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,, , THE DETERMINATION OF THE SHEARING STRENGTH OF VARVED
II d 5 ------------------------------“  “

CLAYS AND OF THEIR SENSITIVITY TO REMOULDING

GREGORY P. TSCHEBOTARIOFF x) 

and

JOHN R. BAYLISS xa)

SUMMARY.

The paper outlines previous differences of opinion concerning the use of unconfined 
compressive strength tests to determine the effective shearing strength of varved clays.

An investigation is described which was performed in 1946 relative to two building sites 
located on the same deep deposit of glacial varved clay. Photography was used extensively to 
check and to record the condition of each sample and to select samples for testing. Most of 
the specimens extracted by thin walled samplers were found to be in good condition, but most 
of those extracted by means of samplers with inner lining tubes serving as containers were 
found to have undergone distortion.

The shearing strength was determined by controlled stress unconfined compressive strength 
tests. Photographs showed that most of the specimens extracted by thin-walled samplers had de­
finite shear failure planes after testing which intersected the planes of stratification.
The strength of these specimens was in good agreement with the value computed from an earlier 
failure of a vertical cut in an excavation.

The average strength of specimens extracted by samplers with inner lining tubes reached 
only 55% of the average value of specimens extracted by thin-walled Shelby tube samplers. This 
finding explains some previous puzzling discrepancies between theoretical considerations, labo­
ratory soil test results and full-scale field observations.

A definition of the term "Sensitivity Ratio" is proposed which is based on the ratio of 
the strengths of the undisturbed and the remoulded samples at equal strains, rather than their 
ultimate strains at failure.

The concept advanced by Dr. Terzaghi ac­
cording to which the effective shearing strength 
of plastic clays is approximately equal to one 
half of their unconfined compressive strength 
has now been generally accepted. Some doubts 
have however existed concerning varved clays.

An analysis of an actual slide in plastic 
glacial varved clay reported by the senior 
author on p. 1077 of Ref. No. 5 showed that a 
cohesion value taken as one half of the uncon­
fined compressive strength of the clay could 
account for only 50% of the shearing strength 
required to ensure the stability of the bank 
prior to failure. It therefore appeared likely 
that some friction was also present. On p. 1094 
of Ref. No. 4 Dr. Terzaghi expressed in reply 
the opinion that unconfined compressive strœgth 
tests may perhaps be unsuitable for investigat­
ing varved clays.

Clarification of this question is of con­
siderable practical importance. Most clays are 
stratified to some extent. Varved clays repre­
sent a condition of extreme development of 
stratification. If their shearing strength,as 
actually effective in a large mass of soil, 
cannot be determined in the laboratory by means 
of unconfined compressive strength tests, then 
it would become necessary to develop some other 
practical method of making such determinations 
It would be necessary to establish criteria 
concerning the extent of stratification in 
other clays which would still permit the ef­
fective use of the unconfined compressive 
strength tests.

Some light has been thrown on this whole 
matter as a result of twe investigations which 
were performed in 1946 on different building 
sites located on the same deep deposit of gla­

cial varved clay. These two sites will be re­
ferred to as "Site No. 1" and as "Site No. 2" 
in this paper.

The samples from both sites were tested 
in the Princeton Soil Mechanics Laboratory. 
Photography was extensively used, after part­
ial drying, along the lines developed by Dr. 
Hvorslev's pioneer work in that field (Ref.
No. 3), to check and to record the condition 
of each sample tested. Controlled stress un­
confined compressive strength tests were per­
formed twice on all suitable samples. They 
were tested first in their undisturbed condi­
tion, after which they were completely remold­
ed at the same water content and tested again. 
This was necessary to determine the degree of 
sensitivity of the clay to remolding.

It should be noted in this connection 
that tests performed earlier by the senior 
author in Egypt had shown that in one partic­
ular deposit some clay specimens could be un­
favorably affected by remolding, whereas spe­
cimens from other layers of a similar type 
could even be strengthened by remolding (com­
pare Fig. 14 and 15; Ref. No. 2).

Dr. Terzaghi has proposed (Ref. No. 6) 
to define the degree of sensitivity of a clay 
to remolding by means of the sensitivity ratio 
"S", defined as:

s = —  ( l )
l u r  ^

where: S = sensitivity ratio based on ulti­
mate strengths, 

q = unconf.ined compressive strength at 
failure of the undisturbed sample. 

q „r = unconfined compressive strength at 
failure of the remolded sample.

x) Associate Professor of Civil Engineering, Princeton University, Princeton New Jersey,
U.S.

xa) Research Assistant and Graduate Student in Civil Engineering, Princeton University, 
Princeton, New Jersey, U.S.
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Most naturally deposited undisturbed 
clays exhibit brittle types of failure at re- 
latevely small strains ( -Ah/ht where "h" is 
the height of the sample) ranging from 4% to 
8% (Ref. No, 1). Remolding usually increases 
the strain at failure of sensitive clays up 
to the ultimate value of 20% which character­
ises fully plastic failure. In many cases it 
may be advisable to base the definition of the 
sensitivity of clays on the ratio. S', of 
strengths of the undisturbed and the remolded 
samples at equal strains: qu / j

^ u r

where: S' « sensitivity ratio based on streogtbs 
at equal strains; 

q< . unconfined compressive strength of 
ur the remolded sample at the strain 

corresponding to the failure of 
the undisturbed sample.

The direct use of formula (2) is predi­
cated on the construction of stress-strain dia­
grams of the type illustrated by Fig. 8, and 
is more time consuming as compared to the use 
of formula (1). However, the approximate value 
of S' can be estimated from formula (1) and 
the following data:
If strain corresponding to q̂  equals 5%; S' 
may vary from 2.50 S to 3.00 S 
If strain corresponding to q equals 10%; S’ 
may vary from 1.30 S to 2.00 S 
If strain corresponding to qu equals 15%; S' 
may vary from 1.05 S to 1.30 S 
If strain corresponding to qy equals 20%; S'»S 

Fig. 8 and formulas (1) and (2) refer to 
controlled stress tests. In the case of con­
trolled strain tests, ~frqult should refer to the 
mwrt mum Btraaa renr.Vied and not to the stress at 
final failure. "q'ur" should then refer to a 
corresponding value.

The samples from site No. 2 were extract­
ed from 6 in. diameter bore holes which were 
lined with steel pipe. The 3-3/8 in. diameter 
samplers, 18 in. long were made of steel Shel­
by tubing 1/16 in. thick with slightly curved 
in cutting edges. Most of the samples thus ex­
tracted were in perfect condition, (Fig. 1 and 
Fig. 2). A few showed visible signs of slight 
disturbances and consequently were not used.

The general characteristics of this clay 
are as follows« Because of its stratified na­
ture there is much variation from varve to 
varve. Within one inch depth the natural water 
content frequently changes by seme 20% and in
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one case was found to have changed from 20% to 
60%. The natural water content, w„, usually is 
very close to the liquid limit value, wt Tand 
sometimes even exceeds it. At the 6ame time 
the clay has a high unconfined compressive 
strength which varied from 0.50 to 2.40 tons/ 
sq. ft. with an average value of 1.05 tons/sq. 
ft. and a corresponding average value of 9.3% 
strain at failure. The clay is very sensitive 
to remolding. The comparable average values of 
all samples tésted in a remolded condition are
0.18 tons/sq, ft., and 20% strain. The aver­
age value of the Sensitivity Ratio, S', as de­
fined by formula (2) is 12.0 and the highest 
value recorded is 48.6.

The grain-size analysis indicated a very 
high clay content, even in the so-called 
"silt" verves. An attempt was made to separate 
various layers. A coarser grained layer was 
found to consist of 70% of clay sized particles- 
(smaller than 5 microns) - and had a liquid 
limit of 29% end a plasticity index of 9%; a 
finer grained layer had 85% particles of clay 
size, a liquid limit of 51% and a plasticity 
index of 23%. The low values of the plasticity 
indexes of all samples, combined with a cor­
responding high percentage of clay size par — 
tides, indicate the probability that they are 
of "rock flour” type. This is likely, consider̂  
ing their glacial origin, and may be a possible 
cause of the sensitivity of this clay to re­
molding. Other possible causes of such sensitiv­
ity are the subject of a cooperative study at 
Princeton. (Ref. No. 8).

The majority of undisturbed samples from 
site No. 2 which were subjected to unconfined 
compressive strength tests showed definite 
planes of shear failure which intersected the 
planes of stratification, (Fig. 3 and Fig. 4). 
Even when the planes of stratification had a 
natural inclination the plane of failure inter­
sected some varves (Fig. 5). Only a very few 
samples failed by crushing and lateral squeez-
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ing out of a single varve, (Fig. 6). It should 
be noted that this latter essentially plastic 
type of failure occurred suddenly at a strain 
of only 4,7% which is usually taken as an in­
dication of brittle failure.

The fact that the types of failures in 
most varved clay samples from site No. 2 did 
not differ from the ones usually encountered 
elsewhere in non-stratified cohesive soil spe­
cimens is in itself an indication that the un­
confined compressive strength test should be 
equally suitable for use on both stratified 
and non-stratified clays. Further confirmation, 
however, has been obtained by an analysis of 
the failure of an excavation cut which occur­
red in the immediate vicinity of Site No. 2 
eighteen years ago; a photograph of which, 
taken immediately after the failure, is shown 
by Fig. 9. The 22.0 ft. vertical cut on the 
left hand side of the picture remained stable.

FIG.6

The 31.5 ft. vertical cut on the right hand 
side collapsed while the timber cross-bracing 
was being installed.

Dr. Terzaghi (Ref. No. 7, p. 154) shows 
that the theoretical maximum height, H'c, of 
a bank wich has been weakened by tension 
cracks at the surface is:

H'c - 2.67 y * ^

where: c - unit cohesion of the soil 
Xm unit weight of the soil.

For a clay with a zero value of friction 
the cohesion is determined from:

c  -  qu / 2  ;

FIG. 5
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so that:
Un

“ c # ’ C5)
Similarly, it follows from earlier stud­

ies by Fellenius (Ref. No. 7, p. 155) that the 
maximum height, H-, of a bank which had not 
been weakened by tension cracks at the surface

Hc - 3.85 = 1.93 7 - ( * )

Laboratory test on samples from the near­
by site No. 2 gave average values of qu - 1.05 
T/sq. ft. and j" = 120 lbs./cu. ft. = 0.06 T/cu. 
ft. These values inserted into formulas (5) 
and (6) give H'c « 23.5 ft. and Hc = 33.8 ft. 
This is in quite good agreement with the situ­
ation illustrated by Fig. 9 where a 22.0 ft. 
cut stood up and a 31.5 ft. cut collapsed. It 
is possible that the value of qu - 1.05 T/sq-» 
ft. is too low by some 10% since this average 
included several undisturbed samples with 
strains at failure exceeding 15%, which in 
this clay may be taken as a sign of some re­
molding. If we discard these samples, then the 
average value of "qu" is raised to 1.16 ton/ 
sq. ft. with a corresponding theoretical value
of H', 26.0 ft. which is equal to of the
depth at which failure had actually occurred. 
The agreement is quite good since it is prob­
able that tension cracks do not form immediate-

ly after the depth H'c is exceeded during ex­
cavation but only at some greater depth and 
that they develop gradually.

Thus the investigation as carried out at 
Site No. 2 brings out the suitability of the 
unconfined compressive strength test for the 
testing of varved clays. Further information 
about Site No. 2 can be obtained from Refer­
ence No. 9.

The results of an investigation performed 
on another nearby site (No. 1) on the same de­
posit appear to provide an explanation for the 
case which led to the incorrect adverse opinion 
concerning the use of unconfined compressive 
strength tests on varved clays as expressed on 
p. 1094, Ref. No. 4 and on p. IO77 Ref. No. 5. 
The sampler type used on the Site No. 1 was 
identical to the one employed for the extrac­
tion of samples at the site of the slide re­
ferred to in Ref. No. 5. It was 18 in. long, 
its inner diameter was 3.0 in., and it had a 
total wall thickness at its lower end of 5/16 
in. or a five times greater wall thickness 
than the sampler used on Site No. 2. Most of 
the samples extracted on Site No. 1 were 
found to have undergone some distortion,(Fig.
7), and to have failed at high strains; the 
average value was 17.6%. The average value of 
the unconfined compressive strength corres­
pondingly dropped to 0.65 T/sq. ft. or to 61% 
of the 1.05 T/sq. ft. average of all samples 
from Site No. 2 and to 55% of the 1.16 t/sq. 
ft. average of the specially selected samples 
from the same site; the value of S' dropped 
to 4.9 (average).

The low laboratory shearing strength 
value reported on p. 1077 of Ref. No, 5 as 
being equal to only 50% of the strength re­
quired to ensure stability of the bank during 
the years preceding its failure was therefore 
probably not due to any inherent defect of
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unconfined compressive strength tests when 
applied to varved clays, but to the disturb­
ance produced by the type of sampler employed.

CONCLUSIONS.

1) Unconfined compressive strength tests are 
suitable for the determination of the shear­

ing strength of varved clays and of other 
stratified cohesive soils.

2) In order to obtain reasonably correct 
strength values from really undisturbed

specimens only modern types of thin-walled 
("Shelby Tubing") samplers should be employed, 
especially on clays which are sensitive to 
remolding.

3) The comparison of the sensitivity of dif­
ferent clays to remolding should prefer­

ably be based on a ration of the strengths of 
the undisturbed and of the remolded samples 
at equal strains, instead of on the ratios of 
their respective ultimate strengths at fail­
ure.
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SUB- SECTION II e
DIRECT SHEAR TelSTS

A LARGE SHEAR BOX FOR TESTING SANDS AND GRAVELS

ALAN W. BISHOP, NI. A., A.M.I.C.E.

Lecturer in Civil Engineering, Imperial College, University of London.

I. INTRODUCTION.

The design of new reservoirs in the Thames 
Valley by the Metropolitan Water Board neces­
sitated the examination of the stability of a 
number of proposed earth dams on sites over- 
lain by a stratum of gravel. In addition the 
dams were to be constructed of rolled gravel 
fill.

As no satisfactory test results for gravel 
were available, or could be obtained with ex­
isting testing machines, a constant rate of 
strain shear box 1 foot square taking samples 
6 inches in thickness was designed by the 
author and constructed by the Metropolitan 
Water Board.

Tests are at present being carried out 
with this apparatus in the Soils Laboratory at 
Imperial College, with two main purposes in 
view.
a) For immediate design purposes, to determine:

i) the shear strength or in situ gravel by 
the correlation of field density measurements 
with laboratory tests over a range of densit­
ies.

2) the shear strength of samples of gravel 
under various degrees of compaction for the 
design of the rolled fill,
b) For a general research programme:

1) to examine the effects of grading and 
grain shape on the relation between shear 
strength and porosity, and extend knowlegde in 
this field into the range of materials contain­
ing particles up to 1-y inches effective diame­
ter.

2) by comparative tests in the large and 
small (6 cm. square) shear boxes to examine 
scale effects in testing.

II. DESCRIPTION OF THE MACHINE.

The shear box (fig. 1 and plates I & II) 
is constructed of standard channel sections 
electrically welded and machined on the con­
tact faces. The lower half of the box is car­
ried in a steel tank which slides forward on 
two ball bearing tracks under the action of the 
loading jack. This provides the shearing force.


