entirely open. 

This effect would introduce a frictional coL:ponent if 

metal to metal contact occurs at any point and the shear 

strength would show an apparent increase. This effect is 

demonstrated by clsing the confining ring at a disolace-

ment of 5.4 in., which results in an apparent increase 

in shear strength. The torque drops to the true value 

when the confining ring gap is reopened as shown in fig. 

4-1. hence it is recommended that the confining ring gap 

should be enlarged periodically to ensure that side wall 

frictional effects are eliminated.. It was also observed 

in the test that widely differing torque forces were re-

gistered on the side proving rings. This is partly due 

to the fact that the two proving rings are of unequal 

stiffness. This effect can be eliminated by placing a 

shim of suitable ti ic-Jmess between the torque aria and 

the wheel of the proving ring so that equal force is 

registered on both rings. This has been shoein in the 
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figure at a displacement of 5.3U in. liowever, it would 

be observed that shear strength re:mains unaffected by 

the action of placing a shim. It is also worth noting 

that the rer:loulded clay shows a peak strength which is 

vefy significantly higher than the residual shear 

strength. 

Test No. upLe-as.2, (fig. 4-2) was done on undis-

turbed clay whica was subjected to a mean displacement 

of about 52.3 in. at an average nornal stress of about 

29 psi. The effect of closing and opening of the gap 

between confining rings and the consequent change in 

shear strength is again clearly evident from this figure. 

In order to investigate whether the London clay is cap-

able of "healing", the test was stop d for two days. No 

gain in strength was noticed when shearing was commenced 

again. This clearly shows that London clay is not capable 

of regaining shear strength once shearing is teraAnated. 

phenomena is reported to have occurred in some 

clays; 72.:vorslev, (1960) for example, found that remoulded 

Vienna clay increased in strength by 20% of the residual 

strength when the ring shear test was stopped for 62 

minutes. 

The slow speed at which the test is normally con-

ducted makes the test very time consuming if' large dis-

placements are required. However there is some evidence 

(Petley, 1966; Tchalenke, 1967; Elenney, 1967) that re-

sidual strength is relatively insensitive to rate of 

shearing and is 	dependant on the magnitude of 
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displacement. Hence in this test, the confining ring gap 

was closed and the rate of sT.learing was increased, in 

order to decrease testing time. After the desired de-

formation had talceh nlace, the gap was reopened and the 

speed was reduced to its oriinal value. Usually 24 -,_ours 

wore allowed for any .-)ore oressr.res to dissipate, ;,eforo 

any readings were ta_:en. It can be seen fr 	fig. 2-2 

that residual strength is de2endant on t7.-.a magnitude oc 

displacement on the slip-surface. :iowever, negligible 

drop in strength was noticed between average displace-

ments of 16.6 to 52.2 in. and this constant value of 

shear strencth gives the residua' shear strencth. 

Tests ULC-171S5; - 	- RS5 were conducted at 
SI 

normal stresses of about 11.6 and 41 psi. respect!_vely. 

It should be obvious that if the confining gap is or)on 

on all sides, then any further enlarging of the gap 

should not affect the shear strength of the clay. This is 

indeed so, as shown in fig. 4-4  and 4-5. 

The test results have been summarised in Table 4-2 

and residual strength envelope drawn in fig. b,-6, to-

gether with other shear strength data on blue London clay 

from Wraysbury. A straight line can be drawn through the 

test results from which the residual shear strength para-

meters are found to br.-: C' = 0; 0 I = .20. 1".2e index Ipro-

perties of the clay and -noisture contents are also shown 

in Table 4-2. 

Generally, the :-,oisture content in t=ie,r2 -7ear zone 

for the undisturbed sam2les is higher than the overall 
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final moisture content and this difference between the 

two tends to decrease with increasing normal stress. All 

undisturbed samples showed an increase in moisture con- 

tent at the end of testing 	reeou7.ded sample 

showed a decrease. -The increase in moisture content in 

the shear zone has been noted by Cassell (1937). 

Agarwal (1967) observed that the moisture content of 

clay in te shear zone at 7raysbury was 30 - 32.5c/ -e h 

compared with moisture content of about 27.5 for the 

unsheared material. Large variations in moisture con-

tent exist in undisturbed London clay (see also chapter 

10). This initial variation is also reflected in the 

values of moisture contents at the end of the test and 

it should be noted that only average moisture contents 

are shown in Table L.2. 

The slip surfaces were photographed at the end of 

the tests. Plates 4-1(a)andW show typical striations and 

polished surfaces from tests RS1. 

It is worth pointing out that lower the normal stress, 

the more difficult it was to separate the sample along 

the slip surface. This is due to high moisture content 

of the sample at the end of the test. In most cases, 

apart from the highly polished principal slip surface, 

a few other slip surfaces about 0.5 - 1 	:ma above or 

below were also found. The slip surfaces, even when 

highly polished, were not completely flat but wavy in 

character across t-h.e width of the sam2le. Some details 

of shear zones ex=ined under optical microscope have 

boon discussed in chapter 5. 
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4.1.3.1 Discussion of results 

The value of 0 1  = 9.2° for blue London clay obtain-

ed froli tests in the ring shear apparatus is clearly much 

lower than the value obtained by ',Petley (1966) and Agar-

wal (1967) by conducting direct S;:lear box tests (see 

Table 4.3). It implies that direct shear box is not a 

definitive test for measuring residual shear strength, 

since it does not pe=it the sample to undergo large uni-

directional displaceient. The reversing of the travel of 

the box does not pe=it the residual state to be achieved, 

since it changes the direction of the principal stresses 

and disturbs the orientation of the clay particles. 

It is of interest to consider tests conducted by 

Agarwal (1967) in SO= detail since the sa:fieles were ob-

tained from the same site and have almost identical phy-

sical properties to the samples used in ring shear apoar-

atus. pie conducted direct shear box tests on undisturbed 

horizontal and vertical smiles under normal stresses ly-

ing between 7.5 psi. and 90 psi. for which average 0/ of 

14.5°  and 16.00  respectively were obtained. It is most 

unlikely that such different residual strength values 

would be obtained for vertical and horizontal samples 

sheared to large displacements in the ring shear appara-

tus. Figs. 4.7 - 4.10 show a few typical multiple re-

versal tests on horizontal samples conducted by Agarwal. 

Fig. 4.7 and 4.0 show that the sample had not acheved 

residual state since the strength after a number of 

reversals had not achieved a constant minimum value. 
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The unsuitability of direct shear box test especially at 

high normal stresses is ably demonstrated by figs. 4.9 and 

4.10, where on reversing, the seLear strength continues to 

increase (ins-tea( of reducing) as displacement proceeds. 

This effect was also noticed by .1!' tley, (1966) and is be-

lieved to be caused by tilting of the loading Platten, 

and variations in the area of cross-section of the sa.role. 

The increase in a-oparent shear stress may also be caused by 

squeezing of soil through the gap. Agarwal tested a natural 

slip surface found at the site by the reversal shear box 

technique and found 0' = 0.30  and 10.20  at normal effective 

stresses of 15 and. 30 psi. respectively; the residual shear 

stress being ta.en as that at the end of the second travel. 

It is interesting to examine the test curves for these 

tests (fig. 4.11 and 4.12) and note that in both cases 

the strength obtained after the first reversal was slight-

ly higher than that obtained on the first travel of the 

box. This clearly implies that the reversal action had, 

infact, disturbed the particle orientation along the slip 

surface. If the residual strength is considered to oper-

ate at the end of first travel, then the average value 

of 01  is found to be 9.2, as shown in fig. 4.6. This 

value is the same as that obtained from tests in the ring 

shear apparatus. 

Bishop et. al. (1965) briefly reported polished 

cut plane triaxial tests on blue London clay from Ashford 

Common, near 'Jraysbury. The polished, inclined cut planes 

were artificially prepared in the laboratory and the 
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tests were conducted under effective normal stresses of 

64 and 130 psi., for which the values of 0 1  = 11.6°  and 

11.5°  respectively were obtained. This technique orien-

tates the particles to much larger extent than the dir-

ect shear box test and this accounts for the lower value 

of residual shear strength. There is some evidence to 

suggest that even artificial polishing of slip surfaces 

by Deans of a flat spatula or plate glass does not per-

mit maximum particle orientation. Unpublished work at 

the Dritish Ceramic research Association shows that oax-

imum orientation of clay particles is likely to ta-ke 

place when the clay itself is sheared (i.e. if clay is 

tpolishod? by another piece of clay). Hance a manual 

ring shear aiPparatus was designed in which. a slip surface 

could be artificially prepared by shearing the clay 

through very large displacements very rapidly. The appar-

atus is only briefly described below. 

The apparatus was very simple and consisted of an 

upper and lower cylinder, 11.70 in. 1.11. and 12.0 in. 

O.D. and 4 and 5 in. high respectively. The lower cylinder 

can be fixed to a base Plate, the upper surface of which 

is roughened with very coarse abrasive paper so that it 

can grip the soil sample. An upper loading platten, 1+ in. 

thick, also roughened on the inside, rests on sample in 

the upper confining ring. Three L-shaped steel lugs are 

welded on the upper loading platteii and rest against 

corresponding steel bracket stops welded on the outside 

of the upper confining ring, such that when the platten 
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is rotated, the u-r-;-oer confining ring and the platten move 

as a unit. The platten can be rotated manually. Only one 

test was conducted, since the apparatus was constructed 

at the end of the project. An undisturbed sample of blue 

London clay which had already been consolidated to 60 psi. 

in 12 in. diameter dissi7-)ation cell was sheared through 

12 revolutions under an average normal stress of 55 psi. 

The load was applied by the crosshead of the 100 ton load-

ing frame • The apparatus was then fixed to the working 

surface of a :Ailing machine and three, thin walled, 11 

in. diameter, brass tubes were pushed in at an inclina-

tion of 55°  to the horizontal. The samples, containing 

the inclined shear plane were then sheared under drain-

ed conditions in a triazial apparatus in the conventional 

manner, using one way drainage and carefully placed. fil-

ter drains. Unfortunately, of the three tube samples 

taken, one was destroyed on extruding; while the second 

failed along two wedges which made the analysis extremely 

difficult. Hence, the result from only one test is avail-

able. The result of this test has been -plotted in terms 

of stress ratio LA-n7  along the inclined plane and axial 

displacement in fig. 4.13. Assuming CI = 0; 01)  = 1 14°  

and 0 1  = 

The peak strength in the above test is probably 

developed as a result of disturbance during sale-piing, ex-

trudinE, and setting-uP operations. The value of q com-

pares well with those obtained from ring shear tests. It 

is suggested that more such tests should be done to ex-

plore the use of this technique in lieu of ring shear tests. 
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Perhaps the most convincing evidence to show that 

multiple reversal direct shear tests do not furnish true 

values of residual shear strength is-provided when stress 

ratio, t ATn is plotted against logarithm of displacement. 

,finitionorat-44-s when there 

-i&-no-Tupther-drep-In strength on shearing. Residual shear 

strength, by definition, operates when there is no further 

drop in strength on shearing. However this definition is 

invariably not fulfilled by direct shear tests. To illu-

strate this point, the result of a multiple reversal dir-

ect shear test on brown London clay from Hendon is shown 

in the form of shear stress against displacement graph in 

fig. 4.14 (a). The stress-displacement curve is an en-

largement of fig. 19 in Skemptonts (1964) paper and shows 

that the curve appears to achieve a constant value. How-

ever, when the same information is plotted on log dis-

placement scale as shown in fig. L.14 (b), the curve shows 

considerable slope and it cannot be considered as having 

reached the residual state. Hence visual examination of 

t (or r /(TA ) against displacement plot is unreliable and 

a plot of 	against log displacement should be drawn 

to confirm whether residual strength has been obtained. 

Figs. 4.11; - 4.17 show the curves from ring shear tests 

drawn on such a plot, and it will be noticed that in 

each case the slope of the curve finally becomes hori-

zontal, thus confirming that residual shear strength has 

been achieved in these tests. In fig. 4.12 the points 

from multiple reversal direct shear tests on both un-

disturbed samples and slip surface are also plotted. 
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The direct shear test points for the undisturbed sample 

clearly show that a very erratic curve is obtained, which 

does not satisfy the definition of residual strength at 

all. The successive direct shear curves are seen to in-

crease in shear strength as displaceLnent proceeds and 

there can be no justification for using these curves to 

evaluate residual shear strength. The curve from test on 

the slip surface from Wraysbury, fig. 4.16, is almost 

horizontal and indicates that the value is close to the 

residual. It would also be noted that the effect of the 

first reversal on the slip surface test is to cause a 

disturbance in the orientation of particles and the se-

cond travel starts at a higher shear strength than that 

obtained at the end of the first travel. Fig. 4.17 again 

clearly demonstrates the points mentioned above. The 

points from direct shear tests are again erratic and can-

not be used to define residual shear strength. 

4.1.4 Tests on Weald clay (Arlington  

The undisturbed sample of Weald clay was obtained 

from a shear zone at Arlington near Eastbourne. Weald 

clay, which was depoited in shal/owvater is stiff to 

hard, fissured, and heavily overconsolidated. The upper 

portion - up to 30 ft is usually weathered. The Weald 

outcrop has been subjected to intensive neriglacial 

activity during the pleistocene which has resulted in 

old landslips, valley bulging, solifluction sheets etc. 

Weald clay is overlain along the northern and southern 
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outcrop by Atherfield clay which ds the lowest member of 

the Lower Greensand. The sample from the shear zone con-

sisted of a mass of tiny lenses of clay, typically 5 mm 

x 5 m x 1 mm thic-'41 with a dull polish on the surface. The 

texture was similar to damp soap flakes. The lenses lay 

flat and parallel to one another,. 

Stress-displacement curve 

The stress displacement curve is shown in fig. 4.10 

and the results are tabulated in Table 4-4. The first 

point to note is that the test was conducted by shear-

ing the same sample under different normal stresses. After 

the residual strength under one normal stress had been 

determined, the :,]otor was stopped and the new normal stress 

was applied. The sample was then allowed to consolidate 

(or swell) under the now load for at least 48 hours be-

fore shearing was recommenced. This technique, in effect, 

amounts to conducting a shear test on a preexisting slip 

surface. 

It would be apparent from the tabulated results 

that the sample shows marhed variation in residual strength 

as the effective normal stress is altered. The variation 

of residual strength is more clearly illustrated in fig. 

4.19 where 01  changes from about 9.2
0 at normal stress 

of 120 psi. to about 13.9°  at normal stress of 0.9 psi. 

A small peak strength is observed when the sample is shear- 

ed under a reduced normal stress. There is very little 
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change in height of the sample when the residual state is 

achieved. Shearing then takes place under almost constant 

volume conditions. 

4.1.4.1 Liscussion 

The observation that residual shear strength of some 

clays varies with effective normal stress is not new and 

has been noted by others previously. Tiedemann (1937) 

found that Of  of plastic clay from :Ieser 1lbe Canal chang-

ed from 12.3°  at normal stress of about 15 psi. to 8.3°  

at about 60 psi (see Table 1-1). Skemrton and Petley 

(1967) carried out some multiple reversal direct shear 

box tests on weathered. Weald clay from Sevenoaks and found 

that 0' varied from 16.5o for effective normal pressures 

less than 30 psi. to about 13o for higher pressures and 

they averaged 01, to 15.5°  in the stress range of 0 - 90 

psi. Some direct shear box tests on Shear zone from Lr-

lington wore conducted by Petley, (1969, unpublished) 

and typical stress/dis-olacement curves are shown in figs. 

4.20 - 4.22, which show that under higher normal pressures 

the shear strength increases as displacement proceeds. It 

is also of interest to note that in fig. 4.21 the shear 

strength on the fourth travel was higher than at the end 

of the second and third travels thus again showing that 

the action of reversing the box can result in serious 

disturbance of particle orientation. This aspect is high-

lighted if 01  is plotted against logarithm of dis place-

ment, as explained previously. Figs. 4.23 - 4.25 show 

that all the ring shear tests achieve residual condition 
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since the slope of /-r   against log displacement curve be-

comes zero. However this is not so for direct shear box 

tests and erratic curves are obtained at higher normal 

pressures. Since the curves for direct shear box tests 

show significant slope at large strain, they cannot be 

considered as giving a residual value. It should be not-

ed again tha, it is very difficult to judge visually from 

a conventional (r/c")/displacement plot whether residual 

strength has really been achieved and it is necessary to 

drawi7Al ar-ainst log displacement to confirm this. The n 

shear strength envelope for Weald clay is shown in fig. 

4.26, and the best fitting straight line through ring 

shear results gives oi 7-t = 9
o 

ct . 1 psi in the normal 

, stress range 10 - 120 psi and 0 1  = 15o  , CI = 0 for it 

lying between 5 - 10 psi. Hence the results from ring 

shear tests are considerably below those from direct 

shear test at normal stresses greater than 10 psi. it is 

also interesting to note that the peak strength of the 

clay from shear zone is considerably larger than the re-

sidual strength despite the fact that the shear zone was 

heavily sheared and slickensided. It is most likely that 

the strain in the field was insufficient to reduce strength 

of the whole clay mass in the shear zone to residual al-

though intense local straining might have brought some 

parts of it very close to residual value. This is also 

borne out by observing thkdegree of orientation in a 

section of the natural shear zone (see chapter 5) where 

wide range of particle orientation - from intense to 

slight (according to seem-qualitative scale proposed by 

Lergenstorn and Tchalenko, 1967) - was observed. 
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The implications of a curved shear strength cvelopo are 

discussed more fully in the next section together with. 

results from brown London clay which also displayed sim-

ilar characteristics. 

4.1.5 Tests on brown London clay (Edmonton) 

Two test, ono each on undisturbed and slurried 

brown London clay were conducted. 

The sample was obtained from a site adjacent to the 

Banbury reservoir on the River Lea. The undisturbed sample 

was taken from a depth of 3.5 ft from the top of the clay. 

Numerous slickonsides ans shear planes have boon found on 

this site. This is an evidence of instability in the past, 

probably caused as a result of valley erosion and under-

cutting by River Lea (Hutchinson 1969). 

The slurried sample was prepared by first air-dry-

ing the clay which was then ground and sieved through B.S. 

sieve 100. The material passing this sieve size was homo-

genised in a rotary mixer and the water content was 

brought up to 160,. The slurry was poured in 9 in. dia-

meter oedometer mould and consolidated to 250 psi. The 

sample was then unloaded and allowed to swell. 

4.1.5.1 Test results and discussions 

The stress displacement curves for the two tests 

are shown in figs. 4.27 and 4.2G. The tests were again 

conducted by shearing the same sample under different 

normal stresses. 
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Fig. 4.27 shows that when the sample was first 

sheared under effective normal stress of 31 psi. a mean 

displace:lent of about 14 in. was required to bring it 

to residual state. when the sample is sheared under a 

reduced normal load, a small peak strength is first ob-

served and the difference between the 'peak' and residual 

strength appears to increase as the eeffective normal stress 

decreases. There are two possible ex-,.Dianations for this be-

haviour. Firstly this effect could be a function of the 

test itself - when the motor is stopped at the end of the 

shearing stage, and the normal stress is decreased, there 

is little corresponding reduction .*2-1 the shear stress be-

cause of the rigid torque measmring system. Hence soon 

after shearing is recommenced, the sample shows an appar-

ent peak strength, which soon drops. It is probable that 

under low normal stress, the number of clay particle con-

tacts on the slip surface decreases, and as a result peak 

strength is observed because of the irregular nature of 

the slip surface. hence the smaller t' ,  load, the larger 

the dis'91acement that would be required to overcome peak 

strength and achieve residual state. This effect is clear-

ly illustrated in fig. 4.27. The stress displacement curve, 

fig. 4.28,for the remoulded sample silows that an average 

displacement of 6 in. was required to achieve residual 

shear strength at an effective normal stress of 13 psi. 

The results have been tabulated in Tables 4-5 and 

4-6 and the variation of 01  with effective normal stress, 

has been plotted'in fig. 4.29. It is of interest to note 
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that this variation forms an almost unique curve and ir-

respective of the sequence of loading, the residual str-

ength falls along the same curve. A similar unique curve 

was also obtained for tests on Weald clay (fig. 4.19). 

The residual shear strength for the first stage for un-

disturbed sample (shown as point no. 1 on fig. 4.29) 

lies 0.5 degree above the curve. No particular signif-

icance is attached to this discrepancy and it is most 

likely tat after much larger displacement the strength 

would have fallen by this small amount. Fig. 4.29 also 

shows the results of test on slurried sample which lie 

about 0.50  above those of undisturbed sample although 

the slurried samPle has a:10 higher initial moisture 

content. The small difference of 0.50 degree in the value 

of 0 could be caused by alteration of soil or pore water 

chemistry as a result of air drying. It is also possible 

that under certain wet moisture contents, some non-clay 

minerals (and perhaps the clay minerals as well) rotate 

rather than slide (Skinner 1969) thus giving a slightly 

higher value of Of. This effect has also been noted by 

Petley (1964) in tests on brown London clay from Hen-

don. The value of r = 1b 
 
0 for overconsolidated slur-

tied " ° sample was 1 0  higher than that for the normally 

consolidated slurried saniple. The important conclusion 

to be drawn is that residual strength is independrit 

of stress history since the points fall on a unique 

curve dependant only on the magnitude of effective nor-

mal stress. 
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It is not known why the brown London clay (and the 

Weald clay) shows a variation of 0' with normal stress 

whereas the blue London clay does not. It appears from 

the work of 'Kenney (1967) that soils with high montmor-

illonite content show such a tendency while soils compos-

ed of heavy non-clay minerals do not. x-ray diffraction 

of the brown and blue London clay shows that the former 

has a higher montmorillonite content and this may ac-

count for the variation in 01 . However without a detail-

ed study of clay mineralogy of the sample, any suggestion 

must remain highly s7oeculative. 

The residual strength of brown London clay tested 

varies from 14°  at effective stress of 1 psi. to 8°  at 

36 psi. It was earlier mentioned that Langer (1938) ob- 

tained a value of 0' . o u.o at normal effective stress 

of 90 psi. in tests conducted in his ring shear appara-

tus. Skepton and Petley (1967) tested slip surfaces 

from Guildford in direct shear box and reported a curv-

ed residual strength envelope, but no significance was 

attached to this. Tetley (1966) conducted a number of 

multiple reversal tests on brown London clay from Hen-

don, Herne Say, Brentwood and Guildford from which an 

average value of 0r1  lying between 13°  and 15°  was ob-

.tained. These results have been summarised in Table 4-7. 

The residual shear strength envelopes from direct shear 

box tests and ring shear test are plotted in fig. 4.30 (a) 

which shows that above a normal stress of 5 psi., the re-

sidual strength as given by the ring shear tests is at 
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least 4°  below the value obtained from direct shear 

tests. The residual shear strength envelope from ring 

shear tests at low effective stress has been shown in 

greater detail in fig. 4.30 (b). 

The variation of stress ratio,L/TA against log. 

displacement is shown in figs. 4.31 and 4.32, which again 

clearly show that the slope of curves for ring shear 

tests becomes zero, thus confirming the attainment of re-

sidual state. The test points from direct shear tests on 

brown London clay from Guildford and -2dmonton (Petley 

1966) have also been shown for comparison. The Guild-

ford slip surface tests show that the shear strength in-

creases with dieee acement during any travel, and this 

makes the analysis extremely difficult. This invariably 

seems to occur when stiff clays arcs sheared in direct 

shear box under a normal stress greater than 15 psi. 

4.1.6 The significance of the variation of with 

 

--•,..}---•-y, 

 

 

normal stress 

  

    

host of the previous wore: on slope stability of 

stiff clays has been done on the assumption that residual 

shear strength was independant of stress level. Hence, be-

cause the multiple reversal direct shear box tests gave a 

value of 0' consistent with some shallow slope failures, 

it has been suggested that this test is adequate for the 

determination of residual shear strength of stiff clays. 

However, it should be noted that the majority of shear 

box tests are conducted at an effective normal stress 
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which is invariably greater than the average normal stress 

acting on the slip surfaces in the field in the cases ex-

amined, and therefore it cannot be implied that this test 

gives accurate values of 0. It has already been shown 

that at low stresses below 5 psi. there is very little 

difference in the value of 0'  for brown London clay ob-

tained from the ring shear tests and the shear box tests 

conducted at higher normal stresses (fig. 4.30 (a) ). A 

significant difference on 0'  arises at higher normal 

stress when the direct shear test overestimates the value 

of 041  as a result of insufficient di-placement, and the 

development of erratic stress pattern which increases as 

displacement proceeds. The author is not aware of any 

published investigation of deep seated slides in brown 

London clay or Mfeald clay which show a correspondence 

with residual shear strength as obtained from direct 

shear box tests. Lost slides in brown London clay which 

have been investigated have a very low normal effective 

stress. Table 4.3 prepared from DeLory/s (1957) Ph.D. 

thesis shows some typical effective normal stresses on 

natural slopes in London clay whose stability has been 

investigated. The normal stress on failure surface would 

depend on the assumptions about ground water table and 

the method of analysis (a circular failure would show a 

larger normal stress than plane failure). It is inter-

esting to note from Table 4.0 that the oldest cases have 

the least normal stress on the failure surface. This in 

itself is an indication of the variation of residual 

shear strength on effective normal stress. 

*Other similar data has been shown in Table 8 (a), 
compiled from Jaleesi 	thesis (1970). 
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It was mentioned earlier that Skemoton and DeLory 

(1957) suggested a slope angle of 10°  for natural slopes 

in London clay above which they would be unstable . Many 

natural slope failures are very shallow (under 10 ft deep) 

and the failure surface is long and runs parallel to the 

ground surface. For such type of translatory failure. 

(;-m);,r) Cos2f tan 01  

F.S. =   ( assuming C'=0) (4.1) 
/1".  sin p cos p 

where 'lc denotes unit weight of soil, 

a'  denotes unit weight of water, denotes

m denotes ratio of height of water table to the 

Height of ground surface above the slip surface, 

and 	p denotes inclination of slope. 

01  for limit equilibrium can be calculated from the above r 

equation. For ground water table at surface, a slope 

angle of 10o would apProximately correspond to 0' = 200. 

Skempton (1964) reappraised natural slope failures on 

the basis of ground water table lying about 2 - 3 ft be-

low ground surface. The slope angle of 10°  is now con- 

r sistent with 0' = 15°  - 16°. i-iutchinson, (1967) sug-

gested that natural slopes under 8°  would be stable, for 

which, depending on the assumptions regarding ground 

water table, the residual angle of shearing resistance 

would lie between 110 and 150.  It would therefore appear 

that assum-otions regarding ground water table have such 

N  a enormous effect on the value 01  (from 20o to 11o) that 

this method of determination of residual shear strength 

is of little value. Also, eq. 4-1 is sensitive to the 
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value oft used. The factor of safety operating in the 

field would invariably be higher than that determined 

accurately from the ring shear apparatus and a conven-

tional stability analysis because of three dimensional 

effects in the field (Henney 1956), and non-uniform stress 

conditions along this slip surface (Bishop, 1967; Turnbull 

and Hvorsiev, 1967, see chapter 7). Hence the author sug-

gests that for very shallow slope failures in brown London 

clay (and most natural slope failures fall in this cate-

gory) which fail during or soon after the rainy season, 

the actual 01  operating at the slip surface would be 

nearer 140 which is consistent with ring shear tests in 

very low stress range. 

It is now apparent that brown London clay and 

Weald clay would show a higher 01,  only under low normal 

stresses. If a failure in the field under high normal 

stresses is investigated, then it is reasonable to expect 

it to be compatible with the low values of residual angle 

of shearing resistance as obtained by tests in the ring 

shear apparatus. 

It is of interest to note the re-analysis by com-

puter of the Guildford slip in brown London clay, recent-

ly made by Dr Chandler, whose results are summarised over-

leaf. 
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Parameters for F = 1 Worgenstern and Price Piethod) 

(Averagelt71;.  = 10 psi) 

Condition  Piezometric surface CI lb/ft2 

Before slip 

After slip  

Estimated from 1966 

readings 

heasured 

Feb. 1966 readings 

at ground surface 

6o 	12.4°  
O 14.6°  

60 	0.0O  

O 10.5° 
 

6o 	9.4°  

O 12.2° 
 

It will be observed, that the residual value drop-

ped from 0' = 14.6°  to OI = 10.5°  after the slip while 

the multiple reversal direct shear tests on slip surfaces 

. gave Qt = 150
'  CrI = 0 (Petley 1966). This indicates, 

firstly, that before the slip, the strength was not at 

residual but dropped to it after the slip and indeed, may 

perhaps still drop further by a small amount since signs 

of fresh movements have been noted in the past. Secondly, 

the multiple reversal direct shear tests overestimated 

the residual value mainly due to insufficient displace-

ment. This effect may also be partially due to squeeze 

of clay through the gap. These limitations would have 

been. removed in a ring shear test and a more satisfactory 

agreement between analytical and laboratory results would 

be found if such a test is conducted at the appropriate 

normal stress. It is interesting to note that the ring 
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shear test on brown London clay gives a value of 

Of . 	
,0 

at an effective norli, a1 stress of 10 psi. 

Hutchinson (1969; private co=unicatio) invest-

igatoc: the stability of a site in brown Lo neon clay at 

Ddmonton and found considerable variation of 

irm= 	(j.o. nor:,:al stress) of pot 	failure sur- 

face. 	exam: o, a lon,f; '.;:2a:,_slatory slide surface run-

ing parallel to the slope at a de'oth of about 15 - 1S ft 

,o 	• required 	= 14.5 while a circular failure arc at a 

ma:Kimum derDth of about 40 ft required Ot , 	 30 
 
for a 

factor of safety of one Other 7Dotential oil:: surfaces 

show si:ailar trends and substantiate the results from 

ring hoar tests. Unfortunately, it is not 1Dossible to 

define tlle slip surfaces very accurately because of in-

sufficient number of trial ;pits. 

'Jeo-r,  (1969) has recently reported a number of cx-

tonsive slim surfaces which have been found in slopes in- 
,o clining between 	and 7 in stiff clays. The main re- 

sults of his observations or long traslatory slides are 

listed in Table 4.9. 



C1 =0 r 

01,=12.4°  

C 1 =0 r 

01,=12.40  

C 1 =0 r 

f4=12.7°  

1 =0 r 

=14°  

10o  

4°  

oo 

6°  

Table 4.9 (after Weeks 1969) 
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Slope 
inclin-
ation, 
degrees 

length 
of slip 
surface 

ft. 

01  as r 
deter-
mined by 
conven-
tional 
tests 

,01 =2p 

iassuming 
iG.W.L. at 
surface 

Clay 	Location 

psi 14°  

co 

Weald Sevenoaks 

clay 	By-pass 

Weald Sevenoaks 4°  

clay 	By-pass 

Weald Tonbridge 4°  

clay 	By-pass  

1200 C1 =0.2 

01,=15°  

C 1 =0 r 

01,=15.6 

1500 	C 1 =0.3 Psi 

01 =16°  

7°  

8° 

Wad-
hurst 
clay 

Tongrid e 

3y-pass 

7°  

 

   

Wad- ITonbridge 4° 1000 
hurst 
clay 	By-pass 

Gault t Jrotham 	3°  

clay 	Heath 

Brown Boughton 
London 
clay 

Gault Tetsworth 

clay 

3.50  800 '=0 r 

=14o  

7o 
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Weeks has sought to reconcile tl'ae very low inclin-

ation of slip surfaces as found in the field and the values 

of residual shear strength as determined in the laboratory 

by means of multiple reversal direct shear tests and cut-

plane triaxial tests, by suggesting that these failures 

took place when very high pore pressures were induced due 

to periglacial conditions. "`'or the 3o and 4°  slopes in-

vestigated, the pore pressure required for instability 

to occur would be approximately equivalent to 0.54Z and 

0.31Z respectively above ground level, i.e. 5 ft 6 in. 

and 3 ft for a 10 ft deep slip surface" (Weeks 1969) 

(where z is the depth of slip surface below ground level). 

however, the author suggests that it is not necessary to 

invoke the condition of abnormally high pore pressures 

to explain these results. It should be noted that in the 

equation the factor of safety is highly susceptible to 

the value of the total unit weight of ilaterial lying above 

the slip surface. Weeks (1969) has assumed a value twice 

that of unit weight of water. Infact, it is highly pro-

pablo that the unit weight, t' was much lower at the 

time of the slip than at present. The solifluction lobes 

flowed laterally downwards at the end of the glaciation 

periods when the water content of the material must have 

been very high. The total unit weight, t, could have 

been of the order of 100 lb/cu ft especially as the fresh 

solifluction lobe carried the coarse detritus material 

from the solifluction lobe of the previous glaciation 

period. Bhandari (1970) on a study of udflows in South 

East England. has found o't  to be oven lower than 100 lb/cu. 

ft, for London clay at a water content of about 50 - 60. 



50  Hence for P= 30  , 	and 7o, 01. 

spectively. 

tan 01  = tan J3/o.375. (4.2) 

8.3°,  13°  and 16°  re- 

et 

Assuming Xt  to be clual to 1-00.1 1b/f*)  and ground water 

at surface, eq. (4.1) yields: 

In all these cases the exact magnitude of effective 

normal stress on the slip surface at the time of failure 

is uncertain and it is not unreasonable to expect the 

above range of values of ji depending on normal stress. 

It was mentioned earlier that if residual shear 

strength for a clay is stress dependant, then the ana-

lysis of a slip surface under a high normal stress would 

not be compatible with the residual shear strength deter-

mined by direct shear tests. For such a case it is es-

sential to use ring shear tests to give an accurate value 

for the residual angle of shearing resistance. An inter-

esting case about the Folkstone Warren landslides has 

been described by I-lutchinson (1969). The stability of a 

number of cross-sections has been considered, however, 

there is only one section (section W 4) in which the 

slip surface lies entirely in Gault clay, while for the 

other cases the slip surface passes through much strong-

er chalk at the rear of the slip. The result of analysis 

for 1915 landslides is shown in Table 4.10. 



9.70  
7.7o 

, 1o.oo  

13.8°  

16.6°  

13.9°  

16.6°  

13.9°  
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Table 4.10 (after ilutchinson, 1969: Table 5) 

Cross-section Pore pressurelValue of 0' Gault Remarks -:. 
assumtion oni 
slip s , 	Irequired for F.1.0 1 , Morgenstern and 

Price method 

116 

W4 (average 

profile) 

Weighted 
average of 
sections 

Maximum 

Minimum 

Minimum 

Laximum 

Minimum 

Maximum 

Minimum  

Slip surface 
entirely in 
Gault 

0' in chalk r 
marl at rear 
of slip taken 
as 20° 

01  in lower 

chalk at rear 
of slip taken 
as 230  

It will be observed that the slip surface lying 

completely on Gault gave lowest 	 / 0 while the 	cur- 
, 

face  passing partially through chalk gave, not surpris-

ing, higher values of 0'. Yet the results were 'averaged' 

for the three sections and reasonably good correspond-

ence was claimed between the 'averaged' values of 0;, 

and the residual strength as determined by direct shear 

tests. Analysis =acre also carried out for 1937 and 1940 

slips for which part of the slips passed through chalk 

strata. A length of 1937 slip passed through lower 



with displacement after each reversal and gave 

while the cut plane direct shear test gave 

= 19° 

= 12 . It 0' r 
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chalk for which 01  was taken to be 30  and average values 

of 14°  - 16°  were obtained for residual angle of shearing 

resistance for the Gault. The analysis of the 1940 slips, 

the rear sections of which also passed through lower 

chalk (01  assumed to be 20
oI gave an 'averaged' estima-

tion of 0' for the Gault to lie between le-15°. The au-

thor can firstly find no justification for averaging the 

values of 0'  which tends to distort the data from the 

analysis. Secondly only the data from section N4 which 

lies entirely in the Sault should be considered reliable 

for determination of 0'  for the clay in absence of any 

residual tests on chalk.ee effective normal stress on 

this section is about 90 psi. while no direct shear 

tests were conducted at this stress level. The multieele 

reversal direct shear test on the Gault test showed the 

usual erratic behaviour with shear strength increasing 

also appears that an unrealistically conservative value 

for 01  for lower chalk (20-23°I has been used in the 

analysis. No tests were done to determine this value, 

and infact the direct shear box tests on samples of hid-

dle chalk which were precut at 45°  to the bedding in 

order to simulate the situation at rear of the Warren 

landslips gave 0' = 35o. The author suggests that a ring 

shear test on Gault would yield a curved residual strength 

envelope, (this clay is known to contain a considerable 

quantity of montmorillonite), which for high normal 

stresses would show values of 	which would be compatible 
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with the analysis of section 114, or with re-analysis of 

other sections with a more realistic value of 0' oper-

ating in the chalk. 

4.1.7 Soil structure in shear zone  

Although there is no doubt about the breakdown of 

particles in the shear zone, this feature cannot explain 

the development of lower values of Ot with increasing 

stress. In chapter 5, some qualitative evidence based 

on thin section studies and scanning electron micropraphs 

is presented which show that certain amount of particle 

segregation or migration of fines, and breakdown of part-

icles takes place when the clay is sheared. It is highly 

likely that the extent of particle breakdown would de-

pend on the magnitude of effective normal stress. Novi if 

lower values of 0' arc obtained at high normal stresses 

due to particle breakdown then the value of 0' should not 

increase when the effective normal stress is reduced 

after the sample has achieved residual state under a high-

er normal stress. However this is not the case and the 

variation of 0' with normal stress appears to be unique 

relationship which is not dependant on the sequence of 

loading or unloading. There is also some evidence that 

particle breakdown also occurs in blue London clay which 

did not depict a stress dependant residual shear strength 

in the stress range examined. It would therefore appear 

that residual shear strength is not governed by segrega-

tion or breakdown of particles, but rather by contact 
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pressure at the interparticle contact points and the 

number of interparticle contacts per unit surface area 

on the slip surface. The slip surface, even after very 

large displacement remains wavy in character, with small 

grooves running in direction of shear, and it is possible 

that under loW normal stresses, a relatively poor con-

tact (on the sub-microscopic scale) between clay parti.-

cles is made. The nature of interparticle contact would 

depend on the clay mineral type, the nature of adsorbed 

water layer and pore water, the consideration of which 

is beyond the scope of this thesis. 

Determination of particle size of initial sample 

before shearing and the clay that squeezed out through 

the confining ring gaps shows an increase in clay frac-

tion in the sheared material. This has also been noted 

on natural slip surfaces by Tetley (1966) and Agarwal 

(1967), who found the following increases as shown in 

Table 4.11, overleaf. 



sheared 

Oxford clay-
Peterborough 

Carboniferous mud-
stone-Waltons Trood 

Sandy-silty clay, 
Eonmouth 

Blue London clay, 
Wraysbury 

Brown London clay, 
Guildford 

47 

69 

46 

6o 

59 
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Table 4.11  

Soil-Location 5{) clay fraction 

(less than 0.002 mm) 

Reference 

  

• 
unsheared,  

42 

60 Petley, 	(1966) 

38 

50  Agarwal, 	(1967) 

57 	Skempton and 
Petley, 	(1967) 

_IL 

Interesting results were obtained for undisturbed 

brown London clay tested in ring shear apparatus, where 

the clay fraction for the initial sacA.ple, general sample 

after shearing and the clay squeezed through the gap were 

found to be 53%, 55% and 55c70 	respectively. Correspond-

ing mineralogical testsby X-ray analysis at the Royal 

School of nines by A. Burnett showed the clay mineral 

*It should be mentioned that particle size analysis on 
these samples done at the Norwegian Geotechnical Institute 
by using the accurate 'falling drop' technique showed that 
the squeezed material was intact even more coarse than the 
parent material. Hence in future tests, sheared clay should 
be scraped off the sliP surface and it is this material 
whose clay fraction should be determined. 
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fractions for the three samoles to be 6/4*, 65 and 70% 

respectively with a slight increase in fonts:norillonite 

content in the sheared samPles, (Table 4.5). 

Similar increase in clay mineral fraction was also 

noticed for Weald clay for which perdentage clay miner-

al fraction of 67'i, and 72% were observed for pre- and 

post-shear samples res7Dectively (initial % clay size 

fraction 52%). This increase in clay.,lineral content 

is also consistent with increase in clay particle fra-

ction since it is most likely that majority of the clay 

mineral fraction would be in clay particle size. 

Tests done at the British Ceramic Research As-

sociation show that there is a migration of fine part-

icles when a clay surface is tol7ioothedl or Polished. 

Nitrogen adsorption experients, ethylene glycol re-

tention experiments and flame photoetric analysis 

have provided evidence for the :-Ac-;ration of fines, 

(see D.C.R.A. Sp. Publication 29, 1961). Iv:icroscorric 

evidence of particle breakdown is presented in chapter 5. 

The author suggests that if a large increase in clay 

fraction occurs at residual state theL. it is neces-

sary to determine clay fraction on the slip surface 

itself, rather than in the Pre-shear sample if any 

useful correlation between 

be established. 

0' r and clay fraction is to 
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4.2 Tests on highly plastic clay-shales from North America 

4.2.1 Introduction 

Two tests on the Cucaracha clay-shale from Panama 

Canal and the Dawson shale from Chatfield Dam site were 

conducted in the ring shear. host of the highly plastic 

clay shales from North America are rich in montmorillon-

ite. Underwood, (1967) and Kenney, (1967) have shown 

that it is the higher montmorillonite and illito con-

tent that impart such undesirable properties as low 

shearing strength and high swelling potential. It is of 

interest to note that the average chemical composition 

of clay shales throughout the world is very similar 

(Tourtelot 1952) and the main differences in behaviour 

can only be explained in terms of the type and quantity 

of clay minerals. Hence, certain similarities should 

emerge on a study of highly plastic clay shales which 

are considered in the following review. 

4.2.2 Clays from Panama Canal 

General description and geology of Panama Canal area 

The geology of the Panama Canal region varies 

considerably because of successive marine transgress-

ions and regressions and also because of the previous 

volcanic activity in this area. Sliding has been a 

special problem with three formations in particular: 

Cucaracha, Las Cascades and Culebra; and the inhomo-

goneity in the characteristics of these soils makes 

* apparatus 
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the study of this problem more difficult. 

The Cucaracha formation is mainly terrestrial in 

origin although signs of marine transgressions are also 

evident. About 60% of the total thickness of this form-

ation is made of very weak, poorly bedded, bentonitic, 

slickensided, soapy textured clay shales. Silt stones 

and conglomerates are often interbedded with clay shales. 

Because of volcanic activity, fine volcanic ash could 

easily be altered into hydrous minerals of the montmor-

illonito group. This phenomena has been discussed by 

Hewett, (1917); Ross and Shannon, (1926) and more re-

cently by Grim, (1953, 1962). The Cucaracha is the 

weakest formation encountered along the canal. 

The Las Cascades formation is extremely variable 

in strength and stability. It consists mostly of scat-

tered hard angular fragments of basalt and andosite em-

bedded in a waxy, clayey, altered tuffacious mix. Scat-

tered lenses of 'etabentonitic clays, Ivo to several feet 

in thickness are also present. 

The Culebra formation, deposited in a marine en-

vironment, lies between Las Cascades formation at-the 

bottom and the Cucaracha at the top. It consists of an 

upper calcareous member and lower argillaceous member. 

The upper harder member consists of soft to medium 

limestone, sandstone and tuffs; while the softer clayey 

member is composed of thinly laminated, variably silty 
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carbonaceous clays with interbedded sandstones and peb-

bles. Hirschfield et. al., (1965) have pointed out that 

the Culebra does not contain clay-shale - the benton-

itic, blocky, waxy and highly slickensided material 

which is derived from alteration of volcanic ash. It 

contains 70% shale formed by subsequent lithification 

of clay after deposition in a marine environment. (The 

Cucaracha contains about 60,E clay shale and loss than 

10% shale). * 

4.2.2.1 Previous strength studies on Cucaracha clay-shale  

host investigations in Panama Canal region have 

been confined to study of Cucaracha clay-shale and very 

little information is available about other formations. 

An intensive study was undertaken for the Third 

Locks investigations. An excavation slope curve was pre-

pared based on laboratory studies, the analysis of a 

then existing slope and analysis of slides (see Binger, 

1940; Binger and Thompson, 1949). Direct shear tests in 

laboratory on clay shale with polished cut plane to 

simulate slickensides gave an angle of friction of 100. 

* In literature on Panama Canal, the terms 'shale' and 
'clay-shale' often appear and the difference between the 
two types, in context with the formations present at this 
site are as follows: (after Hirschfield et. al., 1965) 
tshalei:lithified mud, clay or silt; usually laminated 

because of its sedimentary origin. 
'clay-shale': altered, de-vitrified tuffs that are rich 

in clay minerals, but which are not true 
shales; from which they differ in mode of 
origin and absence of laminations. 
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The value of cohesion was found by carrying out a total 

stress stability analysis on a stable 200 ft cut on an 

average slope of 1 vertical to 2.7 horizontal. Slope 

curves for complete drawdown using c = 16 psi. 0 = 100; 

F.S. = 1.3 were then developed. It is of course incor-

rect to assume that the stable sloT:e was at factor of 

safety of 1. In this connection, it is of interest to 

note Bingerts (1948) comment that "once a slope in 

Cucaracha fails as a result of having been cut over-

steep, it will then assume an angle of repose much flat-

ter than would have been required originally for a safe 

design." This comment is not surprising because later 

investigations indicated residual strength parameters 

to be much lower than those considered by Binger. A num-

ber of consolidated undrained tests were also done at 

Harvard in 1940, but the loading rates were very fast. 

The results have been tabulated by Hirschfield et. al., 

(loc. cit.). In-situ field shear tests were carried out 

as early as 1941 in a drift on Pedro Niguel test pit loo . 

3. Six tests on one foot square sections were conducted 

under normal stresses of 4 ton/ft2  and 7.5 ton/ft2  

(Hirschfield et. al.). It appears that these tests were 

not run sufficiently slow to achieve drained conditions. 

The large variation in peak strength is a clear indica-

tion of the non-Homogeneity and varying degrees of 

slickensides in the Cucaracha formation. On the basis 

of equal weightings for each test result, the following 

-oarameters were established. 
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peak 	peak 

Ot 	= 8.80; c' = 1300 ton/ft
2. 

residual 

A program of systematic study has recently been under- 

taken at the 	Laboratories. Block samples of 

Cucaracha clay shale were taken from a test pit on the 

Escobar slope along the Panama Canal. The index pro-

perties were found to be L.L.: 75-00%, P.L.: 32-35%. 

The test samples were prepared from the block sample 

by grinding and sieving through size 40 sieve, and then 

reconsolidating at a pressure of 5 kg/cm2 from an in-

itial moisture content above liquid limit. The details 

of both, multiple reversal direct shear tests and tests 

conducted in an annular ring shear (sample dimensions; 

4.5 in. 0. , 2.5 in. I.D., and 0.85 in. thick) have 

been tabulated in Table 4.12, and plotted in fig. 4.36. 

More recently, annular ring shear tests have been 

conducted at Harvard University (La Gatta, 1969)*. The 

result of such a test on a sample of remoulded Cucaracha 

clay shale (L.L. 156%; P.L. 42) has also been shown on 

fig. 4.36 along with other data on this clay-shale. 

4.2.3 Bearpaw shale  

Peterson (1954),I'eterson et. al., (1960) and -2,ing-

helm (1964) describe the geotechnical investigations for 

slope stability in Dearpaw clay shale under South Sas-

katchewan Dam, Western Canada. Geologically, these clay 

- 	- 
* Private communication 
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shales are sedimentary deposits of inarine origin of the 

Upper Cretacious age. It is estimated that about 2000 - 

2500 ft of sediment has subsequently been eroded; i.e., 

the maximum consolidation pressure was of the order of 

1500 - 2250 psi. It contains high 7ercentage of moat-

morillonite with some pure bentonitic layers. The clay 

can be divided into three zones; soft, :leCium and hard 

on the basis of physical pro--Derties and it is of inter-

est to compare tzlese. 

Soft 	:rare_ 

Thickness 	0 - 20 ft 	100 - 200 ft 

Slickensides and closely snaced 
	

Generally spaced 
joints 	(up to' 1/C in.) 

	
at 12 in. or _..ore, 

surfaces glossy 	frequency decreasing 
and wet. 	with depth. 

Water content 	29 - 36cX; 	19 - 2T/: 

1., I  . .,, 7  . 	GO - 150 	same 

P.L. 	18 - 27c), 	same 

Clay fraction 	30 - 65i:; 	same 

Undisturbed peak 0,o strength: 	ct psi. 	Cr osi. 0 °  

Direct shear 
test 	6 	28° 	10 	35°  

Triaxial test 	 26-52 	30.5o  

Remoulded peak 
strength: 

2irect shear 
test 	1 	22

o 	1 
	15.5°  

Triaxial test 	2 	10° 	1 
	

15.5° 
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A number of slides toe's place in the soft shale for 

which attempts were made to analyse failure on the basis 

of peak strength, and not surrisingly, no corresondence 

was reached. These slides, some of which had =ved 10 - 

15 ft suggested a 01  of 70 to 10.5 for a factor of safe-

ty of one, with ground water table at the surface. 3e cause 

the residual strengths were not considered, it was suggest-

ed that effective stress sloe stability analysis was not 

valid for highly plastic clays and the tern "instability 

factor" was pro'oosed to account for the apnarant contra-

diction, (Terzaghi, 1960; Peterson et. al. 1960). The low 

residual shear strength could easily be attained due to 

the presence of numerous slickensides in tho softer clay, 

which were probably fortes- when the large horizontal 

stresses were released on unloading. The presence of high 

lateral stresses has been demonstrated by conducting an 

earth pressure test using calibrated vertical and hori-

zontal steel struts in a gallery (:Peterson, 1954), where 

the results indicated a vertical Ares sure of 100 over-

burden and a horizontal stress of 150 of overburden 

pressure. The 'cut' w7-lich released the horizontal pres-

sure thus causing slicensides was 2robably the erosion 

of the valley itself. 

I4iddlebrooks (1942) describes similar experiences 

in the Bearpaw formation in United States where the Fort 

Peck slide was caused in weathered bentonite. On an ana-

lysis of this slide, he obtained the required strength 

parameters for F.S. unity as 0 = 10.5o c = 2.0 osi. 
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However, his concept of total and effective stresses 

appears to be unsound. 

Hardy, BroPI'ler and Curtis, (1962) attenlpted to 

analyse two slides in overconsolidated clays in Alberta, 

Canada, by modifying basic shear strength equation to: 

C = c 	 U ps) tan 

where ps = swelling pressure of the soil, on the basis 

that overconsolidated soils would tend to swell on fail-

ure. This expression is, of course, invalid and shows 

little understanding of the 	effective stress. 

The first slide considered was in the l'unvegan slope for 

which the general Atterberg limits were L.L. 5();.; P.L. 

w/c = 22')6, although the limits in the vicinity of 

slip plane were L.L. 00. P.L. 29, and water content of 

30. The peak strength parameters were found to be 

cf= 0.2 ton/ft2  and 01 = 21.5°, whereas the analysis of 

the slide without considering 	suggested Ofof 9 
0 

(cf= 0) for F.S. = 1. In the second slide on Little Smoky 

(L.L. = 42; P.L. = 10, w/c = 24.), the -Jea1,7. strength 

Parameters were 01 = 19.5°, c = C.30 ton/ft2, and the 

field analysis without considering ps, gave Of = 12
0 for 

stability. In both cases, aerial -olotographs had clearly 

indicated previous landslides; hence the shear strength 

at failure would certainly have been reduced from the 

peak value. 
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4.2.4 Pierre  she 

:Knight (1963)discusses a slide in Oahe 	near 

the eastern edge of lAssouri Plateau. The only bedrock 

forl.-tion ex:,osed at the can site is the -Terre s hale, 

formed in the Late Cretacious geological oeriod- It is 

derived from clay and silts which has been lithified in-

to dar.':'_ bedded shales apd marls due to hea'` 7,r overburden 

pressure. Slides occurred on 1;13 cut slope passing 

throughweatTaered bentonite, -ixhich could be 	aned 

on the basis of 01  = L;.5 and c' = 2 psi. The 	ale 

contained 	- 	montmorilionite; 304 quartz and 

cTlristoballite and sore illite. Pis 	(1966) quoted 

results of triaxial tests on Pierre shale_ conducted. by 

-Jebb who obtained / 1  = 7°  for strength along a fissure 

in the stress range of 220 to 33C psi. liowever it is 

most likely that this strength would be much larger at 

low effective stresses, especially as the peak strength 

displayed a marked curvature with effective stress. 

4.2.5 T2E22r shale  

The Pc-oper clay 	-0 is 	noncalcareous 

fat clay sandwitched between the older and strong cal-

careous, fossillferous clay shale and the younger ilagle 

Ford formations. -;- eene (1967) describes a slumpslide 

in the .-e-prer shale at Waco Dam before any water was 

impounded- This hale is about 60 ft thick beneath the 

Portion of the emban7=ent where slide 	place. An 

interesting feature is the presence of two faults which 
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straddle the axis of the dam. Since the faults are not 

parallel either in dip or in strike, they could easily 

have had a shearing effect on the PePper shale. At the 

crest of the dam, between the two faults, the Pepper 

shale is exposed. 

The movements, which were not rapid, took place 

entirely in the Pepper. It is of particular interest 

to note that the crackingand bulging 770 ft downstream 

from the axis occurred before any significant bulging 

and distortion took place near the downstream toe of 

the dam about 300 ft from the axis. The movement con-

tinued,. on a horizontally downstream direction. This 

suggests that extensive movement 1.^C taken place along 

the slip plane. 

Open standpipe Ipiezotrieters showed widespread 

distribution of pore presstLres. The pore pressure at 

mid depth of Pepper formation was about 70;0 of the em-

bankment load under the axis of the dam. Away from the 

axis, the pressure was generally at ground water level. 

Shear strength tests wore -erfor2led in direct shear ap-

paratus and the following parameters were obtained. 

Peak: 01  = 14°; ct = 0.4 ton/ft2. 

  

Residual: Por envelee drawn through tests done 

q-1 = 12 ton/ft2 and 2L ton/ft2, 

01 = o - 6o c?r  = 1.6 ton/ft
2, 9  
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and for envelope drawn through test at 

0-1  = 24 ton/ft2  only, 

0' = 70  - 9 and c' = O. 

preformed cut plane tests gave c' = 0; 01!, = 
so - 10 

(Van Au7,:en, 1963; 73eene, 1967). The average Atterberg 

limits of _-tipper shale in this site are L.L. 80; P.L.22; 

natural water content: 17:. Thc above residual strength 

data clearly indicates a curved shear strength envelope. 

The analysis of the slide was done on two assump-

tions of pore pressure distribution. The first assu,Aed 

a value of 0.7 at any point on midplane of the-  Pepper 

o fornation and gave 01  = 0 (c ,  = 0) for F.S. of 

unity. The second method assu,qed that pore pressure at 

the base of Pepper formation, directly under the axis 

of the 	was equal to the height of overlying em-

bankment. This pore pressure then dissipated linearly 

to surface ground water table, as given by a piezometer 

outside the region of instability. This method gave a 

limiting 0'  of 15
o. However, an analysis of post-fail- 

r 
ure embanl:ment and porepre ssure s gave an average 0' of 

6° . 

Lore recently (La Gatta 1969), tests done at 

Harvard in rotary ring shear apparatus on remoulded 

Pepper shale gave a residual angle of 7.2°. This test 

was conducted at an effective normal stress of 4 kg/cm 2 
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and at a nwlinal steering strai71 rate of .0022 in/min. 

The case record described, above is an exellent 

example where large displacements under high normal 

stress reduced shear strength to very low values. The 

correspondence between test results from direct sear 

and ring shear tests and analysis of the slide is re-

markable. 

4.2.6 Test results 

4.2.6.1 Test on re:::oulded Cucaracha clay shale 

The sample was found to be dries and decom7,osed 

due to imperfect sealing and long storage. The remould- 
wa..5 

ed sample at a water content of 4 •2`/ • 	The stress dis- 

placement curve is presented in fig 	34. 7t will oe 

noticed that 0,  dro7,ped 	24°  at 	ak to 7°  after a 

C isplacement of 3 in., and a subsequent drop of 0.25°  

occured after a further displace:Lent of 7 in., when re-

sidual strength was reac::ied. 

The data has also been drawn on t/fri against log. 'n 
displacel:lent plot in fig 1 34- 37:Lows that t77.0 siolDe of 

the curve became zero thus showing that residtlal 

strength has been achieved. 

The value of 01  = 7.9 is slightly lower than that 

obtained by Kirschfiold et. al., (1965) and La &atta, 

(1969) as shown in fig 4.36. 1:enney (1967)obtained a 
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• 
value of 0 = 6.3 for Cucaracha clay shale in a 

to 	The material used for ring shear test had under-

gone considerable alteration due to drying and exposure 

over a number of years and perhaps a direct comparison 

is not relevant. 

Residual strength: 
	

0' = 	9 C 1  = 0 

Index proPerties were: 	l,. 	= 62.6 

= 42,6 

Initial clay fraction (loos than 0.002 mm) = 42c,. 

A clay mineralogical examination by X-ray diffraction 

revealed the following: 

Quartz 	13f  

Calcite 

Gypsum 	r7 i 

Clay mineral fraction 715; of which 60',"; was nentmor- 

illonite. 

. 2 . 6 . 2 Tests on Lawson clay-shale (Chatfield 

The undisturbed sample,  was found to be dry, hard 

and brittle and it was not T)ossible to prepare an un-

disturbed sample for testing in the ring shear appara-

tus. Hence a remoulded sample was prepared as describ-

ed in chaPter 3. 

The test was conducted on the same sam±.ple under 

two different normal stresses. The stress displacement 
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curve is shown in fig. 4.37 fro which it is seen that 

the clay shale shows a value of r which is stress de-

pendant. The values of 0' at nor:-ial stresses of 14.7 and 

85 psi were found to be 12.5°  and 	2°  res7)ectively. 

These value nay be compared with a residual value 

of about g°  obtained in cut 7plane direct shear tests. 

This test (perfor7led by P.S. Army Corps of Engineers) 

was conducted at an effective normal stress of 83 

The ir.aterial -:j-,roperties were: 

L.L. = 50°4 

= 22e/ 

clay fraction less than 0.0()2 mm 	= 20c/  

X-ray diffraction (by U. L . Army Corps, of Engineers) 

showed that the s eD o contained 351; quartz and 65% 

of clay mineral fraction which was composed as follows: 

Kaolinite: 

Illite: 

Montmorillonite: 

Mixed-layer: 
clay minerals 

Dominant ion: 

72c/,  

12c/1,  

Calcium 

Other data on residual strength of highly plastic 

clay shales is given by henney, (1967). - The rain point 

to note is that these clay shales contain high clay 

mineral content (as distinct from clay sire fraction), 

a high proportion of which is montmorillonite. Some 

clay shales e.g. the Cucaracha and the Pepper have 
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seams of almost pure bentonite. It is conceivable that 

slides may be trigerred off as a result of swelling ac-

tion of bentonite, thus reducing the strength to residu-

al. Some typical values for residual strength of benton-

ite are shown below 

Sirldlar results on the Idmonton foration which 

consists of interbedred bentonitic shales and sandstone 

with coal seams and bentonite have been obtained by 

Sinclair and 3rooker (1967). The effective residual 

angle of shearing resistance of the Edmonton clay shales 

and bento mites was Found to be apy,roximately L',.5j, and 

	

_ 	 r 

	

the peak angle of 	 (J resistance was also . -)
o 
at 

normal stresses above 150 psi. 

Clay mineral a:_d ,,article size data on highly 

Plastic clay shales highlights the inadequacy of plot-

ting 01, against clay size fraction as proposed by Sl:emp-

ton (1964) and later adoted by Ziutchinson, (1965)  

Tetley, (1966) and Chandler; (1967). Kenney (1967) 



found no such correlation when a large number of dif-

ferent soil tyres were considered. Two examples will 

suffice to illustrate this point. A sample of pure 

bentonitic seam from the Cucaracha contained almost 

1000 clay mineral fraction (90 of whiCh was sodium 

montmorilionite) and only 36; clay fraction according 

to particle size determination. The value of 0' for 

this material at O" = 15 psi. would be 4°  - 5°  on 

basis of Kenney' s results, while 0' r Skempton' 

plot would be typically 20°. On the other extreme, 

Kenney (1967) tested finely crushed quartz with clay 

size fraction of 100cA. and obtained 	- 

4.3 Conclusions 

From a study of the tests in the ring shear ap-

paratus, the following conclusions may be drawn. 

1. The ring shear a -.:aratus is most suitable for meas-

uring residual shear strength of clays since it per-

mits uninterru-ited displacements whereby the clay 

particles on the sill) surface can achieve maximum 

particle orientation. The multiple reversal direct 

shear box test gives a,pparent values of 01  which 

are higher than the values obtained from ring shear 

test. This is due to disturbance of Particles ori-

entation on the slip surface on l'everals, and the 

ambiguity of interpretation of direct shear box 

stress-strain curves. The direct shear box test 
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curves for stiff clays at normal stress greater than 

15 psi. invariably tend to show an increase of shear 

strength with dis -Ilacement on the second and subse-

quent travels. The observation that Polished cut plane 

triaxial tests always give values of 0' which are 

smaller than those fro direct shear tests confirms 

that the latter do not measure residual_ shear strength 

accurately. 

2. The deterz:Iination of residual state by visual examin-

ation of direct shear stress-displacement curve can 

be extremely misleading. Suci:i a case is exemplified 

in fig 4.14 where case (a) shows the clay at its ap-

parent residual shear strength while case (b) shows 

the erroneous interpretation on stress - log displace-

ment curve very markedly. Hence it is suggested that 

the attainment of residual state should be confirmed 

by plotting -C/p-,' versus log displacement curve when 

the sIoe of this graph should become :7ero. The slope 

of all ring shear tests drawn on the new scale be- 

comes zero thus confirming that residual strength is 

being measured. 

3. Very large displacements are required to drop shear 

strength from peak to residual value. Also, samples 

sheared under large effective normal stresses appear 

to require less displacements than those sheared 

under lower normal stresses. Typical displaceHients 

for undisturbed blue London clay ranged from about 
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20 in. at normal stress of 6 psi. to approximately 

5 in. at normal stress of 40 psi. 

4. The most significant conclusion is that the resid-

uEd. shear strength is not necessarily inaeuendant 

of the magnitude of effective nor gal stress. The 

residual strength of 73eald clay, brown London clay 

and the clay shales from North America showed mark-

ed deoendance on stress level while that of blue 

London clay did not. The precise. reasons for such 

a behaviour are not known. The residual shear 

strength of brown London clay and Tleald clay de-

pendant on normal stress level, was, however, com-

pletely indepondant of previous stress history and 

the residual strength followed a unique relation-

ship irrespective of the sequence of loading or 

unloading. 

5. For long term analysis of stability of slopes in 

clays which show a pronounced effect of nor al 

stress on residual shear strenp:th, it is essential 

to conduct the tests in the ring shear apT,aratus 

at the effective normal stress that acts in the 

field. Direct shear box tests would greatly over- 

estimate residual strength under high normal stresses. 

6. It is probable that there is an increase in clay 

particle-size fraction in the slip surface after 

a clay has been sheared through large displacements. 

This increase can be euplained in terms of particle 
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breakdown, and/or migration of fines, and also the 

increase in clay mineral fraction. 

7. Highly plastic clay shales which have high. clay 

mineral (especially montmorillonite) content would 

generally show low residual shear strength. This 

value would be dependant on the magnitude of ef-

fective normal stress in the cases examined. 

8. It is suggeste that in the absence of a ring shear 

a7Dparatus, residual tests on stiff clays should, if 

possible, be conducted by using polished. cut plane 

triaxial testing technique. Such tests would give 

values of residual shear strength which would_ ap-

proach the ring .hear determination of 0' more than 

the values from direct shear box tests. 



Table  4-1  

Shear strength on natural slip surfaces (after Skorripton and Petley, 1967) 

Site Clay 

L.L. P.L. 

<2.0 

C.2. 

Peak 

C' 	0' 
psi. degrees 

Residual 

C'.0 	0' 

degrees 

Walton's weathered 
Wood Carboniferons 57 26 69 10 13°  13° 

 

Mudstone 

Guildford Brown London 
Clay 

83 32 57 70 12°  15°  

Guildford, 
Dedham, 

Brown London 
clay 87 31 56 60 12°  14°  

Sudbury Hill. 

Sevenoaks Atherfield Clay 75 29 59 80 10.5°  12°  

reworked 

69 29 51 100 15° 15° 

Atherfield Clay 71 31 58  20 16°  16°  

weathered 69 27 71 60 15°  15.5°  
Weald clay 

62 26 50 70 15.5°  16.5° 



Table 4-2  

Results of ring shear tests on blue London clay (Wraypbury) 

Test No. 

Remoulded: 

Normal 

stress 

psi. 

Shear stress psi. 

Peak 	Residual 

Or  degree 

(CI-0) r 

Average 

initial 

w/c i 

Average 

final 

w/c 

Av. final 

w/c in 

shear zone% 

Av. displacem. 

to residual 

(ins)  

Brittleness 

Factor 

RS 1 26.92 10.03 4.51 9.50  43.35 37.34 - 6 55.o 

Undisturbed: 
UDLC-RS2 28.95 13.6 4.78 9.4°  28.74 33.66 33.0 15 64.8 

UDLC-RS3 11.92 3.6 1.97 9.3°  29.02 33.40 36.2o 20 45.3 

unc-164 5.86 6.2 0.96 9.3°  29.20 35.33 40.2 20 84.5 

UDLC-R55 40.63 15.5 6.615 9.2°  28.85 31.20 32.0 5 57.3 

Index properties:  L.L. 72%; P.L. 29%; clay fraction = 57% (less than 2,U) 

Results of X-ray diffraction at Royal School of Mines: 

Quartz 30% 

Chlorite 10% 

Illite 35% 

Kaolinite 15% 

Montmorillonite 10% 



Ashford Common 
cut plane triaxial 
test; undisturbed, 
L.L. 67, P.L. 27, 
C.F. 54% 

Herne Bay; 

Undisturbed 
L.L. 81; P.L. 33. 
C.F. 61% 

Herne Bay; 

Slurry 
L.L. 85; P.L. 35, 
C.F. 59 56 

Leith: 

Undisturbed, 
L.L. 67; P.L. 26; 
C.F. 51% 

Table.  

Results of other residual strength data on blue London clay. (Direct shear tests, unless otherwise mentioned). 

Location and 
	

Normal stress,! Shear strength psi. 	j 	degrees 
	Reference 

type of sample 	psi. 	Peak 	Residual 
	

C' = 0 

4-- 
11.6°  
11.50  

64 
130 

17.7 , 	14.6 4 

31.2 15.6 6.6 11.9°  

44.7 31.2 11.o 13.8°  

13.2 5.8 2.G 12.0°  

26.7 10.0 5.7 12.2°  
35.7 13.0 6.8 io.8°  

17.7 10.1 15.8° 

31.2 t 	16.1 7.5 13.5°  

44.7 22.1 11.0 13.8°  

Bishop, Webb and 

Lewin, (1965) 

Petley,(1966) 



Leigh: 

Slurry 
L.L. 70; P.L.26; 
C.F. 49 % 

10.2 

22.2 

31.2 

4.5 

9.5 
11.5 

3.4 
5.6 
8.2 

L. 

Wraysbury 

Undisturbed 
L.L. 70; P.L. 	29; 
C.F. 58 % 

7.5 
15.o 
30.0 

5.7 
11.4 
13.4 

2.3 
3.8 
9.0 

45.o j 23.1 10.0 
60.0 25.2 15.5 

75.o 32.8 17.2 

90.0 34.4 17.3 

Wraysbury: 

Undisturbed 15.0 2.8 2.2 
slip surface. 30.0 6.o 5.35 
L.L. 74.2; P.L. 30: 
C.F. 6o% 

18.50  
14.2°  
14.8°  

17.1°  
14.2°  

14.7°  

12.5°  

14.3°  

12.9°  

10.9 

8.30  
10.1° 



Table 4-4 

Ring shear tests on Weald clay (Arlington). 

Test 	Normal stress 	Residual shear stress 
stage. Cif psi. 	psi. ,r   

01  
= 

1 0.9 2.20 13.9°  

2 17.53 3.72. 11.95°  

3 36.00 6.92 10.7°  

4 9.70 2.71 13.4° 
5 6.22 1.72 15.4°  
6 64.72 10.55 9.3°  
7 119.b.4 19.r.34 9.2°  

Results of X-ray diffraction tests at :=,oyal School of Idnes: 

Parent material haterial squeezed 
before shearing through gap on 
in a.Jparatus 	shearing 

Quartz 	20% 
	

185,0 
Feldspar 	5% 

	
4% 

Carbonates 	2.5% 
	

2 
Clay minerals 
(Kaolinite, illite 
and montmorillonite) 

	
67% 	 72% 

Initial w/c = 25.2% 

L.L. 	= 65 

P.L. 	= 32 

B.S. Clay fraction 
(less than o.002 mm) 

Clay fraction from 
falling drop method 
(N.G.I.) 

= 52% 

= 60% 



Table 4-5 

Ring shear  tests on  undisturbeCL brown London clay (Edmonton). 

Test 	Normal stress 
stage (T-1 	psi. 

1 	31.0 

2 	15.97 

3 	0.63 

4 	5.0 

Residual shear stress 
r.., psi. 

4.774 

2.506 

1.462 

0.912 

01, 
(Ct=0) r 

C.75°  

	

0.9 	° 

	

9.6 	° 

10.4 ° 

5 23.73 3.512 0.4 0 

6 36.30 5.095 10.0 ° 

7 4.40 0.330 10.6 °  
, 3 2.31 G.15C0 12.2 0 

9 1.0 0.246' 13,0 ° 

Av. initial w/c = 31.3 

L.L. = 	66; 	L.L. 24. 

	

3.S. 	N.G.I. 
method Tailing drop 

method 

1) % clay fraction before shearing 	= 53% 	(60A 

2) clay fraction of sa=le after shear- 
ing 	 = 55% 	(53%) 

3) ,'A, clay fraction of soil squeezed 
through gap during shearing 	= 5.55, 	(507:) 

Results of X-ray diffraction tests at Royal School of lanes: 

Percentage 	1) 	2) 3/ 
N 

Undisturbed 	SamTole 	Sample squeezed 
sample 	after 	through gap 

shearing 

Quartz 	22 	22 	20 
Feldspar 	3 	3 	2 
Plagioclase 	4 	 4 	 1 
Calcite 	2 	2 	1 
Dolomite 

	

5 	 4 	 5 
Claymineral 	64, 	65 	70 
fraction 

Subdivision of clay mineral fraction! 

Kaolinite 	23 	 23 
	26 

illite 
	49 
	

43 
	

42 
Montmorill- 
onite 	27 	 2 9 

	 31 



Table 4-6 

Ring  shear tests on slurried brown London clay. 

Test 	Normal stress -."- -..esidual shear strs,,s,s,  01  degrees 

stage 41-! psi. 	Tr Ps" 
	

(CI = 0) 

1 	13.1 
	

2.20 
	

9.75°  

2 	 1.60 
	

10.00  

3 
	

13.53 
	

2.30 
	

9.75°  

Average initial w/c 

Average final w/c 

L.L. 

% clay fraction (3.S.S. 

clay fraction (falling drop method; N.G.I.  

= 4o.05 

= 38.5% 

680/0 

= 2.5c/, 

= 64y,, 

= 63,1, 

Results of X-ray diffraction on initial sample: 

Quartz 	 21% 

Feldspar 

Plagioclamc.  

Calcite 	 2% 

Clay mineral fraction 	69% - of which 

Kaolinite 

Illite 	 4% 
Lontr_lorillonite 	235  



Edmonton undisturbed, 

cut-plane 

Location 	Sample 

Hendon 

Herne Bay 

Brentwood 

Guildford 

Dedham 

Sudbury hill 

undisturbed 

slurry N.C. 

slurry 0.0. 

undisturbed, 

slurry 

undisturbed 

slurry 

cut-plane 

slip 

surfaces 

Table 4-7  

0' for brown London clay tested in direct shear box. 

L.L. 	P.L. 

82 	33 

8o 	35 

81 	33 

79 	3o 

72 	28 

77 	29 

72 	23 

87 	31 

43 	21  

	

C. F. 	0' 	}Pressure range 	Reference 

	

r 	1 

	

4:2_ /1.1 	(C' = 0)1 	psi. r 	I 

6o 	140 	0-50 

17° 	0-10 

64 140 i i 0-30 

58 	13° I 0-30 

67 	12.5° 	0-50 

52 	14° I  o-4o 

53 13° , 
I 

53 	12.5° i 

} Petley, 1966 

       

       

    

Skempton and 

Petley,1967 
56 	14° 

  

    

    

40 	13°  

     

  

Petley,1969 

(unpublished) 

    

       



Table 1,.- 

Some typical_ effective normal stresses acting on 

failure surfaces in natural slopes in brown London 

clay (after DeLory, 1957). 

Location Age at failure 

years 

Cri 	on failure 

surface psi. 

Wembley Hill 13 11.4 	- 	13.0 

Park Village 7-1;ast 19 12.5 	- 	13.6 

Nill Lane 28 11.0 	- 	12.5 

Northolt 35 5.3 - 	5.75 

Sudbury Lill 49 4.k - 	5.3 

mensal Green 53 5.3 	- 	6.5 

Wood Green 55 7.3 - 	8,3 

Upper Holloway 31 2.6 	- 	3,7 



Table 4-8 (a)  

Some typical effective normal stresses acting on 

failure surfaces in London clay and Weald clay, 

(after James, 1970). 

London clay sites: Average 
normal stress 
psi. 

5.05 

20.5 

5.76 
2.26 	- 	2..64 
5.0 - 5.40 

Ago at 
failure 
years 

35 
13 

82 

46 
101 

Northolt 

Wembley Hill 

Upper Holloway 

West Acton 

Tulse Hill 

Grove 2ark 4.35 98 
Dedham 3.93 	- 	4.5 112 

Kingsbury 2.51 15 

St. Helier 5.35 22 

Crews Hill 3.68 L17 
Althorne 4.25 70 

Cuffley 4.6 4o 
Hadley Wood 3.06 	- 	5.96 90 

Whitstable 0.826 - 1.44 99 
Grange Hill 6.75 (50) 

Isle of Sheppey 2.7 - 3.36 6 - B 

Bradwell 4.32 - 9.36 0 

Wood Green 10.6 55 
Sudbury Hill 5.15 49 

Weald clay sites: 

Hilbenborough 4.27 68 
Earlswood 10.5 68 



Table 4-12 

Summary of 	results on shear testing of re-
mouldecl Cucaracha clay shale. 

No. Test type 	No. of Av. rate of Total 	Total 
shears defor=ation displace- time 

in/day 	.Wont 	days rAo 
yJI, 

ins. 

1.  Ring shear 0.00 0.06 1

y  2.  Same as 	(1) 0.00 7.1!-  93 9.1°  

3.  Direct shear 1 0.05 0.10 2 

4.  Same as 	(3) 130.07 7 9.1°  

5.  Ring shear 0.00 0.02 1/4 

6.  Same as (5) 0.00 3.0 30 10.2° 

7.  Direct shear 1 0.01 0.02 2 

,-, U. Same as (7) 15 0.02-0.07 27 10.2°  

9.  Direct shear 1 0.07 0.06 1 

10.  Same as (9) 31 0.07 1.12 16 9.6° 
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Olip surface at the end of ring shear test 
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CHAPTER  

Microstructure of sheared clays 

5.1 Introduction 

The laboratory study of the structure 	clays can 

be made on three scales: the macroscoTiic, the microscopic 

and the submicroscopic. The macroscopic structures are 

those that can be viewed by a nai:ed eye and the effects 

of such structures as joints, fissures, bedding planes,. 

intrusions etc, on the engineering properties of soils 

are now well appreciated (see, for example, Bishop etc. 

al., 1965, Duncan and Seed, 1966; Bishop and Little, 

1967). The microstructure is one which requires the re-

solving power of an optical microscope and includes such 

features as post-peal: failure shear structures, shear 

planes etc. However, to observe the soil structure at 

the submicroscopic level, fox: example particle to part-

icle contact, it is necessary to examine it under the 

electron microscope. Increasing use is now being .11-de 

to study the microstructure of soils to explain their 

fundamental mechanical properties'. 

Clay particles are generally colloids, shaped as 

thin plates or rods and are surrounded by adsorbed water 

layer (Lambe, 1952; bolt, 1956; Rosenquist, 1962). Soil 

structure is built up as a result of negative and pos-

itive charges operating in the clay - water - electro-

lyte domain. There is evidence to suggest that negative 
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charges are present on clay Particle surfaces while pos-

itive charges operate on the particle edges (Lambe, 1958; 

Rosenquist, 1958; Van Olphen, 1963). The exact nature of 

the structure and properties of adsorbed water layer is 

not understood, though it is well established that its 

structure differs from that of ordinary water (Mitchell, 

1956). Low (1961) has presented evidence that the ad-

sorbed water is more ordered, less dense and more viscous 

than ordinary water while Eartin (1962) reached just the 

opposite conclusions. 

Orientation of clay particles can take place in 

two systems - dispersed and flocculated. A dispersed 

system consists of clay particles in parallel arrange-

ment while in a flocculated system, the clay particles 

are randomly orientated as a result of attraction of 

the negatively charged particle surfaces to positively 

charged ends of other particles. The depositional en-

vironment of the sediment is a controlling factor in 

making up the fabric of the particle orientation. Eence, 

if the sediment is deposited in marine conditions (where 

the electrolytic content of the medium is strong due to 

salt concentration) , then a flocculated structure would 

predominate while a dispersed structure is a character-

istic of clays deposited in fresh water environment or 

samples prepared in the laboratory usingdistilled water. 

It would be readily apparent that a clay with parallel 

particle orientation in a horizontal direction would 

show greater horizontal permeability, smaller compress-

ibility in the vertical direction and smaller 
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horizontal shear strength than a clay with flocculated 

structure. Mitchell and Houston (1969) have recently 

f. 
considered the effect

o  eign.t chemical and physio-chemical 

processes which can affect the sensitivity of clays. 

1,1:orgenstern and Tchalenko, (1967) and Tchalenko, 

(1967) studied microstructures associated with shear-

ing using a polarising microscope. Their main conclusions 

(after 1 orgenstern et. al., 1969) are: 

1) the structure at residual strength is not simply one 

of particles oriented in the direction of motion but 

is also associated with a comerescion texture in 

which the basal planes of the particles are ap-erox-

imately normal to the major principal stress, i.e., 

it is inclined to the direction of oveflent. General-

ly, the compression texture is finer, with less homo-

geneity than other structures in the shear zone. The 

compression texture, which has two bounding principal 

displacement shears, has been found. in both natural 

slip surfaces where it occurs u7, to several mm in 

thickness (horgenstern and,. Tchalenko, 1967) and sam-

ples sheared in the laboratory. 

2. Most natural stiff clays have a moderate to high 

degree of orientation as a result of large overburden 

pressures. (This is not necessarily 	true for mont- 

morillonitic clays). 

3. Shearing of clays is discontinuous at the level of 

observation of an optical ?microscope, although the 
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visual examination of a highly polished slio surface 

may suggest it to be a smooth plane. 

The polarising microscope works on the principle 

that most clay minerals are birefringent, i.e., when 

rotated, they alternate through extinction and ill=in-

ation when viewed through cross nicols of the polarising 

microscope. "When a random aggregate of clay particles 

in thin section is rotated, no variation of transmitted 

light intensity is found. :it, as the degree of orienta-

tion is increased, the birefringence of the aggregate 

converges on to that of the single particle. Therefore, 

the ratio of the light transmitted in the extinction 

position to that transmitted in the illumination pos-

ition is a measure of the degree of orientation of the 

aggregate of clay particles", (',orgenstern et. al., 

1969). The ratio of the minimum to maximum light inten-

sity through the cross polars C the thin section is 

rotated is termed the birefringence ratio 	and_ is 

measured by a photoelectric cell. 

i • e 	= I min/1 max. 	0 	L- 1 

= 0 for perfect particle orientation, 

and 	p). 1 for random Particle orientation. 

In the present study, use was made of both the 

polarising microscope and the scanning electron micro-

scope. The latter has the advantage that the clay part-

icles can be viewed in three dimensions under very high 

magnifications, if so desired (see also Gillott, 1969). 
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However, it should be mentioned that as yet there is no 

method of quantifying the degree of particle orientation 

in the electron microscope. Roscoe (1967) has used this 

technique to observe clay particle contacts in 	zones 

and consolidated samples of Tholin. Gillott (1969) has 

described the observation of a number of fine grained 

rocks especially with regard to particle contacts and the 

nature of cementing material along grain boundaries. The 

author observed that clay particles in the shear zone 

generally appeared to be smaller and broken down than 

particles in the unsheared material (plates 5.2 and 5.3). 

4:owever, it -., 4 c.  readily admitted that this is only semi-

qualitative evidence and a statistical count of particle 

size on many micrographs would be required to confirm 

this observation. 

5.2.1 Preparation of thin sections for optical stud 

One basic require1:2ent of any acceptable technique 

of thin sample preparation is that it should not alter 

the optical Properties or the fabric of the material. 

Nany im7regnation techniques have been utilised with 

varying degrees of success by several authors. The im-

pregnating agent usually fills the pore space Previous-

ly occupied by pore water and then hardens to bind the 

soil together. WeatherheaC (1 9k0) and later 7eymonth 

and WilDaeaso7-. (19Y1) prepared thin section by Leper-

gnating previously dried soft rock and kaolinite surface 

by pyroxlin. i:-relifflinary drying of soil surface induces 

a large shrinkage in volume, thus resulting in the 
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alteration of clay fabric. 

Rosenquist (1955) impregnated some soft Norwegian 

clays with sulohonated alcohol at 60°C, and the sample 

was then cut with a microtome at a temperature of -10°C. 

This method results in an extre..Lely small thin section 

and any coarse intrusion of silt or sand in clay makes the 

use of a microtome rather difficult. 

Carbowax 6000, a high molecular weight polyethylene 

glycol compound, has been successfully useC by kitchell 

(1956), Quigley and Thompson (1966), Lartin (1966) and 

Tchalenko (1967). Carbowax impregnation does not complete-

ly eliminate shrinkage effects. IAAchell (1956) consider-

ed the shrinkage effects to be negligible. Quigley and 

Thompson (1966) reported a linear shrinkage of 7.2% in 

the horizontal direction and 0. 	in the vertical dir-

ection in impregnated Leda clay. Tchalenko (1967) has 

measured external horizon-Cal shrinkage of 6.5% and aver-

age external vertical shrinkage of up to 9.8%, on im-

pregnation in laboratory consolidated samples of kaolin. 

however, there is strong evidence that shrinkage does not 

affect microstructure. The thin section pre-c)ared after 

impregnation does not show any signs of disturbance to 

the most delicate shear features when viewed under the 

microscope. Further, -Lartin (1966) has shown by means 

of direct measurements that shrinkage has negligible 

effect on the degree of particle orientation. 



The advantages of the use of Carbowax 6000 may 

be summarised as follows: 

1) It minimises volume shrinkage effects. 

2) Its optical Pro.perties arc such that they do not 

interfere with the optical properties of clay. 

Tchalenko.  (1967) observed no overall birefringente. 

effect on areas containing several spherulites of 

crystallised Carbowax 6000. 

3) Normal grinding of impregnated samples does not 

alter clay fabric, (Litchell, 1956; Martin, 1966). 

4) Since Carbowax 6000 stabilises a large volume of 

soil, a larger sa=le can ae imDregnated so that 

any cutting or disturbance effects on the sides of 

the saalple may be eliminate( by su'oc,-quent grinding. 

5) This technique does not require any special working 

conditions or apParatus. 

Sampling 

Some segments from the ring shear sam.7:Ae were cut 

carefully by a cheese-cutter.Tchalenko (196) recommends 

that sampl s with 	moisture content or those which 

tend to disintegrate on impregnation should be impre-

gnated in plastic fraes or moulCs. The direction of 

shear and identification number were clearly marked by 

scratching th surface of the clay. 
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Ie:regnation  

Carbowax 6000 was relted and -;;:aintained in an oven 

at a temperature of 600  - 65°C. After the Tiet'-iod recom- 

mended by lartin, (1962) the 	to7 edge of the sa .:,.le was 

kept free of Carbowax and the evano rating dish was c .)ver-

ed to preserve Carbowax vapour, for the first 24 hours. 

After this .2oried, Carbowax was renewed to submerge the 

sample in solution. The sample was .aintainec_ at this 

temperature from 7 - 10 days. After the 	rognation was 

thought to be complete, the sa_-_1171c was re7,oved froIa 

molten Carbowax and allowedto cool and harden at room 

te:nperature. 

Grinding 

Grinding was done by hand on different grad(-s of 

coarseness of emery paler, (fro coarser to the finer). 

i'. araffin was used as a cooling and grinding fluid. Care 

should be ta!:,:en while ,i_;rinC.ing to ensure that no undue 

pressure is exerted on the sale. The sample was fina3-

ly ground usi g the finest grade of optical ;7rinding 

powder (Aloxite 7C0). The sample was then gently wiw,,d 

with polishing clot and left for 2k hours. for drying. 

sample is now ready for mounting-Tchalenko 

found that a mixture of ex-ooxy resin adhesive Aral:T_ite 

A.Y. 103 and 	rc,ner 	If. 951 in :)roportion of 100 parts 

(by weight) of Aralefitc to 10 parts of hardner was most 

suitable for affixing the claw surface on to a glass 
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slice. The mixture is mixed and - t in a vacuum cell 

for 20 minutes to ensure that any air bubbles that 

might have been introduced durin the mixiing stage are 

removed. It is then evenly s:7road on to a glass slide 

which has - reviou_sly been claned with methyla.ted soirit. 

The sample is introduced at a slight angle and gently 

resse so as to remove any air bubl.eles. After the ad-

-HE:sive has hardened (=ually after 24 hours), the orie -q-

tation signs can be etched on to the glass slide. 

A si:J..ilar grinding orocess is then reeated on 

the other side when the th4 ckness is so small as to make 

the clay tran arent, the cover slide is affixed using 

the same orocess as described above. 

5.2.2 -_reoaration of sari; 1_ 
microsco-Je,  

for scanning-electron 

 

    

Two sailes of olue London clay n i C 	clay 

after shearing in the ring shear a-oaratus were ob-

served in the scanning electron-icrosco2e. After the 

71:21e had air 	led, it was fractured along: the re- 

ouired 	, by 9.kinc: a cleavage. Since the stub on 

which the 	-ae is affixed in the electron-microscoe 

is 1 cm indiad,leter, the sale was usually tri,,   ed in-

to aD:oroximately 5 , cubodal sh pa, taking great care 

not to touch Vacs area which is to be examined. The sam-

ple was next ...0 Jt in vacuum to deair for 4G hours. The 

saimole was ther ...-ffixed to the stub by ::Jeans of tDurafixl. 

After the adhesive had Hardened, the sides of the eubcid 
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not to be viewed and the top of the stub were coated 

withlsilver dag' suspension. The atomiser was next used 

of to blow any stray soil particles and the stub was mount- 

ed in the vacuum coating system 	A°  of gold preceded 

by 150 A°  of carbon were sprayed at an angle of 45°  on 

the face of the cuboid which is to be viewed. The s-pray- 

ing was done under a vacuum of 10-5  torr. The speciment was 

now ready for viewing in the scanning electron-micro- 

scope. 

5.3 Observations on thin  sections 

5.3.1  Undisturbed sample  of blue London clo,-; 

This sample was sheared in the ring shear a)Paratus 

at a nominal vertical effective stress of 30 psi. The thin 

section was prepared after the sample had been subjected 

to a shear displace eiat of about 52 in. A sketch of the 

complete slide is shown in fip:. 5.1. 

The plane at the middle of the sample along which 

shearing had co=enced, at least in early stages, has 

become separated_ and a crack is forrqed. Since this crack 

is filled with Carbowax, it must have Preceded im:Pregna- 

tion. This is very likely due to disturbance sustained 

by the sample during removal from the ring shear aopara- 

tus. The crack is typically 30 - GOlkwide. 

Iisig 5.1 shows the shear 	easily distinguished 

in thc thin section fro :11 surrounding :-riaterial which is 

bounded by two principal disclacement sTaecIrs, AA and 3B. 
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The shear zone is about 27 	 long, starting from one 

end of the suction to t]:1-  point where the two shear Planes 

AA and 3E converge. The width of the shear zone varies from 

about 1 mm at the end of u,;.e section to about 1.7 sun in 

the middle and decreasing to a typical value of approxi-

mately 0.6 iam in the region where the up-3er discontinnity 

merges with the lower. The uoosr principal displacement 

shear is typically 5p wide. 

A mar%ed feature in tae shear zone is the presence 

of a large nu-mber of secondary structures. l'hea-type 1  

sub-structures (shown on fig 5.1) are typically oriented 

at angles of 20°  - 30° 
 3E

with osoect to the lower shear 

plane 13-3. The 1 R-type 1  structures 'Deco 	more steep, 

about 30°, in the region whore the u7;per shear plane 

(or shear discontinuity) converges with the lower. A 

few 1f-typel structures are also present. The 1 n-typo 1  

structures could be Riedel shears which might have been 

formed at or around the peak state but have survived the 

large displacements and arc now passive in resPonse to 

the large strains at the two boundaries. The second pos-

sibility is that this is a new type of structure, not 

hitherto observed, w7aich forms at very largo strains 

and is perhaps in a process of continuous formation. 

Two arguments can be advanced in suport of the second 

possibility. The angle of inclination of these structures 

is much larger than 01/2  for 	c la 
	d hence they 

*Measurements of angles are positive in the. counter-
clockWise sense. This is also the sense of the shear-
ing couple in all plates and figures described here. 
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could not be 	shears. Further, the 1j -tripe  

structures de not aLt,c.ec‘ 'Doyen,: the 	zone as 

would ae e -eecte,e_ if they were Teiedel 

The interesting _point to note is that the :lateri-

al -in the shear zone is not coralotely reeloulded and 

structureless. The fact that the sub-struct-ere 

been emintained in the. shear zone even after very large 

displacements, suggests the the reaterial in the shear 

zone moves'enmassef on either or both of the slip 

surfaces _LA and 	An examination of the region a-

round a large silt pocket just above the un .or shear 

surface suggests that straining has taken place along 

this surface. The silt pocket is not truncated by the 

slip surface and the silt particles tend to be dragged 

along the displacement discontinuity in a fine streak. 

This feature is shown o detail in plate 5.1. The 

larger white snots in this pTiotomicrogr=h are quartz 

crystals. 

The birefringence ratio, 3  , of the rneterial away 

from the shear zone lies between U.7 to 0.'t:',5; the higher 

ratios being obtained ie. areas wi.t7eer quartz content 

and hence these are probably not the true birefringence 

ratio for the clay. The average birefringence value in 

the shear zone is aPpre3:imately G.5.5, indicating a aledi-

um to strong earticle orientation accordin to the sped-

quantitative scale proposed by Lergenstern and Tchalenko, 

(1967). however,  it is of interest to note that there are 

a few Patches in the 'ear zone whore the birefringe-exe 
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ratio is as high as in the ..latrix away from the shear 

zone. This indicates that not all the material in the 

shear zone is highly oriented and is consistent with ob-

servations made on other sli surfaces. The 13 value in 

the silt pockets is about 0.7 - 0.0, i.c., the orienta-

tion is the same as tat of the clay away from the shear 

zone. 

There is some evidence to suggest that some part-

icle breakdown or migration of fines takes place on 

shearing under large disiDlacements. Under the optical 

microscope, the general texture of the material in the 

shear zone was very Tlomogeneous as compared to material 

on either side. There was a noticable presence of more 

coarse grained aggregates (eg. quartz) in areas outside 

the shear zone. Plates 5.2 and r..3 show scanning electron 

micrographs of this sample both inside and away from the 

shear gone. The two micrograv)hs were taken at almost the 

same magnification, and show that the average size of 

clay aggregates is much smaller inside the s7aear zone 

than away from it. The general appearance of, the two 

plates also suggests that there is more particle orient-

ation inside the shear zone. 

5.3.2 Ilatural shear zone in Teals. clay 

A thin section from the shear zone in Weald clay 

at Arlington is shown in fig 5.2. The sample contained 

numerous shear planes and discontinuities, generally 

horizontal, as a result of shearing in the field. The 
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birefringence values vary fro 0.92 to 0.23, i.e., the 

particle orientation ranges fro random to strong. This 

variation shows that strong Tlarticle orientation was 

only exceptionally achieved in limited areas, probably 

as a result of excessive local serai-oi7ag. This may im-

ply that only these local are had achieved the residu- 

al 	state. The general direct ?_on of article orientation 

in the saelp e was horisontal as shown in fig. 5.2... 

Two distinct tT2es of s,.1rface texture could easily 

be observed under the polarised light. The area enclosed 

by the dotted pattern had a distinct 1-:aosaic-typet text-

ure while the rest of the section appeared to be fairly 

homogeneous. The mosaic type texture ap;Deared to consist 

of coarser particle aggregates and it is clear from the 

birefringence leeasurements shown in fic.5.2 that it had 

lesser -;;article orientation than the eemogeneous ty;)e 

texture. :owever, the birefringence ratio of i 

mosaic components, taper under high magnification is low, 

about 0.35. It is 	-Ciat eit-eer particle break-

down or at least breakr,own of coarse aggregates occurred in 

the homogeneous structure or that there has been a :aig-

ration of fines from the structure Jith the mosaic-type 

texture,subsequent to which the coarser - articles formed 

yet larger aggregates. eiowaver the origin of the two 

types of textures cannot be conclusively determined un- 

til information or 	sitional - nCeitions and the 

origin of shear zone are conseidered.. The area marked as 

dotted rectangle in fig, 5.2 is shown in greater detail in 
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plate 5%4, where the homogeneous and the mosaic-type 

te::tures in t e upper and lower half of the photograph 

are easily distinguished. 

5.3.3 'c,uald clay from natural shear zone further tested 

in the ring shear. apparatus. 

' - complete thin section is shown in fig. 5.3. .Lhis 

sample had undergone 	mean average displaceent of 67.3 

in. under various normal loads in the ring shear appara-

tus. Since the original sa=le was from c natural shear 

zone, the thin section had a number o.f natural shear 

planes and discontinuities as shown by the dotto,f lines 

in fig .3. For the same reason, the overall birefring-

ence values are generally low indicating medium to strong 

Particle orientation. 

The shear zone, 1 - 3 mn1 wide, is distinctly vis- 

ible in the thin section and is bounded by a number of 

shear planes. It is possible that shearing could have 

taken place along selfle of those planes de7;endin,c7 on the 

magnitude of the effective normal :tress arf',. the nosition 

of the gap between the confining ring and the sample. The 

final height of the section was smaller than the initial 

heightas a result of consolidation under normal stresses 

up to 120 psi. and squeeze through the gap. The scanning 

electron micrograph in date 5.5 shows the horizontal 

shear zone in the middle bounded by relatively intact 

material on either side. The structure in the shear zone 

appears to show higher particle orientation in the direction 
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of movement than the structure in the more intact clay. 

The shear zone is shown in greater detail in fig 5.4. 

The most Pronounced shear planasalong which moot of the 

movement would have taken place have been :;:arkod as X 

and Y in fig 5.4. A photoicrograph of the principal 

shear plane X is shown in plate 5.6 whore its width 

was measured to be about 24g. 1-;.owever, the principal 

shear planes are not so clearly visible at all places. 

At some locations, they become extremely small in width 

and their presence can be detected by observing allied 

shear features as shown in plate 5.7. In this case, the 

band of organic matter shows clear signs of shearing and 

a careful examination reveals extremely fine principal 

displacement shears running above and below the organic 

matter. 

A very pronounced feature of the shear zone is the 

presence of a cos ipression texture, in which the clay 

particles are strongly oriented. This is shown in plates 

5.0 and 5.9 where the organic matter inside the compres-

sion  texxture gives the direction of -Darticle orientation. 

There are a series of bands spaced at about 0.03 mm, in-

side the compression texture • The compression texture is 

considered to be indicative of very large displacements in 

which the basal planes of the particles are approximately 

normal to the direction of the 	 ior principal effective 

stress (Tchalenko, 1960; Eorgenstern et. al., 1969). 3e-

low the compression texture lies a kink-band which is 

shown in plate 5.10. Similar combination of compression 
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texture and kink-band has been found in the -Lraltonis 

Wood shear zone by Tchalenko, (1960 who also showed 

that the compression texture is brought about by the 

interaction of the microscopic shear discontinuities 

and kink-bands which for_ 1 in simple shear deforations 

taken to large strains. An example of the extrezie -eart-

icle parallelism that can be achieve& in a compression 

texture is shown in the scanni 1g electron micrograpn, 

plate 5.11. 

Above the oricipal displacement shear X the struc-

ture has mosaic-type features while below X, the struc-

ture is more ho=geneous, (fig 5.h). Some patches of 

mosaic-typo texture are also found inside the shear zone. 

These features are similar to those found in the natural 

shear zone. Plates 5.12 and 5.13 show the homogeneous and 

the mosaic-tyoe texture, As mentioned earlier, this dif-

ference in te7:ture is considered to be caused either due 

to migration of fines or due to breakdown of aggregates 

or a combination of both. This feature is otherwise 

hard to explain and is found in both the Lonon clay 

and the Weald clay when subjected to large displacements. 

5.4 SueeTiary of observations 

In all thin sections of samples tested in the ring 

shear apoaratus, an easily distinguished shear zone is 

noticed, which may be up to 3 mm wide. In every case, 

at least two principal displacement shears have been 
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observed; their number may increase if the sample is 

tested under a wide range of normal stresses. The 

principal displacement shears may vary from about 5 

to 50 microns in width. Principal shear planes much 

larger in width than those 172roduced in the ring shear 

apparatus have been noticed in the field. Morgenstern 

and Tchalenko (1967) observed a dominant shear plane 

up to 300)i wide in the shear zone in brown London clay 

from Guildford and displacement shears 8 - BOp thick 

in the Atherfield clay at Sevenoaks. It may be mentioned 

again that even after very large displacements the prin-

cipal displacement shears are not perfect "planes" and 

that sub-structure still exists in the shear zone. A 

marked difference in texture of the sample on either 

side of the shear zone has been observed which may be 

due to particle breakdown or migration of fines. The 

observations in the scanning electron microscope sug-

gest that there is a breakdown of particles in the 

shear zone and a detailed study on this aspect is need-

ed. Eost of the structure observed in the ring shear 

samnles (e.g. compression textures, kink bands) is 

similar to that of samples subjected to small strains 

in the direct shear box apparatus. Hence the difference 

between 0' at small strains and 0' in the ring shear 

apparatus cannot be explained by 'structure' alone, 

although migration of fine clay minerals, particle 

breakdown and higher degree of particle orientation 

may account for the difference. This is in contrast 



with the difference between 01  and 0' which is 
!-• 

strongly reflected in the res72ective structures. 

A systematic study on the oyAical and electron 

microscopes coupled with chemical and X-ray an-

alysis is therefore required to study the struct-

ure at large strains. 
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PLATE 1. i  . 

Blue London Clay: silt particles being 

dragged above a. principal shear plane 

( crossed -nicols). 
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scale: 



PLATE 5.2  

Scanning electron micrograph showing clay 

particles inside the shelar zone in Blue 

London Clay. 

Magnification: x21000 	Scale: I 



PLATE 5.3 
Scanning electron micrograph showing clay 

particles outside the shear zone in Blue 

London Clay. 

Magnification: x 22500 	Scale: hu- 
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PLATE 5..4. 

Section through natural shear zone in 

Weald Clay showing homogeneous and 

'mosaic type' texture (crossed nicols) 
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Scanning electron micrograph showing shear 

zone in Weald Clay bouncled by relatively 

intact material. 

Wagnification: x 10C 	Scale : 



PLATE  5.6 

Principal shear plane in 

Weald Clay. (crossed nicels) 

loo t. Scale: 



PLATEJ.1.2.1., 

Organic matter in Weald Clay showing 

signs of shearing movement,(crossed nicols) 

Scale: i•  /ODA 



.1.J.H. 	C.0 

Co=fression texture ia 7calC Clay 

Scalc 1004 
1.•..1.•••••••.# 



Detail of compression texture 

(crossed nicols) 

/00 /Lt 
Scale: 
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I-LATE 

Strong clay particle orientation in 

the shear zone in Weald Clay as observed 

in the scanning electron microscope. 

I,!agnification: x 20000 Scale: 

 

 



Section showing homogeneous type 

texture in Weald Clay (crossed niccis) 



PLI—TE 11 •  

Section showinglmosaicy'typ, texture 
(crossed nicols) 

i000,  Scale: 
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C:i2C=R 6  

Tensile strength of clays 

6.1 Introduction 

The practice of neglecting the tensile strength of 

soils in most stability calculations has lead to an al-

most complete absence of test data on the behaviour of 

soils in the negative effective stress range. It appears 

that drained tension tests may provide an insight in 

'cementation bonds' (Crawford, 1963; Ejerrum, 1967; Conlon, 

1966) and also an explanation for the differences in be-

haviour of undisturbed and remoulded soils. 

The present study of tensile strencth of intact 

London clay was inspired by I3isho7p's (1967) contribution 

to discussion on progressive failure. 	noted that a slip 

surface does not by-pass intact lups and progress along 

fissures only. The intact clay is observed to be sheared 

and the -orogressive failure mechanism could be similar to 

that suggested by Griffith, (1921) where the crack oro-

oa,,ates asa result of small local stress concentration. 

For such a mode of "progressive failure it is essential 

that the material should be able to withstand some tensile 

stress.Since there was no information about drained ten-

sile strength of stiff clays available in the literature, 

it was decided to investigate it in the laboratory. 
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Griffith's theory, (1921) first developed for fail-

ure in tension of glass, is an important theoretical ad-

vance and provides a convenient Ifethod for the study of 

tensile strength of materials. 

6.1.1 3asic concests of Griffith's theory 

If cr1 and .141-3  are =joy' and minor principal stress-

es respectively; 

and -Cr,_ denotes tensile stress, 

and e the angle of failure plane with respect to the 

major principal stress, then, Griffith's theory states 

that 

(i) 1+ 3 0-
3 

= 0, 1,.ren failure occurs at 3 = t and 

e = 0., and, 	 (6.1) 

(2) if 0-1  + 3a-
3
> 0, then failure occurs when 

(10--1  - Cr)-))a X- o a-- 	( 	
1 	3 
+ 	) = 

13-3 )  at Cos 2e =  
(Cr+ Cr

3
) 

Clausing, (1959) and :-loek (1969) have shown that 

both Mohr-Coulomb theory of failure in shear and Griffith 

theory of failure in tension yield the same failure plane 

G. If t and G-  are the normal and shear stress on a fail-

ure plane, then Griffith criteria is represented on a 

Mohr circle by the relationships 

L2 - 4 U; 
2- 	

t n 
	 (6.4). 
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The hohr failure envelope at Z= 0 will have a radius 

of curvature of 2 Crt Hence all 1...olar stress circles which 

fall -within the above circle of radius 2 crt can touch the 

Griffith rupture envelope only wheat= 0, and 0-3  = cr7t  

:-once, a pure tensile failure can only tae Dlace if 

(T"' 1 G - 3 Cr . 

Brace (1960) extende Griffith's theory to take 

into account friction operating in the cracks, which are 

sulD17)osed to close under a state of compressive stress. lie 

pro7oosed: 

= - 2 cr; 	 (6.5), 

where/A= coefficient of sliding friction in crack surface 

(or the tangent of the angle of friction, say, along a 

microfissure). 

_ae_- (1965) derived the theoretical relationship 

between (I—t andp in terms of 0— , the unconfined compression 

strength as 

4 ar— t 
crc =  ,A14.12)4A 

(6.6) 

6.2 Strength of rocks in tension 

Very little work has been done to investigate tensile 

strength of soils, although tests to evaluate tensile 

strength of rocks have been developed in the field of rock 

mechanics. One of the most co=on .7ethod is to subject the 
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unjacketed sample of rock to a uniaxial tensile pull. 

Brace (1964), Murell (1965),and Hoek (1965)have used 

necked "dog-bone" shaped soecimens in triaxial extension 

with a view to reduce stress concentrations at the ends. 

Another common method is the Brazilian testy in which 

a disc is subjected to uniaxial com-oression and the 

tensile forces so gee rented are calculated using an ana-

lytical solution based on theory of elasticity (see for 

example, Jaeger, 1962). liobbs (1964) has modified the 

'Brazilian test' by diametrically compressing a thin disc 

with a small conc,l,ntric 	A,sproximate solutions are 

then obtained by already known solution for a solid disc 

diametrically doadec between knife-edges and Kirsch's 

(1L9G) solutions for stress distribution along a circular 

hole. Jaeger (1!;62) has given solutions for determining 

tensile strength prom hollow cylinder tests in which the 

sample may be subjected to external and internal all round 

pressures as well as an axial stress. Table 6.1 shows some 

typical values of compressive and tensile strength of some 

rocks. The agreement between measured tensile strength 

and that calculated from modified Griffith criteria 

(eq. 6.6) is generally good. 

6.3 Strength of  soils 1---1 tension 

Attempts to measure tensile stre:-gth of soils have 

been mainly confined to disturbed and recompacted soils. 

1-=aefeli (as reported by -- bt- Tscnetarioff et. al. 1953, and 

:laefeli, 1951.  ) conducted early tension tests by 
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subjectinga reconsolidated soil specimen to centrifugal 

tensile forces. Lowever the d(.'te=ination of stress/strain 

relationemips Coes not aple,ear :;ossible by this retoca. 

Later he used a triaxial apparatus in which fixing of 

ends to plattens was achieved by freezing. 

Tschebotarioff, 7Jard anr.] 	095j) car-

ried out tests to determine the tensile strength of re-

compacted montmorillonits, illite and kaolin and other 

artificially prepared soil mixture 

Corresponding tests were also done to determine 

strength in. shear but it is not :wade clear whether those 

tests were drained or undrained. It appears, however, that 

these are more likely to be undrained tests. 

The apparatus is shown scnematicallyin fig. 6.1. 

The sample is in the shape of a large briquette and the 

large size permits the soil to be compacted by Proctor 

compaction. One end of the specimen remains fixed and 

stationary during the test, while the rest of the sec-

tion can ;dove on frictionless ball bearings. The side sec-

tions along the central 10 inches length of sample are re-

moved during test and strain measure;_ents are taken along 

this gauge length. They concluded that highest tensile 

strengths and the largest failure strains of :)ure clays 

were obtained for montmorilionite and the lowest for 

kaolinite and that the angles of internal friction of 

some natural clay minerals and of sand clay mixtures when 

determined from Lohr circles of uniaxial tension and 

compression tests are cens4 derably higher than the angles 
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usually considered possible", - clearly i plyin;g the 

existence of a curved Rohr failure envelope. 

Hasegawa and ikeuti (1964) also tested colapacted 

clays in tension under undrained conditions. The sa -Dles 

were compacted in Idog-bonel os_oed rGoulds, 19 	long 

and 2 	across the 	portion. Tensile pull was 

ti_rough hooks burled in the soil. 

Suklje and :7_:_ruovsek (1965) conducted hollow cyl-

inder tensile tests on the lines of solutions presented 

by Jaeger (1962) as mentioned earlier, but no results 

have been published. 

Fryd::aan (1967) conducted indirect tension tests 

on stabilised soil in the manner of tests Cone on con-

crete and showed that the tensile strength in terms of 

total stress was in reasonable agree:rent to that pre-

dicted by Griffiti theory. 

Only one drained tension test on clay seems to 

have been published (Conlon, 1966). This was done for a 

clayey silt of low plasticity (L.L. 20-25; 	3.7-4.6; 

clay fraction; 26 - 345) when a slide in Toulnustouc 

River, Quebec, took place. The sample for these tests 

was necked in the rAddle and it was held fir on to the 

end flattens by using clamps and fine emery paper to pro-

vide the grip. The 3 inches long sample failed in 10 

hours at an elongation of 0.01 inch a id showed a tensile 

strength of 2.4 psi. 
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Thus, an almost complete lack of data on drained 

tension tests lead to work being carried out at Imperial 

College. A new method of holding the sample firmly to the 

plattons, without the use 	end clamps was evolved. The 

theory and the test; were briefly described by 3i shots and 

Garga, (1969) and will now be :lentioned. 

6.4 Drained tension tests 

6.4.1 Theory 

Referrin .  to 	6.2 (a), a sal e with a reduced 

centre section enclosed by a rubber membrane scaled to the 

end caps will only becoiTle detached. frog: ) the end under the 

action of an axial tensile force T when the average ef- 

fective stress at the ends of the 	lc (section a1 and 

E2) drops to zero. At this stage the axial effective stress 

throughout the central section will be negative and the 

magnitude of this tensile stress will depend on the ratio 

of en:.-section and mid-section areas. 

Notation; 

Q7_, average axial effective stress on the sections 
4 

and E2E  

U-  axial effective stress on the centre section, 

a amlbient cell pressure, 
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area of end section 

A area of centre section, 

T tensile force, 

U back pressure --plied to the drainage connections. 

Thus, 077,1  = Q a - u - T/A 

- 

since in an extension test 	= 0- 	u. 
1 

Sivalarly,CTI = Q-  - U - c a 

(17-1  - Ttikc 

(6.7) 

(6.3) 

The uniting value o f 	is given by 0-71, = 0 i.e. T =Crl 

Hence the liniting value of CT' from equation 6.0 is 

	

0—,_ cr-, 	(A_IA ) I 	1 	 1; 	c 

(6.9)- 

A controlled rate of strain test with constant cell 

pressure will thus be c test with cr =0--,  = constant and - 1 	2 

0- I decreasing until the peak stress difference (CT -Kr) 
3 	 1 	3i., 

is reached, unless, of course, the tensile stress - 	) 

exceeds the limit given by ecuation (6.9). for the dimen-

sions used in tl-_e current tests (end di=etor of 1 inch 

and central diameter of C.75 incli), the limiting 

= - 	• 7C Cr t  1 
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Descrieotion of the ap-earatus 

The present series of tests was carried out in a 

controlled rate of strain testing ::iachine using a stand-

ard triaxial cell (3ishop and nkel, 1962) as shown in 

fig. 6.31  and plate 6.1. 

The cell base is fixes. to themoving ,:latter of 

testing machine with 	IG-cMmpst. TIle clay 	:::Ple 

rests on a coarse -eorous stone on a 1 inch diameter base 

with bottos: drainage channel. On top of the sample rests 

another 1 inch diameter, 1/C th. inch thick coarse Porous 

stone. This in turn carries 	 erspen sample cap with a 

slot as shown in the diagra,:,. Th. tensile load is ap-

plied to the stainless stool ram through a 1 YoJlartl 

Hooz.ets joint. Inside the elongated cell, the load is 

transmitted through a sensitive proving ring fitted with 

an inductance transducer. Another Heokels joint is placed 

between the brass connector and the provIng ring to en-

sure a uniform distribution of tensile stress. The con-

nector is lowered into the slot of the saple cap after 

the cell has been asse:ebled and is turned through 900  to 

be in a position to engage the cap when an axial dis-

place:Kent is applied, the clearance permitting free move-

ment during initial consolidation or swelling. 

The tensile load on the proving ring is read with 

a Boulten aul C -61 meter giving 0 units/lb; an auto-

matic plotter being used when the apparatus is not attend-

ed. The volume changes are small and are measured by the 
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displacement of an air bubble in a 1/0 inch diameter saran 

tubing. Axial extension is measured in the conventional 

manner by attaching a dial gauge (0.0001 inch) to the ram 

outside the cell. 

6.14.2.1 The convoluted rubber membrane  

The samPle was enclosed in a convulated rubber mene-

brane which was specially prepared for the test in the 

laboratory. The need for -Las type of membrane arose be-

cause it was found that a conventional membrane withstood 

considerable tensile load as straining along the central 

section of the sample took place. The load carried by the 

membrane was a function of its extension over a very small 

length. 

The membrane was made by successively apn,lying coats 

of dilutedprevulcanised latex tRevultext on a finely pol-

ished perspex former. The former was rotated in a lathe 

and the latex was an lied evenly with a brush. After each 

o 
application, the former was kept in an oven at 55 C for 

at least 6 hours. 7hen the membrane was at least 0.005 

inch thick, it was carefully i c,eeled off the former using 

talc powder to prevent the sides from sticking; washed 

in cold water and pressure tested for any le 

6.4.2.2 Constant pressure  system 

It is essential to keep constant cell pressure in 

view of very low effective cold_ pressures used (3 to 10 psi.). 

This is achieved by using the technique (3ishop and Henkel 
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1962, Soon, 196:0 of connecting cell pressure and back 

pressure through the mercury pot system such that any 

change of pressure in one line is equally reflected in 

the other, thus maintaining a constant effective cell 

pressure. This is illustrated in fig. 6.2 (b). 

6,5 Results  and biscussion 

The results of a serieE.  on 'intact? (visually free 

from fissures) samples of the blue London clay from'-frays-

bury with t eir axis horizontal are lerasented in table 6-2 

and fig. 6.4. Two typical stross/ctrain curves are also 

presented in figs. 6.5 and_ 6.6. 

Fig. 6.4 also shows drained compression strength 

envelope for 'intact' saples, C.75 in. in diameter, cut 

with their axis horizontal. Only the results in the lower 

stress range are given in this figure. References may be 

made to Bishop et. al., (1965) and Bishop, (1967) for 

the strength - effective stress relationship over a wider 

range of stress. From fig. 6.4, it is evident that London 

clay can withstand a substatial tensile stress in drained 

conditions, and that this stress is almost independent of 

the value ofCri  in the range examined (3-10 psi.). The 

tensile stresses observed (3.0 to 4,L-; psi. i lie very 

close to the values predicted from conpression strength 

by the modified Griffith theory. The theoretical rela-

tionshi-o is given (--hoes, 1965) by eq. 6.6, 

Q---t 
c = \11 + 	J-1. 
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where Q-  is the unconfined, drained co7nnression strength 

and Crt denotes drained tensile stren-th. The coefficient 

p. denotes the tangent of the angle of friction along a 

microfissure. This may be ta7f.en to have a value of at least 

tan 10.5°  (Skem7ton et. al,, 1969) and may rise or even 

exceed tan 30°  at low stresses. SubstitutinF: in eq. 6.6 

gives value of (7t/Cr of 0.17U and 0.144 respectively. For 

a value of compression strength of 23 nsi., the predicted 

values of tensile strength are 5.0 and 4.0 psi. respective-

ly. Hance a very close agreement between predicted and 

exnerimental values is found. 

In all the cases, the mode of -failure was typical of 

brittle fracture as shown by the photomicrograph plate 6.2(a) 

which shows the interesting case where; the fracture was 

still on a typically horizontal plane despite the presonce 

of a vortical microfissure. (The 'vertical' ::,icrofissure 

in the test was of course horizontal in the ground). Ap-

preciable strains dovelo-?.ed before brittle fracture took 

dace - the highest strains wore achieved for saples at 

very low effective cell pressures thus indicating a high 

coefficient of volume exoansion even when the clay is in 

'intact' form. 

In fig. 6.4. are ale shown the results of com-

pressive strength fro undrainod tests with sore water 

Pressure measurement for roeulded clay from the same area 

(plasticity index = 42). The cohesion interce-t is less 

than 0.2 psi. and tzle theoretical tensile §trength is 

almost negligible. Thus, remoulding scorns to have 
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destroyed any bonds that could withstand tensile stresses. 

In the case of the slide in the Toulnustouc IJ:iver mentioned 

earlier, it was suggested that cementation bonds were de-

stroyed by tension resulting from (a) diagonal tension 

due to shear; 	) flexural tension due to bending and (c) 

direct tension due to local dilatency, (Conlon 1966). 

Further research nay be fruitfully extended in 

carryi 	a series of tension tests on this clay after it 

has been reconsolidated at high pressures fro;!: slurry to 

ascertain whether reconsolidation (or compaction) helps 

to develop bonds capable of withstanding areciable 

tensile stresses. 

Cracking of dams and embankment under tensile 

stresses is an important problem for which almost no 

analytical solutions are yet avai/able. The author's 

colleague, J. Laing, is currently engaged on this by 

using finite clement technicuos. Once such solutions are 

available whica predict the magnitude of tensile stresses 

in a clay embankment, the soil can then be tested by using 

the technique described in this chapter to investigate 

whether it would be able to withstand these stresses. 

Special attention could then be given to problem zones in 

the embankment which are likely to be subjected to tensile 

stresses. 



6.6 Conclusions 

An accurate triaxial a-oaratus and testing technique 

has been developed which enables the tensile strength of 

clays to be deterzrined in the laboratory. The intact sam-

ples tested in a horizontal direction show a tensile 

strength of 3.8 to 4.8 psi. in the major orincipal stress 

range of 3-10 psi. The ex-Deriental values agree closely 

with the theoretical values predicted by the modified 

Griffith,theory. This evidence provides a convenient 

method of ass° sing the tensile strolaRth of undisturbed 

and compacted clays provided t17.0 shear strength behaviour 

under coressien in low normal stress range is known. The 

fact that intact London clay can withstand tensile stress-

es suggests that orogrossive failure can take place in 

this and other stiff clays. It is also shown that re-

moulded London clay would show insignificant tensile 

strength due,by inforence ito the destruction of bonds. 

110 



Table 6.1 (after Jaeger and Cook, 1969) 

Some tonsile and cemTpressl_ve strength values of rocks. 

Rock type 

measured 

0-4c  
TDSi. 

0.--c 

1,03-psi. 

/Cr 
et_ 

Quartzite, Cheshire 4060 66.G10 , .5  - 0.r)',  7420 

Granite, Westerly 3040 33.2 1:3.9 1.4 2655 

Diabase, Frederick 5000 70.5 12.1 1.7 4-700 

Sandstono, Gosford 520 7.25 13.5 0.5 1320 

Marble, Carrara 1000 13.0 13.G 0.7 1730 

Trachyto, Zewral 1990 21.75 10.9 1.0 2290 

Quartzite, 
Witwatersrand 3000 20 ',". .3 1.0 2950  

—___ 



Table 6.2 

Tension tests 

Or- 
 3) f 
) 	cr,+.71 3

40, 	Initial w/c % Final w/c at 
3 	3f 	2  

psi. 	3 	failure zone gauge length 	(hours) 
of 1.0 in. 

Cell Pr 

(psi.) 

on mean 	Time to failure 

3.0 7.83 -4.83 0.39 29.9 31.73 16.7 55.2 

5.0 9.02 -4.02 2.0 29.9 34,4 9.4 43.3 

6.0 10.64 -4.64 2.45 28.0 29.0 2.66 6.7 

8.o 11.82 -3.82 4.o6 30.6 34.2 7.55 10.4 

10.0 13.84 -3.84 5.38 29.9 29.9 2.19 8.9 

Cell Pr (Cr 	3 -0-.)f  1 1  e„.% 

Compression tests 

5.0 45.0 2.18 

0.0 28.0 1.35 

Index properties 

w L.  L./ 75; w 6 29; P.I. 	46; 	% Clay fraction 	58. 
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(a) PRINCIPLES OF TENSION TEST 

mercury pot 

call pr. 

On= R 
a 
u = R-P 
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R 

To hand ram 

saran tubing 
	 1,1,11 	.11  

P 

	J 	 

P 

volume gauge 

(b) CONSTANT LOW CELL  PRESSURE SYSTEM 

(nut to scale ) 
FFTG-:6.2 
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	 Fixed head of testing 
machine 

Hooke's joint 

Dial gauge for 
measuring extension 

Connexion to 
transducer 

Stainless steel ram 

Sensitive proving ring 
with displacement 
transducer 

Clamp (3 No) 

• 

Connecter 
(90°  turn) 

Convoluted rubber 
membrane 

Drainage connexion 

Section of standard.  
rubber membrane 

Supporting legs (3 Nc) 
Moving platen of 
testing machine 

Water 
(with I inch of 
oil on top) 

Clay sample 

Hooke's joint 

\ 

FIG.6. 3 . 

Triaxial cell modified for tension tests. 



PLATE 6.1  

Tension test apparatus. 
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PLATE 6.2  

Brittle tensile failure in blue London clay. 
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CHAPTER  

Concluding remarks 

Published case records suggest, at first sight, 

that a slope in stiff clay slope may show a slightly 

different residual strength than that obtained from the 

ring shear apparatus. Some of the reasons for the dis-

crepancy between field and laboratory behaviour are dis-

cussed below. 

There is evidence to suggest that the rate of 

shearing has very little effect on residual strength 

and the effect is relatively more marked on peak 

strengths, (Petloy, 1966; Icenney, 1967; Skempton and 

Hutchinson, 1969). Petley (1966) investigated the in-

fluence of rate of strain on residual shear strength 

by using direct shear box tests. Taking the residual 

strength at a rate of displacement of 0.06 in/day as 

100%, his results show that the strength increased by 

3.1% at a rate of displacement of 6 in/day and dropped 

by 1.2% when the shearing rate was decreased to 0.003 

in/dayi  in tests on brown London clay. 

The author carried out tests in the ring shear 

apparatus to investigate this effect. These tests 

were carried out on the sample of slurried brown London 

clay, .and the results are presented in fig 7.1. The re-

sidual strength at rate of shear of about .2 in/day 

(0.00015 in/min) Has been taken as 100. Again the 



1142 

rate of strain appears to have negligible effect on re-

sidual strength and decreases by about i% per log cycle 

of shearing rate. It would appear that once movement 

starts taking - lace on a thin, well defined smooth plane, 

the excess pore water pressures generatee as a result of 

excessive rates of shear are able to diffuse in the ad-

jacent material thus showing very small effect on the 

strength along; the slip surface. It Tvzay perhaps be ;Pos-

sible that the shear plane with strong clay particle 

orientation is able to act as a 'drainage channel' 

through which tae excess core water pressures generated 

on the slip surface can dissipate. Similar conclusion 

was also reached by Tc7aalen%o (1967) on tests on cut 

plane kaolin sample tested in direct shear box, who found 

virtually no increase in residual strength at rates fast-

er than 0.06 in/day. ]:_enney (1967) also investigated 

the influence of rate of strain on residual strength of 

a number of clays, including 71ontmorillonites and found 

it to be negligible. The above information suggests that 

considerably larger rates of strain than usually employ-

ed can be used to measure residual strength after peak 

strength has been overcome and a well defined shear plane 

has been formed. 

Skempton and Hutchinson (1969) have tabulated a 

number of cases of both pre-failure and post-failure 

movements in slopes. The average velocities of move-

ments lie in a wide range from almost imperceptible 

(Gould, 1960) to about 50 cm/day. The prefailure 
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movements in stiff clays generally accelerate with time 

and achieve large rate of movement just prior to slip-

ping. :Eowever, it is highly unlikely that field residu-

al strength would vary significantly as rate of move-

ment increases. 

Some work has been done to investigate the effect 

of rate strain on peak strength. Bishop and Henkel (1962) 

describe drained triaxial tests on remoulded Weald clay 

and found that the peak strength drop2ed by about 3.5 

per log cycle of time. The effect of time to failure on 

-peak undrained strength of clays are now well appreciat-

ed and some test results have been reported by Casa-

grande and Wilson, (1951); Bjerrum, Simons and Torblaa, 

(1958) and Skempton and LaRochelle, (1965). Casagrande 

and Wilson showed that the undrained strength of Bear-

paw shale measured in a test of one week and 30 days 

duration was about 20% and 22% less respectively than 

the strength from conventional rapid tests. The average 

loss of strength of Cucaracha clay shale was less by as 

much as 60% and 65% after a test duration of one week 

and one month respectively. 

In the conventional limit equilibrium method of 

long term stability analysis, it is assumed that at the 

moment of failure, residual strength operates all along 

the length of failure surface. However in practice, dif-

ferent strengths operate along the failure surface due 

to the development of non uniform stress and strain 

conditions (Bishop, 1952; Turnbull and ivorslev, 1967; 
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Bishop, 1967). For example, an analysis by finite dif-

ferences and relaxation method of a uniform, elastic, 

cohesive embankment by Bishop (1952) shows that some 

local overstress develops when the factor of safety of 

an undrained circular slip passing through it is as high 

as 1.0. However, for a long term analysis, the overstress 

would first develop at either ends of the slip surface 

and proceed inwards, (Bishop, 1967). Peck (1967) has 

quoted an interesting analysis by Conlon. He commented 

on the observation that the horizontal displacement re-

quired to achieve peak failure in a direct shear box test 

was a function of effective normal stress, i.e. for high 

normal stress greater displacement would be required than 

for smaller normal stress. Since in a circular failure, 

the average normal stress can vary considerably along 

the failure surface, it would imply that for a given de- 

formation, the ends and the 	of the slip would not 

necessarily show the same shear strength. It is quite 

possible for some portion of the failure surface to show 

peak shearing resistance while other portions may be 

near the residual state. The situation is further com-

plicated when the soil shows a residual shear strength 

which is dependant on the magnitude of effective normal 

stress, as some tests on ring shear apparatus have shown. 

For a deep seated slide, there could be considerable 

variation in the magnitude of residual strength oper-

ating along the failure surface because of the varia-

tion of normal stress along it. Also, the magnitude of 

displacement required to drop strength to residual is a 
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function of the degree of particle orientation in the 

direction of movement. In most stiff clays the particles 

are generally oriented in the direction of the horizont-

al bedding planes. In a sitation where a slip surface 

traverses across horizontal bedding planes and subse-

quently Proceeds along the, different shear strength 

will be mobilized in directions parallel and perpendi-

cular to bedding planes for the same amount of movement. 

Agarwal (1967) found frog: multiple reversal direct 

shear tests on blue London clay that the angle of IreS-

idualf strength after five reversals for shearing para-

llel and perpendicular to bedding planes was 14.5°  and 

16.5°  respectively. Similarly, James (1970) found that 

the cross-bedding strength of heavily overconsolidated 

Oxford clay did not fall to the same value even after 

seven reversals in direct shear box as the strength a-

long bedding planes after one reversal only. Hence the 

average value of shearing resistance on a slip surface 

can lie at some value between the peak and residual. A 

major advance in the method of analysis would be made 

with the developnent of techniques which would enable 

the shear stress at any point to be evaluated from the 

appropriate stress-strain relationship of the soil. 

As assumption which is generally made in analy- 

sing slope stability problems is that it is two dimen-

sional, i.e., the shear forces acting on the two sides 

of the section being considered are zero. 1:enney (1556) 

has shown that where the slip is a section of a sphere 
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k 	 1 

(i.e. it Is saucer-sha.eed), in which case the ratio of 

length to width of the slip is 1, then the factor of 

safety, assuming it to be a two dimensional case, would 

be underestimated by about 6c/D. -2or slire surfaces where 

the running length is at least twice the width (in dir-

ection of slip movement), the field factor of safety would 

always be greater than the calculated value. 

The significance of fissures in stiff clays which 

assist in softening and hence the reduction in strength 

of the clay is now well recognised. I-owever, there may 

be other factors due to which the clay may show a de-

crease in shear strength. .r:e haps the most important 

factor is the presence of internal structural discon-

tinniVies which may be formed either in the depositional 

or post depositional -:cried. 

Exanpies of deeositional features are bedding 

planes, laminations, syneresis cracks and contorted 

layers, (Skempton and Northoy, 1952; hoore and Scrutton, 

1957). The clay may achieve preferred particle orient-

ation due to above features. Submarine slumping is a 

powerful mechanism which can produce a slip surface in 

the unconsolidated sedAeeent. Iorgenstern (1967) has 

carried out a review of submarine slump features in se-

diments. -Le suggested that the most common mechanism 

that can induce sl=eing is oversteepening of slope 

which may occur due to crustal tilting as a result of 

tectonic activity (see also Shepard, 1963). Severe 

earthquakes can apply large accelerations to submarine 
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sediments and trigger off slides. An examT,le of such a 

case in the Greek Archipelago has been presented by Am-

braseys, (1960). lienkel (1969) has, both analytically 

and experimentally, demonstrated that slides in under-

consolidated sediments can take place as a result of 

pressure of waves. Due to periodic nature of waves, the 

stress exerted by them reverses in direction each half 

cycle and the underlying soil is subjected to cyclic 

stress which can cause remoulding and reduction in 

shear strength of the sediment. Subsecluently, due to 

rise in land mass or lowering of sea level the sediment 

is exposed together with slip surfaces and other inter-

nal structures formed during the depbsitional period. 

Folding and fracturing of bedding planes can be 

caused by tectonic activity. Skemoton (1966) has de-

scribed the example of shear zone at "Langla, where the 

strength of clay had dropped significantly fro the 

'i:,eak shear strength value as a result of inter-bedding 

movement Caused by folding of the beds. 

When stiff clays are eroded and the overburden 

pressure is removed, they undergo unloadi, under 

conditions. As a result, large locked in horizontal 

stresses are released which may cause weaker beds to 

move laterally, thereby causing a movement along the 

horizontal bedding planes. This may be especially true 

for clays with high swelling potential, e.g. bentonite 

seams which would expand on becoming moist. It is 

likely that fissures are caused as a result of horizontal 
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stress release, though it should also be noted that 

there is no evidence to suggest that any shear move-

ment has taken place along the surface of a fissure and 

the orientation of clay particles adjacent to a fissure 

is the same as that of the clay mass when observed in 

an optical microscope (D':llia)1968). The release of 

horizontal stresses could also have been caused by under-

cutting of valley slopes; Bearpaw shale and Pierre shale 

are good examples of such a case. Yudhbir (1969) has 

observed on tests on different stiff clays that strength 

under drained o unloading is much smaller than the 

drained compressive strength. 

Creeping of clays can also bring about a decrease 

in peak strength, Lovenbury (1969) on the basis of long 

term creep tests on brown London clay where Erni was de-

creasing suggested that the effect may account 'or about 

15% drop in strength from the peak value. 

In many instances, for example, in a slope or be-

hind a retaining wall, the clay is often subjected to 

alternating stresses, which may be caused by seasonal 

variations in ;:eoundwater table and climatic variations. 

DeLory (1957) atterited to study the decrease in strength 

in brown London clay by altering pore water pressure 

under drained conditions, and maintaining total normal 

load constant under dead loading. The sample was subjected 

to 36 alternating stress cycles and it was noted that 

failure was caused at stresses smaller than would be 
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necessary in a drained test. 

Thus in the above discussion, some reasons for 

loss of strength and the development of slickensides 

and slip features in overconsolidated stiff clays have 

boon discussed. ?or such clays it is necessary to deter-

mine the residual shear strength to assess long term 

stability of slopes. A new ring shear anparatus has been 

described which enables residual shear strength to be 

determined accurately. Unlike other residual tests, this 

apparatus permits very large uni-directional deforma-

tions to take place, thus allowing clay particles on 

slip surface to achieve maximum particle orientation. 

It is again emphasised that visual inspection of rever-

sal direct shear residual test curves can be extremely 

misleading since a closer scrutiny reveals that this 

test does not enable the residual shear strength to 

be achieved. It has also been shown that a number of 

clays exhibit marked variation in residual strength with 

the magnitude of affective normal stress. For such clays, 

it is essential that residual strength sh(yald be deter-

mined in the ring shear apparatus at the appropriate 

normal stress which is acting on a potential sliding 

surface. More detailed discussion and conclusions were 

presented in chapter 4. Thin section studies and elec-

tron micrographs, shown in chapter Li, show some features 

associated with largo dislplacements and also provide 

some qualitative evidence that particle breakdown or 

segregation of clay particles takes place on shearing. 
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Results of some drai--4ed tension tests on intact London 

clay have been discussed in chapter 6, and the results 

show close agreement witip. modified Criffith theory. The 

fact that London clay can withstand SO AC tension suggests 

that it is possiblc for slip surface to -Propagate pro-

gressively as a result of local stress concentration. 

Some suggestions for further research 

The practical significance of a curved shear 

strength envelope is i=ense and further ring shear 

tests on pure clayr,, clay mixtures and natural soils 

should be conected to investigate the factors which cause 

this • "Pehaviour. There is some evidence from Kenney's, 

(1967) worI: that montmorillonitc soils show such a be-

haviour and this aspect should be further exnlored. 

The use of the manual ring shear apparatus and 

the subsequent testing of shear surface in the triaxial 

apparatus should be further ex-Llored,and it is believed 

that t7 -,_is tec7=-;_que would oe found to be :nore accurate 

than the multiple reversal (or cut-plane) direct shear 

tests. 
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PAIIT B 

CHAPTER - 8  

Introduction; previous studies on consolidation of 

London clay 

0.1 Introduction 

It has been observed that overconsolidated, stiff 

soils like the London clay generally give a lower mag-

nitude of settlement and faster rate of settlement in the 

field than that predicted from laboratory tests on con-

ventional 3 in. diameter oedomoter samples,(EacDonald and 

Skempton, 1955; Cooling and Gibson, 1955). The study of the 

phenomena of soil deformation is often made more complicated 

by marked inhomogeneity of the insitu clay especially with 

regard to the degree of fissuring, three-dimensional drain-

age and anisotropic stress conditions in the soil. 

The prediction of the rate of settlement in stiff 

soils is still very crude. This is so mainly because most 

calculations are based on the assumptions of Terzaghi theory 

of one dimensional consolidation, whereas the flow of water 

Conflicting evidence exists as to'whether the volume change 
of soils is governed primarily by the major principal ef-
fective stress or whether it is controlled by the magnitude 
of average pricipal effective stress. Henkel (1953), for 
example, found from tests on remoulded clay that there was 
a unique relationship between the average principal ef-
fective stress and the water content at failure, though 
this was shown to be not so for remoulded Weald clay under 
Ko consolidation, (Henkel and Sown, 1963). Similar con-
clusions were also reached by Wade (1963),Sowa, (1963) and 
Akai and Adachi (1965). However, Rutledge (1947), Bjerrum 
(1954), and 1- aymond (1965) found that the volume deformation 
is principally controlled by the major principal effective 
stress. It would therefore appear that no general hypothesis 
can yet be applied to all soils. 
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in the field is often three dimensional. This is especially 

true for London clay which is fissured and jointed and 

exists in deposits of great depths. Actually, even if the 

flow is one dimensional, departures from Terzaghi theory 

are still observed because of the non-linear behoviour of 

the soil. Non-linear consolidation characteristics have not 

been specifically considered in this project, and as such 

only a brief mention of the work done in this field will 

be made. 

8.2 Brief outline of work on non-linear consolidation 

Schiffman (1958) considered the case of one dimen-

sional consolidation with variation in permeability and 

time dependant loading, while Gibson (1958) has considered 

the case of a clay layer whose depth varies with time. 

Schiffman and Gibson (1964) in an important paper con-

sidered one dimensional consolidation of thick clay layers 

in which the coefficient of com1:ressibility and permeabili-

ty vary with the depth of the clay stratum. These assump-

tions are esPecially valid for London clay loaded at a 

shallow depth. They were able to show that in such a case, 

nonhomogencity in k and my  alone could substantially 

account for faster rate of consolidation observed in the 

field. Davis and Raymond (1965) extended Terzaghi theory 

by considering a non-linear void ratio - effective stress 

relationship and the effect of pressure increment ratio. 

Barden and Berry (1965) formulated a new non-linear 

theory for normally consolidated clays in which both k 

and my 
are allowed to vary as the consolidation proceeds. 

Recently, Gibson, Hussey and England (1967) have derived 
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a theory of ono dimensional consolidation for saturated 

clays using Darcy'o Law in form in which the relative 

velocity of the soil skeleton and the pore fluid is 

related to the excess pore water pressure gradient. Eore 

recently, Poskitt (1969) developed another non-linear 

theory which embraces the cases and concepts developed 

by Davis and Raymond (1965), Barden and Berry (1965) 

and Gibson et. al. (1967). Ioreover, a special feature 

is that results have been presented in the form of con-

venient graphs. It should be noted that all the references 

mentioned above deal with one dimensional consolidation 

only. General three dimensional solutions for wide range 

of soil properties are not yet available, although sol-

utions for a few cases, especially with regard to radial 

flow in a sand drain, have been developed. (For example, 

Barron, 1948; Richart, 1957; Gibson and McNamee, 1957, 

1960, 1963; Ransbo, 1963; Davis and Poulos, 1968; Tan, 

1968; etc.). 

8.3 Previous study on London clay 

Much work has now been done to investigate the ef-

fect of fissures on shear strength of London clay. Simons 

(1967), Agarwal (1967), for example found that the un-

drained strength of 12 in. diameter samples of undisturbed, 

fissured London clay is about 655 that of 1.5 in. diameter 

samples. Other work on shear strength has been described 

by Bishop et. al. (1965); 'Jard et. al. (1965) and Bishop 

and Little (1967). However, surprisingly, no record is 

found in the literature of any work undertaken to study the 

consolidation characteristics of London clay by either 
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conducting insitu tests or testing different sized samples 

in the laboratory. The work done in the past on the con-

solidation of London clay seems to have been confined to 

testing samples in the conventional °odometer. Cooling and 

Skompton (1941, 1942) and Skempton (1944), carried out such 

tests with drainage in vertical direction only. Skempton and 

Henkel (1957) described oedometer tests on London clay from 

deep borings at Paddington, Victoria and the South Bank. 

They presented profiles of variation of compressibility 

(mv) with depth which showed that Tav at shallow depths 

of about 10 ft. was about L - 15 times that at greater 

depth (about 100 ft.). 

Ward, Samuels and Butler (1959), carried out oodo-

meter tests on both horizontal and vertical samples and 

found that the ratio of horizontal to vertical coefficient 

of consolidation was at least 2 at shallow depths. This 

ratio decreased with increase in effective stress; the de-

crease in Cv in horizontal direction being larger than 

that in the vertical direction. At high pressure of about 

50 T/ft2, the ratio was approximately one. 

Recently Agarwal (1967), also tested samples of 

blue London clay from Wraysbury in both horizontal and 

vertical directions in the oedometer. He found that on 

the average for pressures up to 32 T/ft2, mv for vertical 

samples was about 165 higher than that for horizontal 

samples. The value of the ratio, Cv (horizontal) /Cv 

(vertical) aDpeared to decrease from about 2.4 to 1.5 in 

the pressure range 0.5 - 1.0 T/ft2  to 16 - 32 T/ft2. 

However, the decrease in permeability, as calculated from 
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Terzaghi theory, with effective stress in both horizontal 

and vertical directions was observed to be the same and 

the ratio of k (horizontal) to k (vertical) was approxi-

mately constant at a value of 1.5. 

More recently, Som (1968) has carried out tests 

on blue London clay form Ongar, Oxford Circus and Wrays-

bury in conventional oedometer, hydroulic °odometer, con-

stant rate of strain oedometer and triaxial apparatus 

in which both isotropic and anisotropic tests were con-

ducted. It was found that generally values of mv, obtained 

from special °odometer tests and triaxial tests lay be-

tween the upper and lower limits provided by tests in 

conventional oedometer under first and second loadings. 

It will be seen from the above brief review that 

data on consolidation characteristics of fissured London 

clay with respect to sample size is singularly lacking. 

The little data that exists has been obtained mainly from 

the conventional °odometer tests. The limitations and un-

certainties involved in the conventional oedometer have 

been discussed in detail by. Tan (1967) and Som, (1968). 

The more serious of these are that there is absolutely no 

control over the drainage of sample. The drainage begins 

as soon as the load is applied, and before the sample 

has had sufficient time to reach peak pore pressures. 

Also, the mode of load application subjects the sample 

to shock loading, and, further there is no facility to 

measure pore pressure or drainage from the soil. 

Hence, a short programme was commenced to investigate 

consolidation characteristics of blue London clay from 
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Nraysbury from 1.5 in., 4 in. and 12 in. diameter dissipa-

tion tests in which pore pressure, volume change and (in 

some cases) the change in height could be directly measur-

ed. Four Casagrando type piezomoters wore also installed 

at a site at Wraysbury, from which in-situ permeabilities 

wore measured by conducting constant head permeability 

tests. Vertical and hori7;ontal oodometer tests on samples 

from the same depth at which the piezometers were installed 

were also carried out. It may be mentioned here that 

secondary consolidation characteristics have not been in-

vestigated nor has any analytical work on non-linear con-

solidation been attempted. 

Later in the project, a good oppertunity arose to 

conduct a series of consolidation and constant head per-

meability tests in the laboratory on 4 in. diameter 

samples of boulder clay from the M. 6. Motorway trial 

embankment. The results obtained from laboratory tests 

have been compared with those obtained from in-situ tests 

and have been briefly described in chapter 11. 
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CHAPTER 9  

Constant head tests (C.H.T.) 	thc, field 

9.1 General Considerations 

The field determination of permeability very often 

gives the best indication of the field consolidation 

characteristics of the soil since the test is done on a 

relatively undisturbed mass of clay. Also, the insitu 

determination is more accurate since it takes radial flow 

of water into account. This effect can be the dominant 

factor in determining rates of consolidation in many 

anisotropic soils. For stiff clays, only the constant 

head type of test (C.H.T.) is generally employed and this 

would be considered in the subsequent discussion. The 

limitations of the falling head permeability test have 

been discussed by Hvorslev, (1951) Bishop et. al., (1964) 

and Tan,(1968). 

Generally, the C.H.T. calculations are based on 

Gibson's solution (1963), for C.E.T. on spherical piezo-

meters. He considered the case of a spherical pot radius 

a, at some depth d in the ground (a q_ d). The pore pres-

sure u at a distance radius r from the centre of the 

sphere is governed by; 

/ 
r",) -u 	LA 	_ 

v 	6 	z 	3 r.) • 

Boundary conditions are: 

at t = o, u = uo for r > a. 
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and as 	u 	uo. 

Also, if a constant differential head 6.11/ ,,4  is main-

tained then, 

	

u (a, t) = uo 	t > o. 

then, 
	4,TT a IL. 	u 

L \FY 

when k denotes permeability of soil, 

and T = Cvt/a
2. 

At infinite time, equation ( 9-2) reduces to 

41o- _ /\u = Fk LA- 	) 

where F denotes the intake factor. 

It is interesting to note here that the time re-

quired to achieve, say, 95% steady state value of flow, 

in the piezometer increases as the intake factor increases. 

This is in contrast with the response time of a piezometer 

which is inversely proportional to the intake factor. 

(H0vorslev, 1951, Bishop and Al-Dhahir, 1969). Gibson in 

a later paper (1966) extended the above analysis to take 

into account the :Permeability of the piezometer tip with 

respect to the permeability of surrounding soil. 

9.1.1 Intake factors for cylindrical tips  

Spherical tips are seldom used in practice and a 

certain amount of uncertainty lies in the determination 

of equivalent intake factors for cylindrical tips. 
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Al-2hahir (1967) made a comprehensive review of intake 

factors of cylindrical tips and also developed solutions 

using numerical analysis. 

Hvorslev (1951) listed a number of intake factors 

for various cases (see fig. 9.1). Dachler's formula 

(case no 0 in fig. 9 .1): 

F = 
2. 77 L 

kr, [-15  J 	+- 

  

(9.4) 

  

   

    

has been widely used for cylindrical tips (see for 

example, Bishop, Kennard and Penman, 1960), but it is 

only accurate in the region of 	= 1, (Al-Dhahir 1967). 

Frevert and Kirkham (1940) derived expressions for 

case ( 1A) (fig. 9.2) using electrical tank analogue. 

Their tests were repeated by Smiles and Young, (1965) who 

found that the 1948 results gave values of intake factors 

consistently higher by 11%. Kadir. (1951) considered case 

(2A) in the analogue and his results are also shown in 

fig. 9.2. 

Al-Dhahir (1967) derived numerical solutions by 

solving Laplace equation: 

.)
2 L  
)21  4- a h 	d yzz 

(9-5) 

for different boundary conditions. The results agree well 

with those of Smiles and Young, (1965) and confirm that 

the results of. Frevert and Kirkham, (1948) and Hadir 

(1951) were on the low side by about 1O and 	respectively. 
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It was also found that the effect of the presence or ab-

sence of the impermeable borehole on intake factor was 

negligible. As an example, for a L/D ratio of 2, the 

intake factor for case (13) fig. 9.2 is only 0.1% less 

than that of case (1C) while for a ratio of 1, the cor-

responding difference is only 0./J' 

Al-Dhahir (1967) also showed that for a CHT, for 

L/D44, Gibson's solutions for spherical tip may be used 

accurately for. cylindrical tips, provided the equivalent 

radius r of the cylindrical tip is obtained by either of 

the following two 7ethods: 

1) by equating the intake factors of the cylindrical 

tip and the equivalent sphere: 

intake factor of cylindrical tit 
i.e. r 	 (9.6) 

LI, Tr 

(surface area of c_ylinrical t.L2) 
i.e. r - 	 (97) 

NMT 

It is worth emphasising that eq. ( 9-7) is an extremely 

convenient method of determining intake factor of 

cylindrical tips provided L/r) 44, when the intake factor 

of the cylindrical tip is approximately equal to 

(4 Tr x surface area of cylindrical tip.) 

For 	8, the cylindrical tip behaves, not un-

expectedly, as an infinitely long sand drain and the use 

of following two equations may then be made for evaluating 

the values of k and Cv 
from constant head tests (Al-Dhahir, 

loc. cit.). 

2) by equating the surface areas of the two tips, 

172 
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(9-8) 5.336 r (L/::) 	u. 

2 1 	r2 
c - 	

(0.424)2  

Where s is given by the slope of against lifT curve, and 

Where r denotes the radius of piezometer and s denotes the 

slope of q against 141-71 plot. 

Wilkinson (1968) modified Gibson's solution for CHT 

on a spherical tip by introclucin variable compressibility 

and permeability relationshiTls in the theory of consolida-

tion (see also :Jarden and Berry, 1965; Davis and Raymond, 

1965). He derived the equation for a flow through a cyl-

indrical piezometer by solving the finite differences 

form of Terzaghi's 3-D consolidation equation in radially 

symmetrical form. For a length L and diameter D, Qt  is 

given by: 

r = 	AunSw  L211.  L,/"L _ 0.5) 
17-1 	1-17: 

(9-10) 

for T <0.411 	1/ris>1.5). 

However because of the limitation on value ofjT 2  the above 

solution is of very limited use since it does not com-

pletely define the steady state flow for 1/1Y7 <1.5. 

Hence Bachler's solution (eq. 9-4) may be-  modified to 

consider an equivalent spheroid with the same volume as 

the cylinder. (Schmidt 1966, Wilkinson 1968). This yields 

an intake factor: 

(9-9). 

1_,  F - 	3 Tr  

    

(9-11) 

    

lob (1,5 L/D +,/1+ 

   

(1.5 L/-)-) 



2: TT ( IT-0 . 17;:v/k::, ) 	12.61kv/kh  
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9.1.2 Effect of anisotropy and three dimensional flow 

The flow of water in a piezometer would seldom be one 

dimensional; hence the value of permeability derived form 

an insitu constant head test gives an estimate of the aver-

age permeability of soil. Ii'or most piezometer installations' 

in stiff clays (as well as most layered and lacustrine 

clays), the major part of the flow will take place in the 

horizontal direction. Yet, for comparison of insitu values 

of permeability with those obtained from one-dimensional 

tests in the laboratory, one is likely to be interested in 

the vertical value of permeability in the field. Hvorslev, 

(1951) suggests the use of the expression: 

Dave rage rzikh x kv (9-12  

provided equal weighting is given to flow in the two 

directions. 

The expressions (eq. 9-10 and 9-11) derived by 

Wilkinson (196C) 1:ay be in error if the soil exhibits 

marked anisotropy. Assuming eo. (9-12) to be valid, and by 

using the transform for the new vertical direction Vm 

given by: 

V = Vi V 

4quations 9-10 and 9-11) yield: 

(9-13) 

Qt = 	au41, /•6 w  

(9-14) 

+ 4 ri N-0.5,/kv/kh 71kv/—h 



and 

intake factor = 

1:11  w  2 Tr L 

log (1.5 rIkv/kh  +11 + 	(1.5 
A 

where N = L/D. 
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N kv/kh
x2) 

  

A rough estimate of the relative amount of flow in vertical 

and horizontal direction from or to a piezometer can easily 

be made using relationss shown in fig. 9.1, after 

Hvorslev, (1951). 

9.1.3 Sealing of piezometers  

To obtain any meaningful results from a constant head 

permeability test in the field, it is essential that good 

sealing of piezometer be achieved. Vaughan (1965, 1969) 

derived expressions for the magnitude of errors due to 

imperfect sealing of piezometers in both a permeable layer 

and homogeneous material. In general, the piezometer error 

is reduced if the length of piezometer is increased (hence 

larger intake factor) and the ratio of grout to soil per-

meability is decreased. However the permeability of the 

bore hole seal can be substantially greater than that of 

the soil before a significant error in the permeability 

measurement occurs. Vaughan (1969) has shown, for example, 

that for a grout permeability to be 200 times that of the 

soil, the average insitu permeability would be overestimat 

ed by a factor of about 1.4. 

Modern chemical grouts, immiscible with water, can 

achieve grout permeability of 10
-10  cm/sec., and thus may 

be especially suitable for highly L:pervious soils. However, 

these do not twett the soil and May allow voids around the 

wall of the borehole to be filled with water. Chemical 

grouts are generally more expensive than cement-bentonite 
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grouts. Cement-bentonite grouts have been used successfully 

at Balderhead, Peterborough and Selset. (Bishop et. al. 

1960, Vaughan, 1965). A 524 mixture by weight of air dry 

bentonite and celont with a water-solids ratio of 221 and 

a permeability of 5 x 1u 	cm/sec. was used at Balderhead. 

The writer used a 121 mixture of air dry bentonite and 

cement with water solids ratio of 2:1:or the piezometers 

installed in blue London clay at iraysbury. 

9.2 In-situ constant tead permeability tests in London clay 

It was decided to conduct some insitu permeability 

tests to compare values with those obtained from laboratory 

tests. It was not possible to conduct these tests in the 

same clay pit from which the laboratory samples were taken 

because of construction operations. Instead, a relatively 

level surfaced site adjacent to the reservoir was selected. 

9.2.1 Installation of piezometers 

It has already been mentioned earlier that blue 

London clay at Wraysbury is overlain by about 8 - 14 ft. 

of gravel cover with ground water about 1 - 2 ft. below 

the surface. It was therefore decided to bore the hole 

dry and seal a casing through the gravel into the clay 

layer. The gravel was removed using standard shell and 

mandrel technique and a steel casing, 10 in. diameter was 

sunk in. Special care was taken to ensure that the casing 

was well sealed into the clay. An C in. diameter bore hole 

was then formed using a clay cutter with sharp edges to 

produce a 'clean' hole. 
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When the hole had reached 	1 1 -6" above the desired 

depth, an 13 in. long U - 4 sample was taken. The adjoin-

ing clay over this length was then removed using a sharp, 

clean clay cutter falling with longer drops. A second 13 in. 

long U - 4 sample was next taken and the bore hole cleaned 

again as mentioned above. All depths were noted using a 

length of capped PVC tubing. 

About 3 kg of water was carefully dropped at the 

base of the hole, and coarse, uniformly graded sand was 

then fed throug17. a tremie pipe dipped in water to provide 

a base course of 6 in.. Sand was constantly stirred to 

remove air bubbles. The preassembled Casagrande piezo-

meter tip, 2 in. dia., 10 in. long sealed to 0.5 in. dia. 

PVC tubing was placed in the centre of the borehole on 

the sand base. More sand was placed until the sand plug 

was about 21  - 6" long. The top was then tamped and level-

led with the capped stirring rod. Four large balls of dry 

bentonite in paper bags were weighbd with stones and 

dropped down the borehole. This method was first used by 

Casagrande, (1949) and provides an efficient seal just 

above the piezometer since the bentonite tends to swell 

and pack hard in the borehole on contact with water and 

also because dry bentonite is more dense than bentonite 

- cement grout mixture and therefore has a lower perme-

ability. 

Air dry bentonite - cement grout mix in 1:1 ratio 

by weight and with water to solids ratio of 2:1 was pre-

pared in a rotary mixer. The hole was grouted by pumping 

this mix down a pipe which was always kept below the level 
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of the grout being placed. The borehole was grouted till 

the top of clay layer was reached, when the casing was 

withdrawn and the hole backfilled with gravel. A profile 

of the four boreholes is shown in fig. 9.3. 

9.2.2 Constant head test apparatus (see fig. 9.4) 

The apparatus consists of a simple flow measuring 

unit and a constant head water reservoir. The flow of 

water to the soil is measured through a 100 cc. glass 

burette, calibrated to 0.1 cc. and clamped vertically 

to a wooden board which in turn is screwed to a wooden 

post near the standpipe. The lower end of the burette 

is sealed to a simplifix fitting to which a klinger 

valve A is attached. A short length of 1/4 in. diameter 

nylon tubing connects valve A to 3-way brass connector 

to which klinger valves 7.3 and C are attached as shown 

figure. A length of 3/8 in. dia. nylon tubing runs to 

top of standpipe from valve B while another length of 

ing connects valve C to the constant head water tank. 

in the 

the 

tub- 

A 

length of tubing runs from a small coloured paraffin re-

servoir to the burette passing through an undersized hole 

in the rubber bung which fits tightly in the upper end of 

the burette. 

The constant pressure is supplied by water in a 50 

gallon drum resting at some height above the burette. (A 

conveniently placed small 'spoil' embankment proved ideal 

for this purpose.) The level of the paraffin reservoir is 

so adjusted as to give the same head as that provided by 

the constant head water tank. In this series of tests, it 
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was decided to use a separate measuring system for each 

bore hole, but the water and paraffin heads were main-

tained by the same reservoirs. It is worth emphasising 

that the apparatus for permeability tests in relatively 

impervious soils (like the London clay) should be very 

carefully checked for leaks under pressure in the laboratory, 

prior to installation in the field. 

9.2.3 Test procedure  

The test is proceeded with only when water level, 

in the standpipes has reached a steady level, which is 

accurately determined with a dipper. 

Next, the burette and the water leads are completely 

filled with water and all air bubbles are flushed out. 

Some paraffin is introduced in the burette by closing 

valve C and opening valves A and B to atmosphere. The meas-

uring system is now ready for use. The standpipe is now 

combletely filled with water and allowed to stand for a 

minute to allow any air bubbles to come out. A simplifix 

fitting is then quickly fitted to the top of the standpipe 

and the nylon tubing from valve B freely running with 

water is fixed to this fitting. (During this stage, valves 

B and C are kept open and valve A closed). 

The test is commenced by inmediately noting time to; 

closing valve C and opening valve A so that flow measure-

ments may now be taken on the paraffin/water interface. 

Ground water level in the deeper bore hole (4) had not 
reached a steady level when the test was commenced, and 
it was assumed that it would rise to a similar level as 
in other three boreholes. 
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'.,Then paraffin has reached near the end of the burette, 

nylon tubing running from constant head water tank to 

valve C in disconnected at C and instead a water filled 

hand ram is connected. Valve B is now closed and the 

paraffin level is pumped up the burette by using the 

hand ram keeping valves A and C open. After the paraffin 

level has been raised to a convenient height, valves A 

and B are opened: valve C closed: the hand ram discon-

nected and the tubing from the tank reconnected at C. The 

whole operation need not take more than two minutes. After 

every raising of paraffin level, it is advisable to wait 

for a short time before measuring flow rate as the tem-

porary closure of valve B during pumping operation would 

disturb the flow conditions. 

If the flow rates are large compared with the capa-

city of burette, but insignificant in relation to water in 

constant head reservoir, the apparatus may be left unat-

tended by keeping valves E and C open and A closed. 

A graph of rate of flow (cc/min.) against 1/J7-Cis 

plotted as readings are taken. 

1 
Vaughan (1965) plotted flow rate against 

 

 

+At/2 

where t1  is the time at the start of the increment and At 

is the time increment over which flow is measured. However, 

Al-Dhahir (1968) has shown that a more correct plot would 

before and after the increment. 
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9.2.4 aesults and Discussion 

The main results from tha four boreholes have been 

summarised in the table below. 

3/1-1. 	No. 	1 	2 	3 	4 

Depth below 	24 1 -2" to 31'-5"to 16 1 -6"to 401 -3"to 
ground surface 26 1 -8" 3/0-3" 19 1 -0" 42 1 -11" 

Depth below 	8'-2" to 20' 	"to 7'-6"to 281 -9"to 
gravel 	10 1 -8" 22 1 -10" 10 1 -0" 31 1 -5" 

Dimensions 	21  -6"x8"Lia . 
of sand plug 

21 -10"x8" 2 1 -6"x8" 21 -8"x8" 

2ffective 
vertical stress, 
po psi. 	10.6 14.2 8.1 18.0 

Stress 
increment, 
Au psi. 	5.10 

kx10 
cm/sec. 	34.0 

5.11 

10..0 

5.47 

20.2 

5.25 

2.0 

The intake factors were derived on the basis of us-

ing the equivalent intake factor of cylindrical tip as 

outlined by eq. (9-7). The less accurate, but often used 

Dachler's formula would yield an intake factor lower 

approximately lower by z" (about 7.5 in. less). 

The above values of permeability are of course 

average values which take the horizontal permeability of 

the clay into account as well. As mentioned earlier, con-

ventional oedometer tests were done on both vertical and 

horizontal sample from the four boreholes at the same 
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depth at which the piezometers were installed. This was 

done in order to obtain some indication of the anisotropy 

in permeability and the results showed that the ratio of 

horizontal to vertical permeability, kh/kv, determined 

from conventional °odometers and Terzaghi theory, was 1 

for boreholes (1) and (2), and 2 for the deeper boreholes 

(2) and (4), for the stress range considered. Hence by 

applying the relationship: 

kav = 	k 'h v (Hvorslev 1951), 

the following very approximate values for vertical per-

meability are obtained. 

B/H No. 	1 	2 	3 	4 

kvx10
-9 

34.0 	7.1 	20.2 	1.4 
cm/sec. 

To be strictly correct, the insitu oermeabilities 

should be corrected for temperature effect in the clay 

since the tests were conducted at a temperature lower 

than the standard 20.2°  C. The correction factor may be 

determined on the basis of relationship between temper-

ature and coefficient of viscosity for water (the coef-

ficient of viscosity for water at 20.2°  C (63.36°F) is 

one contipoise). 

Then ko  = kt  

where ko and lct  denote coefficient of permeability at - 

temperatures of 20.2o C and t° C respectively, 

and ',to  and pt denote coefficient of viscosity of water 

at temperatures of 20.2°  C and to  C respectively. 
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Fig. 9.5 shows a plot of correction factor plOko  against 

temperature in degrees centrigrade. Clearly this temper-

ature effect can be large if the test is conducted in a 

soil at a temperature substatantially lower or above the 

standard 20.20 C. 

Assuming that the soil was at an insitu temperature 

of 10o C, the correction factor is found to be 1.31. Hence 

all results should be increased by this factor. 

The results, plotted in fig. 9.6 clearly show the 
depth 

effect of 4-icculae-s on permeability of blue London clay. 

The permeability decreases remarkably as the more 'in-

tact', deeper stratum is approached. It is interesting 

to compare this work with that described by Skempton, 

Schuster and Petley. (1969) on fissure studies at Wrays-

bury, which shows that both the size and intensity of 

fissuring desreases rapidly as the depth increases. 

In this context, it is worth noting that although 

the dimensions of the sand plugs (at least 21 -6" long 

and 8 in. in diameter) are sufficiently large to take the 

flow through most fissures into account, it may not be 

large enough to assess the influence of joints and fis-

sures at large spacing. It is quite possible that fissure 

spacing may exceed the length of sand plug specially at 

great depths, in which case the permeability values 

would be underestimated. It would, therefore, be of 

interest to conduct similar 'tests at the same site using 

much longer sand plugs. 



172 

The permeability for borehole (1) appears to be 

slightly higher in relation with depth when compared with 

the other results. This is not surprising in view of the 

intense fissuring observed at this borehole when the 

first U-4 sample was taken. 

The graphs of flow rate against 1/jt showed con-

siderable departure form the theoretical Gibson plot, 

especially at earlier stages of the test. This may be due 

to a number of factors which are now discussed. 

One of the main limitations of the insitu test is 

the disturbance of soil around the borehole. The process 

of making the borehole, especially with the shell and 

mandrel system can seriously alter the soil structure 

around the periphery of the borehole. This disturbed 

zone may extend to a maximum of 3 times the diameter of 

the borehole (Gibson 1966) and it is in this region that 

thd permeability characteristics are investigated. This 

is specially serious in soils which show pronounced hori-

zontal laminations (Rowe, 1964, 1969) and for such soils 

a screw auger method is generally to be preferred, (see, 

for example, Landau, 1967; Rowe, 1968). For soils with 

a wide zone of smear, the permeability of the region 

adjacent to the piezometor would generally be reduced. 

Hence the permeability may be greatly underestimated if 

flow measurements are not taken over long period of time. 

This effect can be extremely serious for structured soils. 

However, the effect is likely to be small at large time 

for London clay, especially for the deeper boreholes (nos. 

2 and 4) where the soil does not appear to show much 
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anisotropy in permeability. On the basis of permeability 

of remoulded London clay to be lx10-9 cm/sec. * and using 

Gibson's solution, the insitu permeability would perhaps 

be overestimated by 1-3%. There would of course be more 

appreciable departures at small times. 

The effect of grout on constant head test results 

(Vaughan 1969) has been mentioned previously. Due to 

strict control and supervision that was exercised in the 

preparation and pumping of grout mix, it is unlikely that 

any serious errors would result because of this factor. 

Assuming for the most pessimistic case that the perme-

ability of grout was 100 ties that of clay, the insitu 

permeability would be overestimated by about 10% maximum. 

The effect of k and cv varying with effective stress 

has been investigated by Al-Dhahir (1967) who derived 

modified constant head test equations based on nonlinear 

theory by Davis and. Raymond. (1965) and that pro-,osed by 

Barden and Berry, (1965). The results show that if Davis 

and Raymond theory is held to be valid then 

1 
is 	= 
D-R - Gibson 	1  (1-g-/A.u) In (1-4uAr7 

1 	1 

where cri  denotes the initial effective stress in soil, and 

Au denotes the effective pressure increment. Al-Dhahirls 

plot shows that in a consolidation test, asAu increases, 

* The avorage value of 1x10-3 cm/sec. for permeability of 
remoulded London clay mentioned by Tan (1963) was obtained 
on normally consolidate remoulded samples at twice the 
void ratio of the undisturbed samples used in the present 
test. 
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lower flow rate that that predicted by Gibson (on stand-

ard Terzaghi theory) would be obtained: while in a swel-

ling test, the flow rate would be overestimated. The non-

linear behaviour can also cause considerable curvature in 

the initial stages of flow rate against 1/it plot. 

The results clearly appear to establish that insitu 

permeability of fissured London clay is dependant on 

intensity of fissuring and generally decreases with 

depth. A comparison of insitu permeability with labor-

atory results on undisturbed samples will be made in 

chapter 10. 
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CHAPTER 10  

Laboratory tests on London clay 

10.1 Details of experimental work 

Samples of blue London clay from Wraysbury were test-

ed in the laboratory in 1.5 in., 4 in. and 12 in. diameter 

dissipation cells. The clay samples were obtained from the 

clay pits at a depth of about 10 ft. below the gravel. 3 in. 

diameter oedometer tests on horizontal and vertical samples 

at low pressures were also carried out. 

10.1.1 14- in. and 4 in. diameter tests 

The dissipation test apparatus for 1.5 in. and 4 in. 

diameter samples has been described by Bishop and Henkel, 

(1962).The cylindrical sample with height to diameter 

ratio of 1 rests over a saturated, coarse porous stone on 

the pedestal of a triaxial cell. A perspex top cap carry-

ing a drainage lead rests on another saturated coarse 

porous stone placed over the top of the sample. Moistened 

fine filter paper discs are placed between stones and soil 

at either end of the sample to avoid clogging of filter 

stones by the more impermeable clay. This effect, if al-

lowed to develop, can seriously impair drainage from the 

sample, (Newland and Alley, 1960; Bishop and Gibson, 1963). 

The sample is enclosed in a rubber membrane sealed with 

rubber 0-ring in the usual manner. 

The pore pressure at the base of the sample is 

measured by mercury null indicator, while the outflow of 
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water from the clay is measured by means of paraffin/water 

volume gauge, through which the back pressure is also ap-

plied. In most of these tests, the axial deformation of 

the sample was also monitored by means of an ordinary dial 

gauge mounted on a yoke fixed to the base of the cell. The 

spindle of the dial gauge rests on top of the perspex top 

cap. Lovenbury (1969) found that the ordinary dial gauges 

worked satisfactorily under liquid pressure provided that 

the gauge mechanism is open to the cell pressure and that 

it is placed in a thin oil (Shell Diala 	oil was found 

suitable) and not water. Hence the cell was only partially 

filled with water up to the top cap level and the rest was 

filled with oil. In tests where the pressure increment was 

below 15 psi., the pore pressures were measured more ac-

curately by connecting the null indicator in series with 

a mercury manometer, the other 'tend of which is connected 

to a pressure manifold. 

10.1,2 Test procedueLe. 

The pore ;Pressure was first allowed to build up under 

a constant cell pressure. After enough ti:le (usually three 

days) had elapsed to achieve this, isotropic consolidation 

was commenced by applying a constant back pressure through 

the upper drainage lead. Readings of pore pressure, volume 

change and change in height of the sample were recorded at 

periodic intervals. 

After complete dissipation of pore pressure and vol-

ume change had been achieved, the next stage could be 

started by simply reducing the back pressure to another 
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constant value, while maintaining the same cell pressure. 

10.1.3 Description of 12 in. diameter dissipation cell 

This cell made of olectro-plated mild steel consists 

essentially of five parts, namely: 

I) The bottom plate, 

II) the lower pedestal, 

III) the hollow cylinder, 

IV) the top plate, 

V) the top cap on the sample. 

The bottom plate, (fig. 10.1) is 21 in. in diameter axle]. 

4 in. high. Twelve holes to carry tie-rods are spaced at 

intervals of 30°  and drilled and tapped to 1.25 in. B.S.F. 

size on a P.C.D. of 18.5 in. A central hole, 1.5 in. dia-

meter is also drilled through which a transducer can be 

screwed in the base of the lower pedestal for measuring 

pore pressures. Six service ports from the side of the 

plate to the inside are also provided. Standard 1/4 in. 

Simplifix fittings are fitted to the inner ends of these 

service ports while klinger valves may be fitted. to the 

outside. An 0-ring on the side of the plate prevents any 

leakage when the hollow cylinder forming the side walls 

of the cell is positioned on the bottom plate. The top 

surface of this plate is very smoothly machined. 

The lower pedestal (fig. 10.2), is a thick disc, 12 in. 

diameter and 2 in. high. The lower surface is also very 

smoothly machined so that it may rest flush on the upper 

surface of the bottom plate. A two inches high insert, 
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carrying the transducer, is screwed on the underside of 

the pedestal and it fits tightly in the central hole of 

the bottom plate; leakage being prevented by an 0-ring 

seal. A groove, 1/0 in. wide and 1/16 in. deep, runs 

across the diameter to two service ports to which Simpli-

fix fittings are attached. Nylon tubings extend from these 

fittings to the corresponding fittings on the bottom plate. 

In this way, deaired water can be made to flow along the 

groove to flush out any air bubbles that may be present. 

Three holes are provided at the top of the pedestal to 

which a 12 in. filter stone may be screwed. However, in 

the present series of tests, no filter stone was used on 

the pedestal. Instead, the groove was filled with washed 

sand; the sand being prevented from falling down the serv-

ice ports and the transducer by glass wool plugs. After 

all air had been flushed out, two 12 in. diameter moist 

filter papers were placed on the Pedestal and the top sur-

face was continuously kept moist until the sample was 

placed on it. 

The top cap, is similar to the bottom pedestal, except that 

it is made as light as possible by removing the metal in 

the annular section as shown in fig. 10.3. A 12 in. dia-

meter coarse filter stone can be screwed to the underside 

of this platten. A groove, 1/8 in. wide and 1/16 in. deep 

is provided to flush and deair the top filter stone. Two 

water ports on either side of the groove act as drainage 

channels. 
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The hollow cylinder, 24 in. long and 1/4 in. thick, forms 

the sidewalls of the cell and fits tightly over the bottom 

plate. 0-ring seals on upper and bottom plates prevent any 

leakage from the cell. 

The top plate (fig. 10.4) is 21 in. diameter and 4 in. high. 

Twelve holes, 1.25 in. diameter are drilled on a P.C.D. of 

18.5. in. The tie rods arc passed through the top plate 

and screwed into the bottouiplate. The top plate rests on 

the hollOw cylinder and the tic rods are firmly fastened 

by nuts on the top plate. A 1/4 in. diameter vent allows 

air to escape as the cell is filled with water. This can 

later be sealed off by scre:•Ting a bolt on a Dowty seal. 

The pore pressure at the base is measured by a Bell 

and Howell transducer (type 4-326-L100); the readings 

being monitored on Budd P 359 strain gauge meter. The 

transducer showed extreaely good linearity when calibrated 

against a Budenberg dead weight calibrator. By selecting 

a suitable gauge factor on the Budd strain gauge meter, 

the pore pressure reading could be read directly in psi. 

units. The flow of pore water under consolidation is 

measured on a 100 cc. paraffin/water reversible volume 

gauge (Bishop and Henkel, 1962). 

Installation of sample in the cell 

The undisturbed blue London clay for 

these large diameter tests was sampled in the field us-

ing a 12 in. diameter cylindrical clay cutter which had 

earlier been used successfully by Agarwal, (1967). 
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The sample was carefully removed from the rubber membrane 

in which it was stored and any cavities on the side were 

filled with remoulded clay. The sample was loft standing 

upright; a 12 in. x 12 in. plyboard mould, which could 

be separated in two parts was fitted tightly around it; 

and the ends were trimmed with a straight edge. The mould 

(with the sample) was hoisted with the lifting tackle and 

placed on the lower pedestal of the cell which had care-

fully been prepared as described earlier. (plate 10-1) 

A 1/16 in. rubber membrane was then carefully slid over 

the sample and the upper saturated filter stone and top 

cap were placed on the sample. The membrane was sealed 

by tii-Torquet screw clips running over PTFE tape wound 

over the membrane around the pedestal and the top platten. 

(plate 10-2) 

The cell is next quickly assembled, filled with 

water and maintained under a constant pressure. At this 

stage, any air in the top filter stone and the pedestal 

can be flushed out by circulating water through the serv-

ice ports, under a back pressure equal to the value given 

by the transducer. 

The pore pressure under untrained conditions is 

allowed to build up and when uniform pore pressure con-

ditions have been achieved throughout the sample, (as 

shown by the bottom transducer and an upper transducer 

in the drainage line outside the cell), consolidation is 

commenced under the desired constant back pressure. 
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10.1.4 Oedomoter tests 

The samples for the oedometer tests were prepared 

from the U - 4 samples obtained from the same deaths at 

which the piezometers had been installed at Wraysbury. 

Both, vertical and horizontal samples were tested in the 

usual manner under low effective stresses (up to 2.0 T/ft2), 

corresponding to field overburden pressures. 
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10.2 Results and Discussion 

10.2.1 Dissipation tests  

The results from the dissipation tests have been 

summarised in Table 10.1, where typical index properties 

of the clay are also given. In each case, the values of 

Cv 
in terms of maximum pore pressure dissipation (cv 

MX 

and average volume change*  (Cy  ) have been calculated at 
av 

their respective times for 50 and 90% dissipation, In 

most cases, except the 12 in. diameter dissipation cell, 

the change in height was also measured by an internally 

mounted dial gauge*  Graphs for the degree of consolida-

tion (with respect to both volume change and pore pres-

sure dissipation) against log time, and the average 

volume change against log time have also been presented 

at the end of this chapter. (Note that in some cases it 

has not been possible to show both the average and maxi-

mum degree of consolidation on the same graph, in which c. 

case they have been plotted separately.) 

It might be useful to mention some test details 

about these tests. Test UDLC-12-1k was accidentally wet-

ted prior to consolidation, when the top porous stone 

was flushed before the cell pressure had been applied. 

The sample was reinstalled the following day - but dur-

ing this operation it is likely that sample had under-

gone swelling. Also, the test was terminated because of 

a leak in the membrane when the average degree of dis-

sipation was about 9W. 
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It is also worth pointing out that the 4 in. and 

1.1 in. diameter samples tended to be composed of rather 

intact clay with few fissures. It was extremely difficult 

to trim highly fissured samples for mounting in the smaller 

dissipation cells and many samples were lost during this 

process. Samples UDLC-11-D and B were however highly fis-

sured samples while samples 1=,C-11-I wore relatively in-

tact clay. 

In some of the 11 in. dissipation tests, very minute 

leakage, either in the volume gauge itself or the klinger 

valves, resulted in erroneous volume change readings. Such 

small volume changes should have been measured on a cali-

brated saran tubing. (Normand, 196k; Sow 1968). 

Flexibility of the pore water measuring system has 

important effects on the development of pore pressure 

under undrained conditions. Because no pore pressure 

measuring system is absolutely rigid, there is bound to 

be some 'drainage' from the sample into the measuring 

system due to difference in pressures in the two at the 

moment the load is applied. If the measuring system has 

high flexibility, then the time lag may be large because 

of delay in achieving equiliblium between the two systems. 

These effects have been discussed by Whitman, Richardson 

and Healey (1961) Bishop and Henkel (1962), 	Gibson 

(1963),Tan (1963) and others. In the present series of 

tests, the pore pressure in 1.1 in. and 4 in. diameter 

samples was measured by Bishop type mercury null in-

dicator fixed directly to the base of the triaxial cell. 

Ita •flexibility (1x10-6  in.3/psi.) would introduce 
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negligible error provided sufficient time is allowed to 

achieve equitibrium before consolidation stage is com-

menced (Gibson 1963). A time of at least 4 days was al-

lowed in the present tests. The pore pressure in 12 in. 

diameter samples was measured by a Bell and Howell trans-

ducer screwed in the base of the cell. Its flexibility 

was found to be 0.4x10-6 in.
3
/psi. and at least 14 days 

were allowed for pore pressure to achieve equilibrium 

between the ends of the sample and the measuring system,  

under undrained conditions. 

10.2.2 °odometer tests 

The results of the °odometer tests have been sum-

m-orised in Table 10.2. The samples for those tests were 

obtained from the same depths at which piezometers had 

been installed at the Uraysbury site. The tests were con-

ducted in the low pressure range only. The purpose of 

these tests was to obtain values of C
v, my and k as would 

be obtained in a commercial laboratory. Also, these tests 

provided some indication of the anisotropy of clay in 

vertical and horizontal directions. 

The zero readings for calculation of average degree 

of consolidation were obtained by applying Casagrande 

construction, (Taylor 1948), by plotting the change in 

height readings on log time plot. Agarwal (1967) found 

that Taylor NF plot could not be very satisfactorily 

applied to fissured London clay below effective stress 

of 4T/ft2. Of—course, the correction from either of the 

methods would not give the true zero as the oedometer 
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assembly itself shows elastic and inelastic deformation on 

the application of a load on the hanger. The -:.lagnitude of 

deflection of the oedometer assembly had earlier been in-

vestigated by Som (1968) by using a dummy steel ring in 

place of the sample. For pressures used in the present 

work (up to 2.0 T/ft ), the deformation of the oodometer 

- frame is of the order of 15x10 
L. 
in. only. This has been 

neglected in the present calculations. This correction 

has to be taken into account if higher pressures are used. 

10.2.3 Coefficient of consolidation, Cy  

The. experimental curves for the Cegree of dissipa-

tion against log time have boon compared with the theoretic-

al Terzaghi curve fitted at U=50%. It will be seen from the 

shape of the two curves that the Terzaghi theory predicts 

the average rate of consolidation reasonably accurately up 

to about 70% average dissipation but there is little cor-

respondence between the experimental dissipation curve 

and the theoretical Terzaghi curve. In every case the ex-

perimental rate of pore pressure dissipation is faster than 

that predicted by Terzaghi one dimensional consolidation 

theory. Similar conclusions were obtained by Som (1968). 

It is perhaps not surprising that in some cases the aver-

age rate of settlement becomes slow after Ur. 70% because 

of secondary settlement and viscous effects. The discre-

pancy between the rate of pore pressure dissipation and the 

Terzaghi theory, is evident for samples of all sizes and re- 
. 	• • 

fleets highly non-linear consolidation behaviour. It is known 

that Terzaghi theory is based on the assumptions that dur-

ing consolidation, the coefficient of consolidation,V  Gy, 

coefficient of compressibility, my, 
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and permeability k remain constant. However none of these 

assumptions is valid for London clay. Recently a number of 

attempts have been made to analyse the process of consolid-

ation by considering some of the variations in C , my and k. 

(Schiffman, 1950; Davis and Raymond, 1965; Barden and Berry, 

1965; Gibson, Hussey and England, 1967 and Poskitt, 1969). 

Davis and Raymond (1965) assumed variation in compressi-

bility my  according e - log p relationship and that k and 

my decrease in such a way that their ratio, Cv, remains 

constant. They found that the rate of pore pressure dis-

sipation was a function of the pressure increment ratio 

,Aph)04 , (the results fit better with Terzaghi theory when 

pjpc; = 1); while the average rate of volume change re-

mains unaffected. The Davis and Raymond theory was applied 

to results from tests UDLC-12A and. UDLC-12-B-1 where the 

pressure increment ratio was greater than ono. It was 

found that this theory made virtually no difference to 

the shape of the pore pressure dissipation curves. The 

value of Cv increased from 10.4 ft2/yr to 14.6 ft2/yr 

for test UDLC-12-A and from 5.33 ft2/yr to.6.5 ft2  /yr for 

test UDLC-12-B. This shows that the assumptions. in Davis 

and Raymond theory are not true for London clay. Very 

recently Poskitt (1969) has formulated a theory of non-

linear consolidation which incorporates the results of 

Barden and Berry, (1965); Davis and Raymond, (1965) and 

Gibson, England and 1;lussey, (199). An attempt was made 

to analyse experimental results using i-oskitt's theory, 

by using the solutions in graphical form given in his 

paper. It was found that the behaviour was so non-linear 

that it was not dealt by this theory. 
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The values of Cv based on dissipation of pore pres-

sure have been plotted in fig. 10.31, for all the dis-

sipation tests. It will be observed that Cv from 12 in. dia-

meter samples are apProximately 1,1 times the values of C 

from 4 in. diameter samples. No distinct variation can be 

observed from 12 in. diameter samples, when compared to 

4 in. diameter samples. However it should be noted that 

the effect of fissures would perhaps be over emphasised 

in the 11- in. diameter samples and would tend to give a 

higher value of C. The values of Cv, shown in fig. 10.31; 

from the °odometer samples are, of course, average C 

values based on change in height of the sample. It will 

also be seen that at an average effective stress of 25 psi. 

the values of Cv from °odometer samples from bore holes (1) 

and (3) which correspond more to the depth from which dis-

sipation samples were taken would underestimate Cv by at 

least 4 times Figure 10.31 also shows that C decreases 

with effective stress for all samples, though much larger 

scatter has been found by other workers (Ward et. al. 1959, 

Agarwal, 1969). both the variation of C with sample size 

and the decrease of Cv with effective stress could be a 

function of fissure density and fissure openings. A sample 

with larger diameter would have more fissures which would 

accelerate the rate of dissipation of pore pressure than 

a sample with a smaller diameter, especially if the fiS-

sures are randomly orientated as appears to be the case 

with London clay at "Iraysbury (Skempton et. al., 1969). 

That the fissures are (men, especially at low effective 

* These tests also show that C for horizontal samples is 
about 2.5-4 times that for vertical samples. 
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stress, is evident on examination of clay obtained from 

freshly opened pit, when often free moisture can be ob-

served along fissures. This strongly suggests that fis-

sures act as channels along which pore water can travel. 

It has now boon established by several workers that 

the Cv obtained from max. pore pressure dissipation may 

be quite different from that obtained from change in volume 

of the sample, and in fact, the two values appear to be a 

function of the pressure increment ratio,Ap/pot. As this 

ratio decreases, the ratio of rate of dissipation of pore 

pressure to the rate of volume change increases. Studies 

by Newland and Alley (1960) and Wahls (1962) showed 

that secondary settlements increased (i.e. Cv  based on 

volume change decreases) remarkably as Ap/p(13  decreased. 

However, no pore pressures were measured in their work. 

Leonard and Girault (1961) studied the effect of pressure 

increment ratio as well as the nature of pore fluid and 

the effect of side friction on undisturbed sensitive 

Mexico City clay in specially designed °odometers in which 

the pore pressure could also be directly measured. Their 

results clearly showed that the ratio of Cv /Cv in- 
mx av 

creased as Ap/pt decreased. The results of tests done on 

remoulded clay in hydraulic °odometer at Imperial College 

(Tan 1963) also confirm this observation. 

The variation of Cv /Cv on 1/(isp/p') for all the 
mx av 

dissipation tests done in the present work has been shown 

in fig. 10.32. The trend is quite remarkable despite 

large differencds in sample size and size of fissures. 

It appears from results shown in Table 10.1 and also from 
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tests on blue London clay by Skinner, (1967) shown in 

Table 10.3 that C
vav 

changes more rapidly than Cv as 
mx 

p/pot is altered. 

Table 10.3 (after Bishop and Al-Dhahir, 1969) 

Soil 	pt 	AP 0 	Cv/it2/yr . 	Ratio Reference 
psi_ -pt 	(2) (1) 	(2) 

from from 	(1) 
au av 

Undisturbed 2.8 2.0 44.0 43.0 0.97 Leonard and 

Mexico City 15.6 3.0 3.2 5.0 1.57 Girault 

clay 74.4 0.15 3.1 o.L14 o.o14 (1961) 

Blue London 27.8 0.0 10.7 7.23 0.60 
Skinner 

clay with 50.0 0.6 10.6 5.62 0.53 ( 1967) 
silt intrus- 

ions 

30.0 0.6 1O.0 4.52 0.45 

1,16 e.0 -1.c.)0  14.6 19.1 1.31 

Boulder clay 6.0 0.67 29.6 33.7 1.14 Author's 

tests. 
fill remould. 2.0 0.33 42.3 31.3 0.89 

This effect has important implications on the be-

haviour of London clay in the field. It has been observed 

in a number of cases that field rat,,:- of cL:ttlement are 

many tfri6c, factor than'th-A 	frbm test:. n  c---

,ntionna octdolot. (i n.A:D6nald and. Sacdripton, 1955f  - 7 

Skemptclm„Pc:c-,c_ and .71.enonald, 1955: So 	1960). The 

laboratory tests are usually 
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carried out under a pressure increment ratio of one while 

the pressure increment ratio in the field would very often 

be less than one and progressively decrease with depth. 

Also the conventional consolidation test in the labora-

tory is conducted in small oedometers, which do not often 

adequately represent the fissured mass in the field. The 

laboratory results can thus underestimate the rate of con-

solidation in the field. Three dimensional drainage in the 

field is another important factor and will be discussed 

later. 

The values of Cv of London clay obtained from 

°odometer tests have been found to be susceptible to 

sample disturbance and initial swelling, especially at 

low pressures?  (Cooling and Skempton, 1942; Sori, 1968). 

In the present tests, the average value of Cv  so ob-

tained decreases from about 8.2 ft2/yr at effective stress 

of 5 psi. to about 3.2 ft2/yr at average effective stress 

of 25 psi. These values may be compared with 3.1 ft2/yr 

(for stress range 1 - 9 T/ft2) obtained by Cooling and 

Skempton, (1942 	Skempton and Henkel (1957) mention 

values of Cv obtained from oedometer tests on London clay 

which have been summarised in Table 10.4. 
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Table 10.4 (after Skompton and Henkel, 1957) 

Site Range of depth 

below gravel 

Range of 

Cv 

ft2/yr 

Paddington 41 -6" - 	1381 -6" 2.7 - 	5.8 

Victoria 01 -6" - 	821 -0" 2.6 - 16.0 (Max. 	at depth 

of 821 -0) 

South Bank 31 -0" - 	1021 -0" 2.6 - 17.8 (Max. 	at depth 

of 891 -0) 

The fact that the max. value of Cv for Victoria and South 

Bank sites was obtained at depths of 821 -0" and 891 -0" 

could suggest the presence of a silt band or othdr 

coarse material. 

In conclusion, fig. 10.31, clearly indicates that 

higher values of Cv 
are obtained as the size of the sample 

increases. Hence the larger diameter dissipation tests 

are to be preferred to assessing the value of Cv  in the 

laboratory. It should be pointed out that in dissipation 

tests some shear forces develop at the top and bottom of 

the sample, which may affect true consolidation behaviour, 

but their effect cannot yet be evaluated. 

1 -2.2.4 Water Contents 

Before discussing the effect of sample size on 

volume compressibility, mv, and permeability, k, it 

would be useful to discuss the variation of water content 
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in London clay. If the clay consolidate as a uniform mass, 

then there should be good correlation between the actual 

water content after consolidation and the water content 

calculated from measured changes in volume. Table 10.5 

gives the initial, calculatee_ final (calculated on volume 

change and Gs= 2.67) and measured final water contents of 

the dissipation tests. It will be observed that there is 

considerable variation in the initial water contents, and 

generally the measured final water contents are higher 

than the calculated values. This reflects on the in-

homogeneous nature of London clay and the natural varia-

tion of moisture in the undisturbed mass. The process of 

consolidation merely decreases the void ratio and the 

final moisture contents only reflect the initial variation 

in the clay. However it should be noted that the graphs 

of average volume change against time arc remarkably 

smooth for all the tests.Further, the volume changes 

give values of my which appear to be consistent. That 

the average final water contents are higher than calcu-

lated values could be due small indetectable leak or dif-

fusion through the rubber membrane. 

It may be mentioned here that no sense could be 

made from the water content results for the first 12 in. 

diameter test (UDLC-12-A). Two factors explain this ob-

servation. Firstly, on installation of the sample in the 

large cell, the upper filter stone was erroneously flush-

ed before all round cell pressure had been applied. The 

sample was therefore wetted on the sides and had to be 

reinstalled the following day. Hence, there is a distinct 
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possibility that the initial water content of the sample 

prior to consolidation would have increased. This is also 

suggested by the small initial effective stress of 9.6 psi. 

that was measured, under undrained conditions; otherwise, 

the 'initial' water content of 28.8% should have shown 

considerably higher effective stress. Also, a leak develop-

ed in the membrane when the sample had undergone about 94% 

average dissipation. There would probably have been an in-

crease in moisture content because of this leak. The final, 

probably increased, moisture contents are given below. 

These were obtained along the axis of the sample, on either 

side of a diagonal, after the soil in the immediate vicini-

ty of the membrane had been removed. 

Water  content % 

	

Depth from top 	of 
	

1st length 	2nd length 
sample (in) 

(Top) 	0.5 	35.73 	31.8 

	

3.0 	20.50 	29.10 

	

6.o 	28.70 	29.0 

	

9.0 	28.5 	29.5 

	

(Bottom) 11.5 	29.0 	29.5 

It will be seen that one length gives consistently higher 

results than the other. 

The fact that fissured London clay shows consider-

able variation in moisture content is not a new observa-

tion, and has been noted by other workers. Cooling and 

Skempton (1942) reported a variation of LtiX, with in a 
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distance of 2 in. in a borehole sample from Waterloo Bridge 

site. They also determined index properties at intervals 

of two inches down the length of two undisturbed samples, 

and obtained very interesting results given in Table 10.6. 

The determination of limits over the full depth of a bore-

hole at the same site showed that the variation over a 

depth of about 40 ft. did not exceed that found over a few 

inches. 

Ward, Samuels and Butler (1959) reported a variation 

of'2% with in a distance of 1/2 in., 4% variation with in 

6 ft. and no greater variation with in a distance of 50 ft. 

It is worth noting that this variation was not confined to 

clay near the surface but was noticable in samples as deep 

as 30 ft. Agarwal (1967) on tests on blue London clay from 

Wraysbury found that the moan value of water content for 

the whole mass was 28%, while the intact lumps gave an 

average moisture content of 27%, with the variation between 

26.8 and 27.3%. Sot.? (1963) also noticed that the corre-

spondence of the initial void ratio with that obtained from 

the volume change was not satisfactory which he attributed 

to lack of agreement between the water content of the sam-

ple measured at the end of the test and that calculated 

from initial water content and change in volume. Recently 

in an extreme case, Bhandari (1970) has noted the differ-

ence in water content between the intact lumps and the 

matrix material in a mudflow originating from London clay 

to be 11% in the wet season and 3% in the dry season. 

There is, thus, ample evidence that London clay dis-

plays wide variation in moisture content. This may be 
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partly due to pattern of sedimentation; sand and silt 

seams and partings; and also possibly due to varying con-

ditions at the time of deposition of the sediments (e.g., 

sea-bed currents or source of origin of particles), and 

as a result of swelling and weathering of fissured clay. 

It is therefore extremely important to have a larger 

sample (and hence more representative) for consolidation 

tests as tests on individual small samples may be extreme-

ly misleading. Mirata (1965) for example, mentions two 

consolidation tests in oedomoters conducted by Soil Mech-

anics Ltd. in 1952 on undisturbed samples of London clay 

taken from the Hanningfiold Reservoir site. The figures 

are quoted as mean for five determinations on the same 

sample. The first sample taken from a depth of 12 ft. and 

described as "brown mottled clay containing partings of 

sand", gave the mean value of Cv as 87.6 ft2
/yr. For the 

second sample taken from the depth of 22 ft. where the 

clay was described as "firm to stiff, slightly sandy, with 

occaisonal pockets and laminations of fine sand". the mean 

value of Cv was found to be 35.3 ft
2/yr. These values are 

exceptionally high for Cv  obtained from oedometor test on 

London clay. 

10.2.5 Coefficient of compressibility, my. _ 

my  is defined as tle/Ap(1i-e0)=6V/6p(14-V0) 	(for 

saturated clay) where ,,gyp denotes effective pressure in-

crement, and eo and Vo denote void ratio and volume at 

beginning of the increment. 



196 

The values for the limited number of tests done 

have been plotted in fig. 10.33. It will be noticed that 

the 12" diameter samples give higher values of 	than 

the 4 in. samples, above average effective stress of 

60 psi. The values of my decrease with increase in ef-

fective stress and perhaps, at high enough pressures, 

when all the fissures have closed, there is not much 

difference between iv obtained from different samples. 

No distinct trend can be observed or. 11- in. samples. 

The values obtained from tests on oedometer samples 

are high, especially for samples obtained from the more 

shallow boreholes (nos. 1 and 3) which have a higher de-

gree of fissuring. This observation has also been made 

by Som (1968) who found that values of my in oedometer 

samples were higher because of almost unavoidable swel-

ling of the sample and the disturbance to, the soil when 

preparing the sample for testing. He found that the 

graph of my  versus effective stress for the second load-

ing was consistently lower than that obtained from first 

loading (see also Burmister, 1952). He also conducted 

tests in the constant rate of strain oedometer and hy-

draulic-oedometer. The results from hydraulic oedometer 

lay between the curves for the first and second loading 

of the conventional oedometer, while the constant rate 

of strain oedometer gave values of i
v which were lower 

than those for the second loading at low pressures. 

Cooling and Skempton (1942) remarked that the compres-

sibility of remoulded. London clay may be approximately 

doubled on remoulding at natural moisture content while 
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even greater values may be found if the sample is al-

lowed to swell. lence, it would appear that convention-

al oedometer test cannot be relied upon to furnish re-

liable values of m
v
, especially at low stresses. It is 

preferable to carry out oedometer tests in the hydraulic 

oedometer where the flexible membrane ensures uniform 

pressure over the top of the sample. Further, there is 

complete control over drainage and the consolidation is 

not commenced until the build up of pore pressure in 

the sample is complete. This also enables the use of 

back pressure to achieve complete saturation of the sam-

ple. By measuring the change in height and pore water 

pressure over a small central area of the sample, the 

effects of wall friction can be largely eliminated. This 

apparatus has been described fully by Tan, (1960). 

The ratios of axial to volumetric strain, Ea/ 
have also been tabulated' in Table 10.1, and vary from 

0.62 to 0.3 for the L. in. diameter samples. This probab-

ly reflects the tendency of the sample to deform axially 

because of intensity of fissuring at shallow depths 

(about 10 ft. below gravel). This ratio also shows that 

the clay did not behave as ideally elastic, isotropic 

medium , for which Via/ v  e would be 1/3 at small strains. 

.3om (1960 obtained c/c = 0.45 - 0.55 for clay from 

Ongar; but this was from a much greater depth (about 

30 ft.). From Table 10.1, it also appears that my tends 

to decrease with decrease in pressure increment ratio. 

There is, unfortunately, no direct assessment of my  in 

the field available for comparison. 
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10.2.6 Coefficient of permeability, k 

The results of permeability against average effec-

tive stress have been plotted in fig. 10.34, and show the 

remarkable effect of sample size and the depth of strat-

um on the permeability of fissured London clay. The con-

ventional oedometer test results based on Terzaghi theory 

greatly underestimate permeability and would predict a 

much slower rate of consolidation than that obtained in 

the field. London clay, especially at relative shallow 

depths, is highly fissured and jointed. These discontinu-

ities would greatly increase the rate of consolidation. 

Further, the clay is distinctly laminated with horizont-

al particle orientation, as has been observed by Tchalenko, 

(1967) in thin section studies of the clay. These lamin-

ations and fissures imply that the flow of water can take 

place in both horizontal and vertical directions. Hence, 

any one dimensional vertical consolidation test of whatever 

size would tend to underestimate the permeability to 

certain extent. 

In Table 10.2, the results of oodometer tests done 

on horizontal samples have also been tabulated. The val-

ues of permeability have been calculated from C and m v 	v  

and only give a trend of the relative permeabilities in 

vertical and horizontal directions, and show that k 

(horizontal) /k (vertical) can clearly be greater than 

1, especially for samples at shallow depths. It must be 

emphasised that the values of k from oedometer tests 

should be treated with caution. The difference in the 
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degree of fissuring, water contents, and other limits 

can vary so much evon for adjoining samples that the 

true relative pormeabilities in the horizontal and vert-

ical directions cannot be accurately assessed in the lab-

oratory by using two different samples, For such a deter-

mination to be carried out in the laboratory, it is es-

sential that the tests be carried out on the same sample. 

Cuboidal sa=les tested in triaxial cells have been used in 

the past to determine horizontal and vertical permeabili-

ties of other clays (Normand. 1964). It has not been pos-

sible to conduct these tests in the present project. The 

author suggests that if such a determination is carried out, 

then by using the results of vertical permeability in the 

12 in. dissipation tests, a realistic behaviour of two 

dimensional flow in the field can be ascertained. The 

insitu test on borehole (4) gives a much lower value of 

permeability, (2x10-9 cm/sec.) compared to 30x10-9 cm/sec. 

for the more shallow borehole (1). This could be a re-

flection on the more intact clay mass at greater depths, 

and the possibility that fissure o-Denings and micro-voids 

between successive laminations are closed at large depths 

thus resulting in almost same permeability in the ver-

tical and horizontal directions. :=',1 2lia (1968) has re-

cently made some fissure studios on blue London clay 

from Wraysbury and the limited work clearly indicates 

that intensity of fissuring decreases with depth. For 

example, he examined two blocks; one 13x12x9 in. in 

dimensions located about 5 ft. from the top surface of 

the clay and the second, 18x19x12 in. located 10 ft. 
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below the top surface of clay. The results showed that 

if the number of fissures per unit volume of clay is 

assumed as degree of fissuring, then the degree of fis-

suring of block I (482 fissures per cubic ft.) was 3.9 

times greater than the degree of fissuring of block II 

(124 fissures Der cubic ft.). It is also possible that 

the size of the sand plug used for C.H. tests, especial-

ly for the deeper clay, was not large enough to inter-

sect flow through the more largely spaced joints and 

fissures to give a truely representative value of per-

meability. 

10.2.7 Rate of consolidation 

There is surprisingly, no data available in the 

literature about insitu permeability tests in London 

clay, with which to directly compare the results ob-

tained in the present tests. However, an indication of 

the validity of the insitu permeability results may be 

obtained by considering the field rate of consolidation 

of two earth dams situated on London clay, described by 

Mirata, (1965). For the first case, settlements of the 

outlet conduit of the eLthankment of the William Girling 

Reservoir,(of the Metropolitan Water Board), situated 

at Chingford E.-sex, were observed. The Chingford embank-

ment has a height of 41.7 ft. at the section considered 

and comprised of gravelly fill with contral puddled clay 

core keyed into London clay which lies about 17 ft. be-

low the ground surface. The London clay is overlain by 

Thames ballast and has a thickness of 40 ft. An average 
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of 36 determinations using conventional 3 in. diamoter 

°odometer tests gave Cv = 4.5 ft
2/yr. However, no cor-

respondence was found between the observed and the cal-

culatod rate of settlement (,n the basis of Cv = 4.5 

ft2/yr). Nirata found that the timesettlement curve when 

replotted assuming Cy  = 45 ft2/yr gave very close values 

to the actual behaviour. 

The second exam-ole is that of the 50 ft. high em-

bankment (at the section considered) at . Hanningfield. 

The thickness of the clay is about 450 ft. below the out-

let conduit on which settlement measurements were taken. 

In this case the calculated rate of settlement based on 

Cv = 61.4 ft
2
/yr was only slightly greater than the ob-

served behaviour. 

If the coefficient of consolidation is calculated 

from the insitu permeability values obtained from the 

author's tests and the approximate values of my  ob-

tained by extrapolating the graph of the 12 in. dia-

meter dissipation tests (fig. 10.33), then the follow-

ing values of Cy  are obtained. 

insitu 	assumed 	calculated 

B/H 	kx10-9 M 	Cv 

cm/sec. 	(ft2/ton) 	(ft2/yr) 

1 34 0.0251 49.3 

2 20 0.0224 29.0 

3 10 0.0255 14.5 

4 2 0.023 2.9 
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This indicates that most of the settlement would take 

place in upper, shallow clay and field rate of con-

solidation would be much faster than that predicted 

from laboratory tests because of three dimensional flow. 

Attention has been focussed on the disparity between 

the field and laboratory rates of consolidation by Rowe 

(1968) and the subsequent discussion on his paper. A 

number of case records have been presented which show 

the influence of geological features like laminations, 

fissures, silt and sand intrusions which can acceler-

ate field dissipation of pore pressure and consequently, 

in a number of such cases sand drains designed on the 

basis of one dimensional laboratory tests would be rel-

atively uneconomical. Rowe, for instance, describes the 

consolidation of light gray, weathered, highly fissured 

mudstone clay (L.L. 59%, P.L. 25%, clay fraction 46%) 

at Staunton Herold Reservoir, where the clay, similar 

to London clay, was "observed as having hard and soft 

patches". Laboratory °odometer samples (3 in. diameter 

and 1 in. thick) gave mean values of Cv as 30 and 60 

ft2/yr for vertical and horizontal drainage. The values 

of Cv based on insitu permeability and laboratory COM-

pressibility (mv  = 0.0005 sq.ft/ton) were found to be 

455, 515 and 1500 ft2/yr, while the piezometer dis-

sipation records gave Cv  ranging from 200 to 520 ft2/yr. 

Bishop and Vaughan (1962) describe tests or remoulded 

boulder clay from Selset Dam where Cv obtained from 4 in. 

diameter dissipation tests was three times less than the 

field value. Bishop, Kennard and Vaughan (1964) reported 
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that the average value from four insitu constant head 

tests conducted in the foundation strata at Selset gave 

permeability values which were about 2.5 times that ob-

tained from constant head tests in the laboratory on 

4 in. diameter sample remoulded at the same void ratio 

even though the difference between horizontal and ver-

tical permeability was small. Bronwell and Lambe, (1963) 

compared the value of Cv (swelling) from °odometer tests 

with those obtained from piezometer observations for 

Boston Blue clay (L.L. 500, P.L. 20%), and found that 

the field value of
P.  

350 	50x10 	cm2/sec. was about six 

times the laboratory value. Other such cases have been 

described by Lewis, (1963); Rivard and Kohusha, (1965); 

Henkel, (1965); Rowe, (1964,- 1968) Bishop and Al-Dhahir, 

(1969) and others. 

Apart from the effect of lateral drainage in the 

field, the variation of my  with depth can also account 

for substantial increase in the field rate of settle-

ment as has been illustrated by Schiffman and Gibson, 

(1964) who showed that for London clay the rate of con-

solidation would approximately double if decrease of my  

and k with depth as shown by oedometer tests, is consider-

ed. Another factor about which relatively little is known 

is the process of three dimensional consolidation in the 

field. Gibson, Schiffman and Pu, Gibson and neNamee, 

(1957, 1960, 1963) and Davis and Poulos, (1968) have 

shown that apart from the ratio of lateral to vertical 

permeability, 3-D consolidation is also greatly affected 
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by the ratio of the vertical drainage to radius of load-

ed area. Solutions for 3-D consolidation are very complex 

mathematically and cover limitec cases. Som, (1960 com-

pared the rate of consolidation of a 45 ft. layer of clay 

having C of 11 ft2/yr and found that the three dimen-

sional consolidation would take 15 years to reach 80% of 

total settlement as compared to 50 years for one dimen-

sional consolidation. Hence, all one dimensional labor-

atory tests would underestimate the overall permeability 

of London clay, especially at shallow depths, since three 

dimensional flow will not be taken into account. 

10..3 Conclusions 

From the limited number of tests done, it would 

be wrong to offer general conclusions about the con- _ 

solidation: behaviour of London clay on sample size. 

However the following trends are noted: 

1) Cv from 12 in. diameter samples is about 11 times 

that of 4 in. diameter samples and approximately 

3 times that obtained from oedometer samples. 

2) The values of my obtained from 12 in. diameter 

samples is about twice that obtained from smaller 

samples and decreases rapidly with effective stress. 

3) The permeability of London clay is greatly affected 

and influenced by sample size. The value of per-

meability from 12 in. diameter samples is about 
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twice that of L. in. samples. The insitu permeabilities 

as determined by constant head tests are considerably 

higher because of vertical and lateral drainage in the 

clay. At shallower depths, the insitu permeability 

is much higher than that of the deeper stratum since 

at shallow depths, the intensity of fissuring, and 

/-h  /1- are likely to increase and fissure :pacing would 

decrease. 

4) It has been observed that Terzaghi one dimensional 

consolidation theory, Davis and ,:,aymond (1965) theory, 

and Poskitt (1969) theory do not adequately represent 

the one dimensional consolidation behaviour of London 

clay. 

5) Finally it is suggested that laboratory tests would 

greatly underestimate the rate of consolidation in 

the field. It is essential to conduct insitu perme-

ability tests at different depths to accurately est-

imate field rates of consolidation in fissured London 

clay. 

10.4 Some suggestions for further research 

Since fissured London clay shows mared variation 

of in-situ permeability with effective stress, it would be 

of considerable practical interest to investigate this 

aspect more fully by conducting other field constant 

head tests at other site in London clay. 
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The Size of sand plug used in this testing programme 

was typically 21 -6" high x 8" diameter. It is suggested 

that constant head tests using sand plugs of larger di-

mensions should be =ed to determine in-situ permeability 

of relatively intact clay at greater depths at the site 

at Wraysbury. 

Consolidation test data from 4 in. and 12 in. dia-

meter dissipation tests at low effective stress is lacking. 

It would be useful to conduct these tests on clay from 

Wraysbury at low effective stresses for comparison with 

in-situ tests, and. field records. 

The permeability of London clay in the laboratory 

has been determined indirectly from dissipation and 

oedometer tests and by the use of Terzaghi consolidation 

theory. -.Because of the uncertainly of Terzaghi theory, 

a direct comparison of these results with in-situ per-

meability test results is not valid. It is therefore 

suggested that laboratory value of permeability in both 

vertical and horizontal directions should be determined 

from constant head tests on cuboidal samples. 



Table 10.1 

Results of dissiation tests 

Test No. 

	

PI 	61.-)4_1?. 	ay. 

	

o 	t 	I 

	

psi. psi. 7° 	Crn 
at 50/ 
Pp. dis-
sipation 

ft2/yr 

(1) 	(2) 	cj) 0IT 	0 50 :e.) vro  
50. pp-. ay? ay.  

UDLC-4-A-1 25.5 29.5 1.157 45.36 3.35 3.27 1.02 

UDLC-4-A-2 55.2 5.3 0.096 50.06 3.03 2.39 1.6 

uLL0-4-A-3 60.0 20.0 0.333 73.2 2.78 2.27 1.22 

-4-B-1 27.0 25.0 0.926 44.25 4.23 3.55 1.19 

-4-B-2 51.5 15.0 0.29 61.35 3.75 2.49 1.52 

c-1 22.65 6.2 0.2737 26.93 0.54 4.97 1.72 

C-2 28.73 5.27 0.133 32.37 6.0 3.10 1.94 

0-3 33.80 5.12 0.151 37.42 6.2 3.05 2.03 

UDLC-12-A 9.6 30.4 3.16 29.97 10.4 7.93 1.31 

UDLC-12-B1 21.5 27.0 1.258 40.1 5.83 5.04 1.16 

UDLC-12-B2 48.5 5.5 0.113 52.10 6.82 2.71 2.51 

UDLC-12-B3 54 6 0.111 58.02 5.52 3.93 1.4o 

UDLC-11.-D-1 10 2C 2.0 19.52 7.88 9.07 0.81 

'a:LC-I2-D-2 30 20 0.67 43.8 3.89 6.02 0.65 

UDLC-1-1-I-1 47.5 21 0.44 62.0 1.005 1.24* 1.45 

UDLC-11-I-2 68.5 15.5 0.226 79.2 2.99 1.54* 1.94 

UDLC-I-11 E 45.0 30.2 0.66 66.6 3.33 3.52* 0.95 

* calculated on basis of average change in height 



0(1) 

0.01197 1.00 

0.0076 0.77 

0.0081 0.61 

0.0095 1.03 

0.0099 1.0 

0.0127 2.37 

0.0150 2.52  

0.00976 1.73.-,c,_, 

0.02217 6.2 

0.020 3.08 

0.0135 2.47 

0.0096. 2.24 

0.0226 4.79 

0.019 1.99 

0.006* 0.26 

0.0046* 0.37 

0.0102* 0.91 

90mx. 90ay. 

(3) 	(4) 

90(3) 90(4) 

2.77 3.409 0.09 1.12 1.66 2.265 0.73 

1.336 1.69 0.27 0.34_ 0.175 0.259 0.675 

2.30 2.326 0.52 0.51 0.666 1.032 0.655 

4.26 3.506 1.00 0.39 1.23' 1.56 0.79 

2.42 1.994 0.64 0.53 0.985 

3.66 3.75 1.25 1.27 0.394 0.505 0.78 

3.42 2.07 1.46 1.22 0.33 0.535 0.62 

3.136 3.36 0.02 0.80 0.32 

4.c 3.05 2.37 4.34 

2.21 3.30 1.35 1.69 3.465 

7.00 2.94 2.57 1.06 0.497 

5.90 5.52 1.52 1.41 0.37 

5.36 9.3 3.26 5.66 2.92 

3.26 5.23 1.66 2.67 2.49 

1.30 1.070 0.21 0.17 0.0 

1.692 1.378 0.20 0.17 0.456 

3.81 3.17 1.042 0.86 0.61 1.98 0.31 

2.67 

0.98 

1.01 

5.51 

3.03 

0.29 

0.19 

0.96  

1.05 

.0.40 

0.51 

.0.91 

- 0.66 

- 1.7 

1.31 

rs. 	r. ...„ 

ft2/ton xlecm/soc. 	fi/yr 	x1o9cm/sec. 	a 



Table 10.2 

Results of °odometer test on blue London clay 

3/1-1 

(Wraysbury) 

Depth below Direction 
gravel 

0.2 	- 0.':- T/ft4  

Cv ft
2/yr 	my ft

2/ton - kx109  cm/sec. 

1 90 -0" V 6.62 0.0115 2.04 

Iii 16.11 0.00226 0.93 

2.44 0.197 0.48 

2 21 1 -3" V 10.07 0.0097 2.62 

25.16 0.004 2.93 

2.35 0.1 1.12 

3 9t-on J 7.01 0.016 3.36 

4o.lo 0.000 15.56 

7 5.14 0.50 4.62 

4 30t-611  V 7.0 0.005 0.94 

II 25 .1 6 0.002 1.35 

(I:1) 
) (v 3.6 0.40 1.435 

Note: -Results shown for vertical and horizontal directions 

were obtained from tests conducted on different samples. 



0.4 

V  

- 0.0 T/f-0 

m 	kx189  

0.8 

C 

- 1.2 Wit2  

mV 

1.2 	- 2.0 T/f-t4  

C 	m 

3.19 0.022 1.9 2.50 0.0228 1.52 2.72 0.0123 1.26 

15.6 0.0055 2.32 9.96 0.008 2.12 9.39 0.0101 1.09 

4.80 0.25 1.22 3.98 0.35 1.39 3.45 c.15 o.86 

6.25 0.014 2.35 4.40 0.0152 1.82 4.04 0.013 1.79 

11.95 0.007 3.64 10.47 0.008 2.26 10.05 0.0072 1.96 

1.91 0.5 1.55 2.34 0.536 1.24 2.49 0.55 1.10 

4.59 0.0258 3.17 4.35 0.023 2.69 2.67 0.0211 1.51 

18.46 0.0097 4.81 13.08 0.0118 4.15 12.21 0.0127 4.12 

4.0 0.38 1.52 3.0 0.51 1.54 4.57 6.03 2.73 

4.38 0.009 1.14 4.16 0.0107 1.197 3.43 0.0114 1.05 

20.08 0.0030 1.07 12.2 0.0044 1.92 5.16 0.0058 0.01 

4.56 0.39 1.64 2.93 0.41 1.6 1.5 0.51 0.77 



Final calculated and measured water contents of 
dissipation test samples. 

Water contents Y; 

Test No. 

UDLC-12-B 

Initial 

29.5 

Final from vol. 
change 

26.6 

ioleasured 
final 

29.14 

30.24(30.31) 27.33 (27.36) 27.65 (20.39) 
31.20 22.14 29.10 

30.05 
27.90 
27.69 
27.20 
27.64 

UDLC-4-A 20.62 26.27 27.16 

29.0 	(28.01) 26.63 (26.45) 26.33 (26.64) 

26.52 

UDLC-4-3 23.0 26.36 26.50 

29.1 	(28.55) 27.35 (26.85) 27.6 (27.13) 
27.3 

UDLC-4-C 30.9 29.8 29.9 

30.6 	(30.97) 29.66 (30.04) 30.2 (30.05) 

31.4 30.65 

UDLC-14--D 29.04 26.74 26.70 (26.76) 

29.18(29.11) 26.63 (26.69) 

TJDLC-14--E 29.5 28.17 27.95 (27.95) 

29.0 	(29.25) 27.73 (27.95) 

)figures shown thus are average water 	contents, 



Table 10.6 (after Cooling and Skempton,191,2) 

Variation of water content and Atterberg limits in a 

sample of London clay. 

Distance from 	Sample 72/2/a 	Sample 72/s/f 

top 

sample 

of 	w/c 

(in.) 	% 

L.L. 

% 

P.L. 

% 

w/c 

% 

_ L.L. 	-2, 

% 

., - L. 

10 
a 

2 24 71 24 27 70 20 

4 24 70 24 28 73 24 

6 22 60 22 28 80 27 

8 24 61 22 24 75 27 

10 25 67 24 25 83 26 

12 25 72 25 24 81 27 
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PLATE 10.1  

12 in. diameter sample of blue London 

clay being removed from the mould for 

assembly in the dissipation cell. 



PLATE 10.2 

12 in. diameter sample mounted on 

the pedestal of the dissipation cell. 
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CHA.iTTET1 11 

Tests on boulder clay 

11.1 Indroduction 

As part of the investigations for the E6 Lotorway, 

a 6 meters high trial embankment was constructed and in-

strumented to evaluate the effectiveness of horizontal 

drainage blankets in boulder clay. The boulder clay was 

a light brown sandy clay and the grading curve of material 

passing 3S 3-in. is shown in fig. 11.1. (The clay contained 

boulders up to 1 meter in size.) The index tests on clay 

passing BS 36 sieve showed a liquid limit of 26%, plastic 

limit of 190 and a very small clay fraction of 7%, An 

interesting feature was the high moisture content at 

which boulder clay fill was placed. According to the 

Ministry of Transport specification (1963), the place-

ment moisture content for this boulder clay should be 

about 9 - 11%; however, under the construction condic- 

actilal bulk water content could rise to about 

15%. A sample of excavated boulder clay was brought to 

the laboratory and pore pressure dissipation and constant 

head permeability tests were conducted on 4 in. x 4 in. 

diameter sample in a triaxial cell. 

Laboratory tests  

The laboratory tests were conducted on material 

passing 3S 3/0 in. sieve size. The grading curve of the 
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test material is also shown in fig 11.1. 

TLe dissipation tests wore conducted in a triaxial 

cell in the same manner as described ecrlier for L' in. 

diameter tests on London clay in chapter 1P. However, at 

the comaetion of each dissi.:ation stage, a constant 

head test was performed before commencing the next dis-

sipation stage. 

The permeability may be directly measured by main-

taining a constant differential head across the sample 

and by applying Darcyls Law when steady state flow is 

achieved. Tan (1960) obtained solutions for C.H.T. in 

laboratory and showed that the rate of flow varies lin-

early with 1/5 until at approximately 14IT =J it 

turns towards the steady state value, 1(00. From such 

a plot permeability can be determined by the following 

expression: 

= 
u 
H 

where A denotes area of cross-section of the sample, 

E denotes length of drainage path, 

Au denotes constant differential head across 

the sample, 

61.1 denotes unit weight of water. 

As in the case of in-situ constant -:load permeability 

tests (chapter 9), it is convenient to plot rate of 

flow against 2/(it
1
+IT) whore t

1 
and t2 are tines be-

fore and after the increment during which the flow is 

measured. 
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11.2 Layout of apparatus  

The layout of the aparatus is shown in• fig 11.2. 

The sample enclosed by rubber membrane and top and bot-

tom coarse porous discs rests on the oodestal of a tri-

axial cell base. The pore pressure at the base of the 

sample is measured by a null indicator. The drainage 

lead frola the top of the sample is connected to a 5 cc. 

capacity volume gauge which measures the change in volume 

of the sample during dissipation stage. One limb of the 

null indicator which is connected to the base of the 

sample is also connected to a 5 cc. capacity volume 

gauge while the other limb is connected to the hand ram. 

In fig 11.2, the pressure line to the cell is also con-

nected to a volume gauge. This arragemont is used only 

when the test is conducted in stages at different cell 

pressures. Hot-lever, in the present series of tests only 

one constant cell pressure was used for all the stages. 

Since very small pressures were used in the tests, the 

bourdon pressure Fauge could not be relied upon to meas-

ure these accurately. Hence all pressures were read on 

a mercury manometer as shown in the figure. 

11.3 Test procedure 

To simulate the fief: conditions as closely as 

possible, the water content at which remoulded boulder 

clay would have an undrained strength of 2 psi. was 

determined by carrying out unconfined compression tests 

on 11' in. diameter, 3 in. high samples. The moisture 
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content was found to be 1C.5, and the soil was re-

7eoulded at this moisture content. The test sample was 

than tamped in a 4 in. diameter split mould and mount-

ed in the cell. A constant cell pressure of 20 psi. was 

Klaintair.od t_eroughout st:I.e test. 

After the pore Pressure in the sample has built 

up to a steady value under undrained conditions, a con-

stant back pressure, p1  is applied through the upper 

drainage lead and dissipation stage is commenced. The 

volume change in the sample As measured on volume gauge V2, 

and the pore pressure are recorded. Note that during 

this stage, the volume gauge V11  connected to the null 

indicator is disconnected from the circuit. The Terliie-

ability test is conducted after completion of the dis-

sipation stage (when p1  is the pore pressure through-

out the sample). An effective stress increment of 4 psi. 

was used for all consolidation (or swelling stages)while 

the permeability tests were conducted under a constant 

pressure differential of 2 psi. 

The null indicator is now disconnected from the 

circuit and the volume gauge V
1 is brought in the circuit. 

A constant pressure differential of 2 nsi. across the 

sample is -eaintained by keeping the same back pressure 

(p 	at the bottom of the saziple, while the upper end 

is subjected to a backoressure of (p1  - 2) psi. ::ence 

the flow of water takes place from bottom to top of the 

sample and the inflow and outflow 'measurements are 
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taken on volume ssauges 11 and V2 respectively. After 

the flow has approximated to steady state flow, the 

back pressure on top of the sample is altered to the 

same value as the bottom bac,z pressure, (p1 -2) psi., in 

order to establish uniform _'ore pressure in tho sa-uple. 

Tho next dissipation stage can now be commenced by dis-

connecting V1 ; bringir the null indicator in the circuit 

and applying a bac::: _pressure of (p1 -6) psi. through the 

top drajlage lead. 

In the present work, series of pore pressure 'lis-

siPation tests and constant head pers-:eability tests wore 

conducted on the con.solidation, swelling and reconsol-

idation cycles to co;:-,pare the laboratory consolidation 

behaviour with insitu tests. 

11.4 results  and  discussion 

The results have been tabulated in Table 11.1. The 

values of coefficient of consolidation have been calcul-

ated from standard Terzaghi theory fitted at 50c/D consoli-

dation time, while m is calculated from volume change 

during pore pressure dissipation stage. 

Pig 11.3 shows the variation of CTJ , 	and k with 

effective stress on initial consolidation. The coefficient 

of consolidation based on pore pressure change increases 

almost linearly with effective stress on a log - log plot, 

as m (and k) decrease with effective stress. It would 

appear from the figure, that the rate of increase in Cv 
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would become small after 20 	as the rate of decrease 

inmv 
becomes progressively smaller. IPiures 11.4 and 

11.5 show the variation in consolidation parameters with 

effective stress on swelling and reconsolidation. There 

is re:;a1-7,:ably little change in permeability with effec-

tive stress on swelling and reconsolidation cycle. The 

laboratory values of permeability have been compared 

with those from in-situ constant head tests in fig 11.6 

and show that very close a•Treement is obtained. This 

indicates that in cases whore soil is fairly uniform 

and apparently structureless, it is possible to assess 

insitu permeability reasonably accurately from labora-

tory constant head permeability tests. The values of 

insitu Cv as deduced from piezometer readings lie 2-3 

times above the laboratory Cv  values on first loading 

(see fig 11.7). .,his may be accounted for by the pre-

sence of high stone content (about /10 r7,ore) in the fill 

in the embankment (Bishop and Al-33hahir, 1969). 

Bishop and Al-.Jhaklir (1969) have compared some 

cases where in situ and laboratory tests have been con-

ducted to determine k and Cv„ For the boulder clay found-

ation of Selset reservoir embankment, the field Cv was 

about 3 times the laboratory value as determined by 4 

in. diameter dissipation tests. The value of 1: by direct 

measurement in laboratory was 0.43 x 10-8  cm/sec. or, 

omitting one high value, C.8/4  a 10 	cm/sec. Very good 

correlation was also obtained for the fill material be-

tween Cv from dissipation test and field performance 
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results (see also Bishop and Vaughan, 1962). Also in- 

situ CH tests in the fill gave k 	1.2 x 10 = 	cm/sec., 

while k = 1.1 x 10 	cm/sec in same stress range was 

directly measured in the laboratory. ,nor the puddle 
0 

clay core at Selset embankment, 0   k = 0.74 x 10 	cm/sec 

- 0 • and 0.C4 x 10 	cm/sec were obtained for consolidating 

and swelling stages respectively from in situ CH tests 

while a value of k = 0.77 x 10 	cm/sec was directly 

measured in the laboratory. Similar data on boulder clay 

from Balderhead Dam and Diddington Dam is shown in Table 

11.2 (after Bishop and Al-Ehahir, 1969) from which the 

general conclusior may be drawn that provided the riater-

ial is structureless and unifor:ail  very good correlation 

can be obtained from laboratory and insitu determina- 

tions of k and C. The agreement in 	values will im- 

prove if the boulder clay contains high clay content 

and less stone content. This is not surprising in view 

of the fact that large sized stone fraction has to be 

excluded in most laboratory tests. For 4 in.dia. 1%bora- 

tory tests 	lajsa maximum particle limit. The results 

of permeability of boulder clay may be contrasted with 

those obtained for ;bondon clay (chapter 10) where in 

situ Permeability values, especially at shallow depths, 

were much higher than those deduced from laboratory 

dissipation tests, because London c'ay shows high fissure 

intensity at shallow depths. 

The coefficient of consolidation Cv is not only 

a function of the effective stress but also structure 
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(expressed in terms of void ratio) as shown by figures 

11.3 - 11.5. It would appear that my is especially sen-

sitive to stress history; for example, at effective 

stress of 10 psi. m = 0.03, 0.0054 and 0.:.0102 ft2/ton 

are obtained for initial consolidation, swelling and re-

consolidation curves respectively. Since k from direct 

laboratory measure -:_-cents is relatively insensitive to ef-

fective stress or stress history, a much higher value of 

Cv would be expected on reconsolidation than on virgin 

consolidation at the same effective stress. This can be 

clearly seen from figures 11.3 and 11.5. In these fig-

ures, the value of Cv  froze direct measurement of per-

meability and my  from volume change (Cv  = k/mv,( ) has 

also been plotted. This value of C is lower than that 

calculated from standard Terzaghi theory fitted at 

t = 50 for swelling and reconsolidation tests while 

for the initial consolidation tests, it is lower only 

after normal stress of 10 psi. This would imply that Cv  

as determined from pore pressure dissipation and 

Terzaghi theory would overestimate the rate of consoli-

dation of boulder clay by a seall amount (about 2 times 

in the stress range considered). This effect may be 

especially important for swelling tests because coef-

ficient of swelling is 1:luch greater than the coefficient 

of consolidation. 



Table  11.1 

Results on remoulded boulder clay (I61 

Test 
	

Pressure y ft
2/yr 	my 	kx10-8  

range,psi. mx. pp. Av.vol. ft2/ton cm/sec. 

	

change 	measured 

Initial 	0-4 	14.6 	19.1 	0.097 
consoli- 	4-6 	 3.54 nation 

	

6-10 	29.6 	33.7 	0.033 

	

10-12 	 2.65 

	

12-16 	41.9 	39.0 	0.027 

	

16-18 	 1.01 

Swelling 10-14 317 490.0 0.0058 

	

14-12 	 2.72 

	

12-0 	436 	332.7 	0.0054 

	

0-6 	 2.00 

	

6-2 	239 	100.5 	0.011 

	

2-0 	 4.12 

	

Pe-consol- 0-4 	22.2 399 	0.037 
idation 	4-6 	 3.61 

	

6-10 	171 	140 	0.016 

	

10-12 	 3.19 

	

12-16 	542 	125 	0.0045 

	

16-13 	 2.99 



Table 11.2 

Comparison of laboratory tests, insitu tests and field 

Site 	Zone 	Index values Laboratory test values *1 

LL PL CF 	Cv 	k cm/sec. 

ft2/yr 
0 

x10
0 

 

Selset 	Foundation 32 13 24 25 al (4o) 0.67*3 (40) 

0.43*3  (Go) 

0.38*  h (77) 

Fill 	29 15 20 24 d (4o) 0.67*3  (4o) 
* 

1.1
3 

 (12) 

Puddle 	29 
core 

15 20 16 d (Ito) 0.67 (4o) 

0.77 (30) 

Balderhead Fill 	28 14 18 25- d (46) 0.56*4  (53) 
170 

0.64-0.43 	(5) 

Diddington Foundation 58 20 38 12.0- d (4o) 2.2-0.17*(40) 
(Boulder 
clay and 

4.3 

Oxford clay) 17 o (70) 

9-5 t(c.20) 

Fill 	58 20 38 6 cill(30) 0.4*  (3o) 

m6 	Fill 	26 19 7 15 d (3) 2.1 (5) 
(Kendal) 

30 d (9) 1.6 (ii) 



performance for throe e:nbankmonts on boulddr clay. 

(after Bishop anc. L1-Dhahir, 1969) 

Insitu test values 

Cv 
8  ft2/yr 	cm/sec.x15 

Field performance 

Cv ft
2/yr 

C4 (3o) 

460 Cs (60) G.C4 (30) 

30 (4o) 

14 Cs(121'2  1.2 (12 44 (c.8)*2 

84 Cv (30) 0.79 (30) 

75 CV  (53) 0.7 (53) 123 (L7) 

c100 (45)*5  

7.5 03(9.4) 0.33 (9.4) 11 (15) 

1.4 	c 	(16) 0.37 (16) (34) 
6-1 

1.4 CV 	(21) 0.13 (21) 

50 	C 	(3) 14.9 (5) 20 (3) 

2.3 (11) 50 (9) 

(soe following page) 



Notes for Table 11.2 

* denotes k value calculated from Cv  and Inv. 

*1 denotes vertical samples except stated .otherwise 
by symbol h. 

*2 upper part of fill was slightly more sandy. 

*3 Test on remoulded material. 

*14 From test on remoulded ,aterial of similar index 
properties :prom Sc/set. 

*5 Allowing for the decrease in total stress during 

consolidation as measured on a total stress cell. 

( ) denotes effective stress value to which test 
result applies, in psi. 

d 	denotes dissipation test on 4 in. diameter sample. 

t: From volume change in consolidation stage of 1* in. 
diameter triaxial samples w!_th side drains. 
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