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Preface 

The investigation described in this report was made under the direction of 

l\Ir B. Jakobson by the Research Department of the undersigned Institute. The 

samplers used for this investigation ( except the Swedish State Railways sampler 

and the early piston sampler) were designed and constructed by the l\iechanical 

Department of the Institute. 

The report was prepared by l\Ir Jakobson. § 2 is an abstract of a report b~· 

Dr. 0. I{ulling, State Geologist, who has kindly made a geological examination 

of one of the cores taken by means of the sampler ,vith metal foils. 

Stockholm, September, 1954 

ROYAL SWEDISH GEOTECHNICAL lNSTI'l'UTE 
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§ I. Introdnction. 

Since its start in 1944 the Swedish Geotechnieal Institute has developed soil 
samplers. In this report we shall deal only with samplers taking undisturbed 
samples, mainly in clay. 

There arc two main groups of such samplers. One comprises samplers ,·vith 
a continuously controlled recovery ratio, i.e. the samplers with a stationary 
piston and the sampler with metal foils (1) 1 • The other comprises samplers 
without this control, i.e. open samplers and samplers with a free or a retracted 
piston. 

The behaviour of open samplers in respect of the quality of samples has been 
extensively investigated by Hvorslev (2). In Sweden we use piston samplers 
(with a stationary piston), because the clays in this country are usually very 
soft, and because we believe that this type disturbs the clay less than other 
types of samplers. It is not probable that Hvorslev's results are directly 
applicable to piston samplers. On the contrary, it is probable that a tube 
sampler and a sampler with a stationary piston behave quite differently in 
some respects. 

The cleYelopment mentioned above has resulted in several types of samplers 
with a stationary piston. These types differ from one another in area ratio, 
edge angle, drive range, drive velocity, and other factors. l\fost of these types 
arc made in a single or a few specimens, since they serve only as links in the 
chain of development. The testing of the samplers has so far mostly been con­
fined to their operation, and has only to a small extent dealt with their influence 
on the shear strength of the samples. In order to investigate this influence in 
a more detailed manner and especially in order to calibrate our newest type of 
sampler, the pneumatic sampler, we have now made an extensive comparison 
of the various types of samplers in respect of shear strength. 

This investigation comprised seven types of piston samplers designed and 
constructed by the Institute. Furthermore, the newest type of the Swedish 
State Railways sampler and the sampler with metal foils were included. These 
types arc briefly described in § 4. They will be described more detailed in a 
following number of the Proceedings of the Institute. 

Samples were taken frmn different depths by means of all these s.:mplers, and 
"·ere then tested so as to determine their shear strength and other properties. As 
there are several methods for determining the shear strength, which often give 
different results, and as it is uncertain ,vhich of them is the most reliable, each 
sample was tested according to several 1nethocls. 

1. Numbers in parentheses refer lo the bibliography at the end of this report. 
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On the basis of earlier experience it was expected that even a sample taken 
by means of the best sampler loses part of its shear strength during the samp­
ling process. This error combines with the error inhc.rent in the testing methods. 
Both these errors are unknown. In order to provide a solid basis for comparison, 
we extended the investigation so as to include a direct determination of the 
shear strength of the clay in the ground by means of the vane bc,rer. For this 
reason, a theoretical comparison of various testing methods was also incJuded 
in the investigation. 

One detail of the sampler should be mentioned in this connection. In some 
types of clay, especially in coarse-grained (fine-sandy and silty) clay, it may 
sometimes be difficult to convey the samples to the ground surface in spite of 
that vacuum which would arise if the sample were lost. For this reason, vi·e 
designed a special type of sample retainer. An additional function of this 
retainer is to reduce the disturbance of the samples. In this report ,Ye have 
called it "shutter", as it has also other functions than the retaining of the 
sample. A sampler with shutter and a sampler without shutter, which are other­
wise identical, arc regarded as two different types of samplers in what follows. 

So far the investigations of samplers with a stationary piston seem to be 
scanty, and the tests described in this report are probably the first systematical 
study of this subject. However, these tests, though extensive, arc confined to 
a single site. VVc intend to continue the tests on other sites with other types of 
clays, but we shaII then investigate only a few types of samplers (only those 
which have proved to be the beet). 

§ 2. Brief Geological Description of Site. 

The site of the borings is situated in a clay region that is bounded in the 
west by an esker and in the cast by moraine hills and rising bedrock (Fig. I). 
The Enk0ping River runs through the plain, parallel to the csker, and flows 
into Lake l\llilaren, about 7 km to the south. The boring site is situated about 
:Jo m east of the river. The distance to the csker is about 470 m, and to the 
moraine region about :300 m. The ground surface at the boring site lies only 
0.s-0.4 111 above the surface of Lake l\Iiilaren (the terrain is lcned). 

The soil (Fig. 2) 1 consists of post-glacial clay to a depth of 19 m, and bclo\\· 
that of late-glacial, varved clay ( except a few thin layers as is mentioned 
below). The borings reached a depth of about 30 111. 

The post-glacial clay has a Yery vague stratification, m,d it is therefore 
difficult to decide whether it has been subjected to slides, but it seems to be 
undisturbed. The main part of this clay, from the ground surface down to a 

The following description of the soil concerns only one of the cores, taken hy means of the 
sampler with metal foils. Howeyer, within the small boring area, the soil seems lo be Ycry homo­
geneous horizonlally, possibly with the exception of the sand layers, which, perhaps, do not extend 
throughout this area. 

1 
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Fig. 1. General plan of site. Depth to jinn ground indicated at each bore hole. 

depth of 16.2 m, is in a fresh condition greyish black (coloured by sulphide of 
iron), and has a varying percentage of organic matter. The greatest percentage 
occurs in the uppermost part of the clay, and at a depth of 10 m (Fig. 16). 
Next below the dark-coloured clay there is a layer of grey clay, 0.22 m thick, 
followed by a layer of darker grey clay, 1.44 m thick, with many thin strata 
blackened by sulphide of iron. Below this, grey clay reappears in a layer 1 m 
in thickness. Then comes a layer of sand, 0.1 to 0.2 m thick, which separates the 
post-glacial clay from the late-glacial clay. 
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In contradistinction to the post-glacial clay the late-glacial, Yan·cd clay 1s 

severely disturbed in its stratification between 19 and 25 m of depth. It rs 

folded, and contains many old slip surfaces. 
Next belo,v this disturbed late-glacial clay comes a layer of grey clay, 0,13 1n 

thick, of the same appearance as the clay directly above the late-glacial clay, 
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i.e. the post-glacial clay. Below this layer of gre;v clay there is a layer of clayey 
sand, not more than 0.03 1n thick. Below a depth of 25.54 m the varved clay is 
undisturbed. 

A study of the varve thicknesses shO\vs that a clay rnass, several metres in 
thickness, which has thick varves in its lower part and relatively thin varvcs 
in its upper part, has moved over the clay originally deposited on the spot. 
This above-mentioned clay mass seems to have been brought there either by 
a slide from the slope of the esker or by a slide from the east, where the depth 
to the firm ground is considerably smaller than on the boring site. The clayey 
sand hiycr next above the displaced clay mass has probably been washed out 
immediately after the slide. 

§ 3. Scope of Tests. 

Nine types of samplers were tested. They are described in § 4. A sampler 
of each type was used to take samples in two diametrically opposed bore holes 
situated on a circle 4 m in diameter (Pig. 3). Thus, eighteen here holes at a 
distance of 70 cm from each other were sunk frmn this circle. 

Owing to this arrangement, all these bore holes arc equal in weight, and the 
variations in the results due to variations in the soil properties may be expected 
to be equal for all sampler types. 

The diameter of the circle was made as small as possible in order to reduce 
the horizontal variations between th2 bore holes. Howen.•r. the distance between 

,-, types of samplers 
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the bore holes must be so great that the sampling in one bore hole docs not 
disturb the clay in other bore holes. The results given in § 6 show that the 
distance between the bore holes was great enough. 

In each bore hole a sample was taken at every 1netre of depth down to a 
depth of 15 m, and below that at every second metre of depth down to the firm 
ground. As a rule, the lowest sample was taken from a depth of 29 m. Thus 22 
samples were taken from each bore hole, and the total number of samples 
was 396. 

All samples were tested so as to determine the shear strength by different 
methods described in § 5, the natural water content, the liquid limit, the plastic 
limit, and the unit weight. 

The percentage of organic matter was determined for all snmpks taken by 
means of Type i sampler' (soil sampler with metal foils). 

Consolidation tests ,vere made on 16 samples taken at depths varying from 
2 to 29 m by means of 3 samplers (Types c, J, and g). 

Vane tests were made in four bore holes inside the circle (Fig. 3). They were 
made at those depths from which samples were taken in the other bore holes, 
i.e. at every metre down to a depth of ll> m, and below that at every second 
metre. At the same time we also determined the sensitivity of the clay. 

Soundings were taken by means of a machine in one section (six bore holes). 
This machine measures exclusively the point resistance. The maximum driving 
force of the machine is l 000 kg. The diameter of the conical drive point can 
be varied. In this case it was 40 mm. These soundings were taken only in order 
to determine the position of the firm ground. 

l\feasuremcnts of the pore water pressure in the ground were made in six 
holes (Fig. 3). 

Some of the samples were subjected to differential thermal analyses. Only 
a few of their results are reproduced in this report. 

The results of all above-mentioned investigations arc given in § 6. 

§ 4,, Description of Samplers. 

As has been 1ncntionccl in § 3, nine types of samplers were used. They nrc 
briefly described below. 

a. Earl)' piston s ,cm pl c r (without shutter) (Fig. 4) is rather robust. 
The outer diameter is 83.s mm, the inner diameter is 60.s mm, and the range 
(== L 1 see Figs 4 to 10) is 250 mm. Thus the area. ratio is great, about 0.90. The 
sampler has no clearance. The sample is obtained in a liner (brass tube) 170 mm 
in length. This t)'pc is the oldest of the Institutc·s samplers. 

Letter symbols designating the types of ntmplers are given in § !. 1 
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Fig. 4- Schematic drawing of early piston sampler. 

b. Early piston sampler with delayed shutter (Fig. 5). 
The outer diameter has been increased ( owing to the shutter) to 88 mm; the 
inner diameter (60.s mm) and the range (250 mm) are the same as in Type a. 
Thus the area ratio is still greater than before, about l.12 . The sampler has no 
clearance, and the sample is obtained in a brass tube as before. 

The main purpose of the shutter is to protect the sample during the with­
drawal of the sampler. The shutter consists of a cylinder (friction tube) outside 
the sampler proper, with four steel-strips attached to the lower end of the tube 
and entering the sampler just above its lower end. During the first phase of 
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Fig. 5. Schematic drawing of early piston sampler with delayed shutter. 

the withdrawal of the sampler the friction tube is kept on a constant Jew! 
by friction between the tube and the soil. The four steel-strips are therefore 
forced into the sample a little distance below the brass tube. This occurs gradu­
ally during the first centimetres of withdrawal of the sampler (hence the name 
"delayed shutter"). 

c. Early piston sampler with instantaneous shutter· 
(Fig. 6). This sampler has the same dimensions as Type a (outer diameter, 
inner diameter, range, clearance), and the sample is obtained in a brass tube in 
the same way. IIowever, the edge is sharper, and the shutter, fitted with eight 
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Fig. 6. Schematlc drawing of early piston smnpler with instantaneous shutter. 

steel-strips, is placed in recesses in the lower part of the sampler wall. The 
shutter is instantaneously operated by a spring as soon as the sampler cylinder 
reaches its lowest position. 

We hoped that the instantaneous cutting of the sample would give better 
samples than the sampler with the delayed shutter. 
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cl. She I by tube piston s amp 1c r (Fig. 7). This type was chosen 
in order to inYcstigate the influence of the area ratio. The outer diameter is 
63.s mm and the inner diameter is 59.s mm, so that the wall thickness is only 
2.o mm, and the area ratio is 0.1-1. The range is 500 mm, and the sampler has no 
clearance. While the sampler is driven into the ground the piston is kept in 
position by a catch. By turning the piston half a turn the sampler is then 
released. The sample is obtained directly in the tube, and the whole tube is sent 
to the laboratory after capping its ends. We used the part of the sample between 
25 cm and about 8 cm from its lower encl. 

e. Lengthen e cl piston s amp 1er with d c 1aye cl shutter 
(Fig. 8). This type was designed so as to comply with I-Ivorslcv's requirement 
that the length of the smnple should be great in relation to its diameter. The 
outer diameter of the lower part of the sampler is 83 mm and the inner diameter 
is 60.s mm. Thus the dimensions and the area ratio arc very nearly the same 
as in Types a and c. However, the edge angle is smaller. The range is 460 mm, 
and the clearance' is 0.s mm. The sample is obt,iinecl in three tubes (liners). 
The two upper tubes arc of normal length (170 mm), while the lowest tube is 
shorter (58.s mm). Usually only the part of the sample in the intcm1ecliatc tube 
is used, and this was also the case in the present investigation. The shutter is 
similar in design to that in T?pc b. 

f. Pneumatic piston sampler (except for the shutter, this type 
is quite the same as Type g, so Fig. 9 may be used to illustrate this type, 
too). This type is operated by means of compressed air in order to ensure a 
rapid continuous drive, as recommended by I-Ivorslcv. The outer diameter of 
the sampler is 75 mm, the inner Jiamcter is 60.s mm, and hence the area ratio 
is 0.54. The range is 4,50 mm, and the clearance is 0.2 mm. The sample is obtained 
in three tubes (liners). The respective lengths of the upper, the intermediate, 
and the lowest tube are 255, 170, and 5:3 mm. ,vc use the part of the sample 
in the intermediate iuhe. 

g. P n cum at i c piston s am p I e r w it h inst a. n tan e o us 
shutter (Fig. 9). In recesses in the sampler wall a shutter is placed, which 
is similar in design to that of Type c, but is operated by compressed air when 
the sampler cylinder reaches its lowest position. In all other respects this type 
is quite similar to Type f (equal dimensions). 

h. S w c cl is h St at c Ra i I ways piston s amp I c r (Fig. 10). The 
outer diameter is 55 mm, the inner diameter is 42.s mm and hence the area 
ratio is 0.68. The range is 828 mm, and there is no clearance. The sample is 
obtained in seven brass tubes, 100 mm in length each. According to recommen­
dations, we have used the part of the sample in the lowest tube and in that 
next above. 

1 In Proceedings No, 1 of lhe Institute (1) it is shown that the clearance is of no use in piston 
rnmplcrs. We had not yet arrh·ed at this result when Types e, f, and g were designed. 

18 



- - I 

I I 

!
I 

- I 

I~ I! :; I A 
(ll i 

--\.'!,' 
I 

' A 

I 7' 

l : I
I 11 
' ' 1-1I , 

I 

! II I 

tt1 
~ 
; 55 

B B 

Pig. 9. Schematic drau.:ing of pneumatic piston Fig. 10. Schematic drawing of Swedish 
sampler 'lcith instantaneous shutter. State Railzcays piston sampler. 
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i. Sa 111 p 1 er with 111 et a 1 f o i 1 s (Fig. 11). The outer diameter of the 
sampler gradually increases upwards. It is therefore difficult to give any value 
of the area ratio. The inner diameter is 67.4 mm. The clearance can be varied 
by using different edges. In this investigation we used no clearance at all. 
But abo-vc the sampling head there is a clearance, as the inner diamt tcr of the 
extension tube is 67 .s mm. A long, continuous core can be taken in each oper­
ation (up to a length of about 20 n1 or more). Samples, 60.s mm in diameter, 
which arc adapted to our laboratory equipment, arc punched from the core. The 
sampler is described in detail in Proceedings No. 1 of the Institute (1). 

§ 5. Description of Laboratory Testing Methods. 

As is generally known, there arc many laboratory methods for determining 
the shear strength of soils, and we had to decide which methods should be used 
in this case. 

As we were interested only in the shear strength of the samples at their origi­
nal water content, we did not need the triaxial compression test, and we could 
make the unconfined compression test as well. The direct shear ,vas not used 
either, because the slress conditions in this test arc very intricate, and also 
because it is time-wasting, and has no special advantages when the water con­
tent is kept constant. 

Accordingly, partly because of their simplicity, we chose the following tests: 
the unconfined compression test, the cone test, the laboratory vane test, and. 
what here is called, the tablet test. These tests arc briefly described below. 

The unconfined compression test was made in an automatic tester, which 
graphically records the compression of the specimens as a function of the load 
(Fig. 12). In the computation of the shear strength we use, as a rule, the 
original cross-sectional area of the specimen, and not any corrected area, as has 
been recommended, c. g. by Lambe (3). This means that we get somewhat 
higher Yalucs of the shear strength. The shear strength of each sample taken 
by means of Type g (pneumatic piston sampler with instantaneous shutter) was 
computed by means of both these methods, and the difference between the 
respcctiYe Yalues of the shear strength varied from 3 to 10 %, being on an 
aYerage 6.s %-

Note: ,Ye shoul<l use a corrected cross-sectional area in Lhe computation of the compressi,·e stress 
and the shear strength, but it is very difficult to say how this correction should be done. Lambe 
uses the a\"!!rag~ cross-sectional area, A, found from 

A=~ 
l-1:: 

in which A0 =the initial cross-sectional area of Lhe specimen and t =the axial strain. ,vc think 
that the most correct method would be lo use the aYerage cross-sectional area of Lhat part of 
lhe specimen in which the surface of failure de\"elops, but it is hardly possible lo determine this 
area. Our mosl serious objection lo the method proposed by Lambe is that after the surface 
of failure has begun to develop, only a part of the axial strain causes an increase in the cross­
sectional area of the specimen. 
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Fiy. 12. Automatic unconfined compression tct;frr. 

The cone test was made by means of the usual Swedish n1ethod. A cone 
is lowered until its point touches the surface of the clay. Then the cone is 
released, and sinks by gravity. From the depth of penetration we determine th(' 
shear strength by the aid of an empirical law. Normally two cones arc used, 
viz., one having an angle of 60° and weighing 60 g, and the other having an 
angle of 30° and weighing 100 g. 

The laboratory vane test was made in the tester shown in Fig. 1:3. The Yanc 
was 15.3 mm in diameter and 30 nun in height. The sample, kept in the liner. 
was turned with a velocity of 0.1 degree per sec., i.e. the same velocity that 
we use in the field vane test, and the reaction moment on the vane was 
1ncasured by means of a torsion pin and mirrors. The trimming of the tester 
showed that the vane should be lmvcrcd until its top was at least 2 cm below 
the surface of the clay. 

The tablet test consists in the application of a test-load to the clay surface 
by rneans of a tablet, whose area in this case was only O.s cm2 • This test, which 
is quite new, at least in this country, was made for comparison with the cone 
test. If we leave out of account the part of the cone below the surface of the 
clay and the difference in disturbance of the clay between these two tests, then 
they may be regarded as identical. The shear strength in the tablet test may 
be put equal to a coefficient (about 0.rs) times the normal pressure on the clay 
surface at failure. The results of the tablet test arc not given in this report. 

All samples were tested exactly seven days after the,· had been taken, in 
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Fi[!. 13. Laboratory vane tester. 

order to avoid any different effects of the time of storage. HowcYcr, it is not 
probable that the samples underwent any noticeable change during that time, 
ns they were kept in a humid room in their liners with caps and rubber gaskets. 

The shear strength ,vas determined as follows. First, one encl of the sample 
was cut plane. Then the cone test and the tablet test were made on this 
plane surface three times. After that, the labo~·atory vane test was made. As 
has been mentioned above, the vane had to be lowered into the sample to a 
depth of 2 cm below the surface of the clay. Then about 5.s cm of the sample 
was cut a\vay, and three cone tests and three tablet tests were made again, on 
the new surface. Thus, six cone tests and six tablet tests were 1nadc on each 
8ample. ,v-e used the mean value of the observations made in these tests. From 
the remaining part of the sample we cut a piece, as a rule, 10 cm in height, 
which was used for the unconfined compression test. In some cases a consoli­
dation test was made on the remaining part of the sample. In these cases "·c 
used only S cm for the unconfined compression test. 
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Fiy. JU. Standard characteri.'Jtics of the clay. 

As to the c1thcr laboratory investigations, there is not much to say. The 
determination of the unit weight, the natural water content, the plastic limit, 
and the liquid limit was made as usual, just as the consolidation tests and the 
differential thermal analyses. The load steps in the consolidation tests were as 
follows: 0, 0.22s, 0.425, 0.s2s, l.G2s, and 3.2 kg/cm2. On some of the specimens the 
load was then reduced to l.525 kg/cm2. 

The percentage of organic matter was determined by measuring the quantity 
of carbon dioxide after the samples had been calcined. Before that, all carbonate 
was removed from the samples. 

§ 6. Test Results. 

The results of the soundings are shown in Fig. 14, The depth to the firm 
ground is about 30 m on the boring site, but decreases rapidly to the east. 

The results of the determination of the unit weight, the natural water content, 
the plastic limit, and the liquid limit are shown in Fig. l 5. I-Iowever, ,ve have 
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Fig. 10. Organic matter content. 

shown only the results relating to the samples taken by means of Type e 
sampler, because the diagrams for different bore holes are very similar. Further­
more, Fig. 15 gives the results of the determination of ignition loss, and the 
sensitivity (obtained from vane borings). The organic matter content (expressed 
as pure carbon content) is sho\vn in Fig. 16. 

The unit weight increases approximately linearly with the depth. The natural 
water content decreases on the whole linearly with the depth. The liquid limit 
is roughly constant (about 120 %) down to a depth of 11 m, then it decreases 
down to a depth of 21 m, and below that it is constant again (about 60 %). 
The plastic limit shows the same trend as the liquid limit, but not so evidently, 
and w·e can also detect this trend in the carbon content. The ignition loss is 
high in relation to the carbon content at a great depth, owing to some per­
centage of lime in the clay at that depth. The sensitivity is normal for Swedish 
clays (i.e. about 10). 
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The results of the vane borings arc 
shown in Fig. 17. The values for the 
four bore holes agree very well except 
at the depth where we have found sand 
layers. The curve of the shear strength 
as a function of the depth has a very 
1musual shape. Firstly, the increase of 
the shear strength in the interval from 
5 to 11 m of depth is very great. Second­
ly, ,ve have the decrease of the shear 
strength in the interval from 15 to 22 m 
of depth. 

The results of the pore water pressure 
measurements are shown in Fig. 18. \Ve 
sec that there is an excess pore water 
pressure in the ground, but it is rather 
small. 

The results of the consolidation tests 
arc shown in Figs. 19 and 20 for five 
samples only. All consolidation curves 
arc very similar, the compression index 
being about l.1. Furlhcrmore, Figs. H) 
and 20 also give the vertical effective 
stress in the ground, which has been 
computed so as to take account of the 
pore water pressure measured in the 
ground. As this stress coincides fairly 
well wi lh the bend of the curves, we 
may consider the clay lo be normally 
consolidated. 
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pressure 1ncasiuements. 
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The results of the differential thermal analyses reproduced here arc confined 
to seven samples, see Fig. 21. These curves arc rather difficult to interpret. 
They will be discussed in a following number of the Proceedings of the Institute, 
together with similar curves obtained on other sites. 

The results of the determination of the shear strength by means of laboratory 
methods are given in per cent of the values obtained from the vane borings. 
As has been mentioned above, we show only the results of the unconfined 
compression test, the cone test, and the laboratory vane test. T~rns we get three 
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curves for each type of sampler, sec Figs. 22 lo :30. Each curve is the average 
of the curves obtained in those l wo bore holes in which the sampler in question 
vrns used. 

As a rule, these two curves agree very ,veil, at least as regards the post­
glacial clay. As an example ,vc show the two curves for the unconfined com­
pression test on samples taken by 1neans of the pneumatic piston sampler ,vith 
instantaneous shutter (Fig. 31). 

The scattering in the late-glacial clay is quite natural considering the strati­
fication of the clay and in view of the fact that the thin sand layers arc not 
quite horizontal. If the samples were disturbed by the sampling in the adjacent 
bore holes, it is not probable that these disturbances would be exactly identical 
in the two diametrically placed bore holes, especially as not all bore holes were 
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used in the same order. Consequently, the close agreement of the two curves 
may be regarded as a proof showing that the distance between the bore holes 
was great enough. 

1-Iowever, there is an exception, and that is the result obtained with the 
pneumatic sampler without shutter (Fig. 32). In this case the difference be­
tween the two curves is very great. The n1ost probable reason of this is stated 
in § 9 a. 

As has been mentioned in § 4, we had to punch samples from the core 
taken by means of the sampler with metal foils, and we used various types 
of punches. We found that the type of punch had a comparatively great in­
fluence on the shear strength of the san1plc. Fig. 30 sho\YS only the results 
obtained with our latest type of punch. 

§ 7. Discussion of Variation in Shear Strength ancl in Void 

Ratio with Depth. 

§ 7 a. Variation in Shear Strength. 

,ve have had s01nc difficulties in understanding the unusual form of the cm·vc 
of the shear strength determined by vane borings as a function of the depth 
(Fig. 17). The deviation from the normal form could be due to various causes. 

In the first place, we could attribute the decrease of the shear strength in 
the interval from 15 to 22 m of depth to an excessive pore water pressure in 
this interval. I-Iowevcr, Fig. 18 shows that this excessive pore water pressure 
is so small that it can affect the shear strength only very slightly. 

In the second place, we could attribute the great increase of strength in the 
interval from 5 to 15 m of depth to a prcconsolidation of this layer. I-Iowcver, 
we have found (Figs. H) and 20) that no preconsolidation can have taken place 
( except for the superficial layer). 

The only remaining cause seems to be some variation in the nature of the 
clay. The curves of the liquid limit and the percentage of organic matter (Figs. 
15 and 16) certainly indicate a variation in the nature of the clay. 

There is a. correspondence in some respects behvccn the variations in the 
liquid limit (and the percentage of organic matter) and in the shear strength. 
When the shear strength increases, i.e. in the upper part and the lower part of 
the curve, the liquid limit is approximately constant, and when the shear 
strength is constant, i.e. in the intermediate part of the curve, the liquid limit 
decreases. 

It is possible but not likely that the eorresclondence between the liquid limit 
and the shear strength can completely explain the unusual form of the shear 
strength curve. For instance, the inc::.ease of the shear strength in the interval 
from 5 to 11 111 of depth is as great as O.s2 times the increase of the normal 
effective stress, although the liquid limit is constant. For normal clays, at least 
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normal Swedish clays, the coefficient of increase is 0.3 to 0.4. Accordingly, "·e 
belieYc that there must be some variation in the clay minerals, and this was the 
reason for our differential thermal analyses. IIowever, as has been n1entioncd 
abovc 1 wc arc not yet prepared to discuss these results. l\Ioreover, the question 
of clay minerals exceeds the scope of this paper1 . 

§ 7 b. Variation in Void Ratio. 

In Fig. 33 the full-line curve represents the void ratio before the consolidation 
test (sec § 3) of all samples from different depths as a function of the sampling 
depth. The dash-line curve shows their void ratio after rcconsoliclation unckr 
the computed vertical effective pressure at this depth. 
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i ).fr I. Th. RosenqYist, Norway, lms suggested that the explanation is a variation in salt 
content. but a later investigation in this respect showed that this explanation is not correct either. 
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The close agreen1ent of these two curves is notable. The void ratio of each 
sample after rcconsolidation is somewhat lower than before testing. This slight 
squeezing-out of pore water from the sample may be due to three causes. 

Firstly, each removal and reapplication of load usually produces a slight com­
pression. If we assume that the horizontal effectiYc pressure in the ground 
is equal to the earth pressure at rest, that the coefficient of earth pressure at 
rest is 0.s, and that I-Iooke's law is valid in this case, then the vertical effectiYc 

pressure during the sampling ,Yill decrease from O\ to ~ Oy (we also assume that 
3 

there is no swelling). In the consolidation test the vertical pres:mre will increase 
to ay again. 

Secondly, the samples may have been a little disturbed. In that case a reap­
plication of load always causes a decrease of the void ratio. I-Iowever, this is 
probably not a correct explanation in our case, because the decrease oi the void 
ratio seems to be independent of the sampler type and of the depth. 

Thirdly, the sum of the principal effective stresses increases1 during the con­
solidation test, although the vertical stress is the same as in the ground. The 
Author docs not share the opinion that only the major principal stress influences 
lhe rnid ratio. 

However, as has already been mentioned, the difference in Yoid ratio is vcrr 
little. Therefore, ,Ye can state that, in this case, the real effective pressure in the 
ground cannot be appreciably smaller than its computed value. This is not in 
agreement with the suggestion made by Tcrzaghi (4,) in 194,1. 

§ 8. Theoretical Comparison of Field Vane Test, Laboratory 

Vane Test, and Unconfined Compression Test. 

§ 8 a. General. 

In order to be able to discuss the results of the shear strength determinations 
given in § 6, ,ye have to make a theoretical comparison of the various tests. 
However, the cone test is very difficult to analyse, or e,·en to compare with 
the other tests, so that \Ve shall confine ourselves to a comparison of the field 
vane test, the laboratory vane test, and the unconfined compression test. 

~Votation. 

a'"== vertical effective stress in the ground 
Oh== horizontal effective stress in the ground 
c == true cohesion in the ground 

c0 == origin cohesion 1 in the ground 
r. == coefficient of increase in cohesion 

This queslion will nol be <liscusse<l here. 1 
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cp == true angle of friction 
a== effective normal stress on slip surface 
a==· unconfined cmnprcssive strength 
-c == shear strength 

Tc= a = shear strength from unconfined comprcss10n test 
2 

T\. = shear strength from field vane test 
T\. == shear strength fr01n laboratory vane test 
J\I = maximum torsional moment in vane test 
D == diameter of vane 
H = height of Yane 
i. = compressibility ratio 

i.r = rccomprcssibility ratio 
Tyer= shear strength in a vertical svrfacc of rupture 
TJwr = shear strength in a horizontal surface of rupture 
I(= coefficient of earth pressure at rest 

. . 1-i. 
11 :::: a COCff ICICll t :::: ---

1 + i. 

\Ye suppose that the clay is normally consolidalcd, as has been indicated by 
our consolidation tests. However, even if lhc clay should be prcconsolidatcd, we 
can still use the computations given below, but lhcn ,Ye have to introduce a 
different. value of the true cohesion c. 

,vc further assume that the volmnc of the sample remains constant during 
sampling and also during testing. The former assumption implies, firstly, that 
lhc capillary forces in lhe sample arc sufficient to counteract the suction in the 
pore water, and secondly, that gases or any dcvclop1ncnt of gases in the pore 
,Yater do not occur. These assumptions may he correct for samples taken from 
a moderate depth, but they arc certainly not correct for samples taken fron1 
a great depth. The latter assumption implies Lhat the tests arc 1nadc so rapidly 
that the escape of any pore water is completely prevented. 

Finally, we assume the horizontal effective pressure in the ground to be equal 
lo the earth pressure at rest, i.e. 

a,,=Ka,. 
The shear strength of clays may be vrrittcn 

r==c+atgrp 

where c is the true cohesion and a tg rp is the frictional component of the shear 
strength. ,vc may confine ourselves to this expression. llmvevcr, in some of the 
following computations we have deduced the expression for the true cohesion 

······································ (1) 
1 The term origin co h cs ion denotes the cohesion (in this case= the shear slrcnglh) of 

normally consolidated (i. e. not prcconsolidated) clay al lhe normal stress = 0. Sec (5). 
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\vherc c
0 

is the or1gm cohesion and O('m is the equivalent1 average principal 
stress. In this case, when the clay is normally consolidated, the eqtfrvalent aYer­
age principal stress is 

I I 
o,m = 3 (a, + 2 oh) =so, (I+ 2K) 

Note. This hypothesis concerning the shear strength of clays differs from Hvorslev's well-known 
theory in two respects, 'i'i:::., first, as regards the constant c0 , i.e. the origin cohesion, which is not 
included in I-horslcv's theoty, and inay therefore be considered to be zero in his hypothesis, and 

second, as regards the increase of cohesion, t x 0\. (I + 2K), which is here assumed to be pro­

portional to the average principal stress, aod not, as in I-horslev's theory, proportional lo the 
.-ertical (i.e. the major) principal stress (strictly speaking, to the -vertical so-called equirnlent 
stress, bul, for normally consolidated clays, this is the same as the ,·ertical effective stress). The 
reason for this departure from Hvorslev's theory is that all three principal effective stresses cause 
compression, and hence an increase of the cohesion (the Author assumes all these stresses to 
produce equal effects), and that some tests made by the Author (5) have shown lhut clay possesses 
so-called origin cohesion. 

The hypothesis given here is somewhat suggcsth·e of thal due to Tcrzaghi (6Y° 

_ or +om _ 
r = c1 + otg 9'1 = C1 + 

2 
r. + olg ?) 

but the term c1 comprises the origin cohesion as well as a. purl of the increase in cohesion due 
lo consolidation by external forces. Furthermore, the influence of the mean principal stress is 
disrl"gardcd (01 is the major and Om is the minor effecliYc principal stress). 

The modulus of elasticity as well as Poisson's ratio vary during the shear 
tests when one of the effective principal stresses is increased and another is 
decreased, but wc do not know exactly how they vary. In this analysis wc 
therefore assume both the rnoclulus of elasticity and Poisson's ratio to be 
constant. IIowever, we use one value of the modulus of elasticity Ee corre­
sponding to increasing pressure (compression) and another value E,, corre­
sponding to decreasing pressure (swelling). According to Skcmpton (7), we 

denote the ratio of these values by !c = i.. Furthermore, we use the symbol 

i.r = !:r for the ratio of the values o/ the modulus of elasticit;v corresponding 

to recompression and to s,Yclling_ 

The problem of determining the shear strength of anisotropicdly consolidated 
clay has been treated by Brinch Hansen and Gibson (8), and we shall deal with 
this problem the same way. I-Iowever, in our case the expression for the shear 
strength is different (and so are the symbols). J\Ioreover, there arc some other 
differences. Brinch Hansen and Gibson have not compared the vane test and 
the unconfined compression test, and their expression for the unconfined com-

The term "cqui,·alent" has the same meaning as in HYorslev's theory. 
!! We use slightly different notations, which agree ,rith other symbols employed in this paper. 

1 
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pression strength is not applicable in all cases. Besides, they have not treated 
the laboratory vane test. 

In the computations ,vc assume that the stresses are uniformly distributed 
<n-er the sl1rface of rupture. Thus we assume no degree of successive failurc 1

• 

§ 8 h. Fielcl Vane Test. 

The surface of rupture is assmned to consist of a circular cylinder and two 
planes, so that all three of them taken together circumscribe the vane. This 
assumption is not quite self-evident, and cannot be correct in the boundaries 
between the vertical c;ylindcr and the planes. But it seems to be an allO\vablc 
approximation. 

The shear strength T\- computed from vane borings 1s an average shearing 
stress at failure across the whole surface of rupture. 

l -\- E_ . Thor 

Ty:= T\'Cr 3H D Twr . , .................. , , , ........ , . . . . . . . (2) 

i+ 3H 

Thus we have to compute the shear strength T,w in a vertical surface of rupture 
and the shea,r strength Thor in a horizontal surface of rupture. 

The vane was 65 mm in diameter and 130 mm in height. I-Iencc I-I:= 2 D and 

G-!- TJwr 

Tyer" (3)Ty := Trer ---= 
7 

Shear Strength in Vertical Surface of Rupture. 

At the beginning all horizontal effective normal stresses arc i:Jii := I( Ov. '''e 
n1ay regard any two axes perpendicular to each other as principal axes. \Ye 
t.'hoose those two axes which also remain principal at the end of the test. 

At the end of the test one of the horizontal principal stresses has increased 
by, say, bJJ to ICo\. + 6.Gi, and the other horizontal principal stress has 

1 
decreased by, say, 6,?f,, to K av- 6. a,,, while the vertical principal stress remains 
constant, provided th;re is no strain-in this direction (7). 

According to the i.-thcory, we have 

~=~,--·························· ..... oo 
From the l\Iohr circle (Fig. 34) we get 

Tyer C 60, - 60, . _. _................. (5)--=-.----=Ka'"+ 
cos cp sm rp tg cp 2 

and 
Tvcr (G) 

cos 'P 

1 "·e use te expression "suceessiYe failure" for what is usually called "progl'essiYe failure''. 
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cp 
u '!ver 
~+-------+----.,_-+--+---+--a 

Fig. J.i. Field vane tesi. 1llohr's circle for determination of shear strength 
hi 'Vertical surface of rupture. 

By eliminating 60 and 6a from Eqs. (4) to (6), ,re obtain
1 2 

Kav sin rp + c cos rp (7)Tnr == cos cp I + n sin rp 
where 

I-J. 
11 == ------.. 

1 +1.
and 

1 -c = +3 "av (1 + 2 K) according to Eq. (1).c0 

Shear Strength in Horizontal Surface of Rupture. 

At the beginning one principal effective stress is vertical an<l equal to 0,, 
while the two others are horizontal and equal to "" =Ko,. (Stage I, Fig. 35 ). 
As the moment on the vane increases, the principal axes turn. Since the surface 
of rupture is horizontal, the major principal stress at failure will make an 

angle of 45° - P... with the horizon (Stage II, Fig. 35). We assume that there 
2 

is no strain in the (horizontal) radial direction during the test. This means 
that the principal stress in this direction remains unchanged (7). In order to 
he ahle to use the i.-methocl, we have to choose those axes (perpendicular to 
each other) along which the shearing stress remains constant during the tcst.1 

"'hen the shearing stress is constant, it cannot haYe any influence on the waler content of 
a volume element or, when the water content is constant. on the pore water pressure. Therefore, 
we hm·e lo consider the normal stresses only, just as in the case when the principal axes remain 
unchanged. 

i 
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A \ 
Fig. :JJ. Field vane tc.~t. ft1ohr's circle for determination of shear strength 

in horizontal surface of rupture. 

Let jJ denote the angles these axes make with the horizon and the vertical, 
respectively, (Fig. 35). Then the above condition gives the equation 

a, 1 
K sin 2 fl= R sin (90 - r - 2 f)) . . . . . . . . . . . . . . . . . . . . . . (8)

2 
(The symbol R is explained in Fig. 35.) 

By using the }.-method, which implies that the increase 60".\ of the one normal 
stress shall be equal to }. times the decrease 60n of the other normal stress, 

1\"C get _ ..L _ l +I( _ l - I( . _ 
9Om, R cos (90-r-2fJ)-a,.---+a,.---cos ~fJ-

2 2 

. [- l +K _ 1-K _ ]
=1. o,. +a, cos 2f/-am +R cos (90-r-2fJ) (9)

2 2 
(The symbol Om is explained in Fig. 35.) 
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Finally, th~ condition for rupture gives (Fig. 35) 

R c 
-.----=om·········································· (10)sm rp tg cp 

We eliminate {J and om from Eqs. (8) to (10) and so!Yc them for R. Then we 
get the shear strength in the surface of rupture rhor == R cos rp. 

This calculation gives 

cos rp I + 1 - . [l + K + 2 (1 T/) . " l ' Thor ,, . ,, ) C cos rp - a, Sm cp 11 .,_~ sm- <p I
l-n-s1n-rp\ 2 

+(1+K) (3-K) sin2 rp-n2 (1-K)2 sin2 rpcos2 rp]}.......... (11) 

The sign before the square root can be determined, for instance, by putting 
K = 1. Then Eqs. (7) and (11) should give the same value. This shows that the 
negative sign should be used. 

From Eqs. (3), (7), and (11) we can now calculate the shear strength ,,. de­
termined by our field vane test, when we know the values of 

cp, I(, Oy, }., and c (or c
0 

and %), 

§ 8 c. Laboratory Vane Test. 

In the ground, the effective vertical stress in the sample was equal to a,. and 
the effective horizontal stress was ah == I( a,.. After extraction, the stresses in 
the sample are equal in all directions. The effectiYe vertical stress has decreased 
by, say, ,60"1 and both effective horizontal stresses have increased by, say, ,60':.!. 

Then we have 

2 !.\a,= 2 L\o, 
a, - l'oa, =a"+ l'oa, 

which gives 

A- o,-ii'h _ 1-K 
ua1 == ~ == o'" ---}. 

1+" 1+...:.
2 2 

and hence the effective stress Os in the three directions 

_ _ _ I - K _ 2K + 2 
~=~-~--,-J.-.=~2+2·························· (12) 

1, 2 
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The same expression has been deduced by Brinch Hansen and Gibson (8). 
During the test the principal stresses change again. 
Just as in the field vane test, the surface of rupture is assumed to consist of 

a circular cyliEder and two encl planes circumscribing the vane. 

Shear Strength in Vertical Surface of Rupture. 

\Ve assume that the average of the l\vo horizontal effective principal stresses 
(which are equal at the beginning of the test) decreases during the test by /':,a 
to 

_ 2K+J. 
Oy 2 +J. 

One of these stresses decreases from 

2K+i.(\. 
2 +J. 

to 

( 2K++ !. 6a) ( . ) - c cos ,p (sec F. )a,. - 1- sill ,p <Jg. 36
2 2 

The ol:hcr increases from 

2K+!. 
a,. z+ !. 

to 

2 K + !. A ) (1 + . ) + (o,. + i. - ua Sill 'P c cos ,p2 

Note: It is nol sclf-e\·ident tlml this principal stress should increase, I-Iowe,·er, iL is easily shown 
that this will happen when }. > 0, which usually is the case. 

The third principal stress (wrtical) will remain unchaugecl (if there is no 
strain in this direction). 

According to the }.-theory (increase in stress==}. times decrease in stress), 
we get 

zK+J. . ( . )a,. + z Slll ,p- /':,a 1- Sill 'P + c cos ,p = 2 

'[- 2K+!.. A-( . ) ]= I. Oy 2 + !. Sill ,p + ua 1- Slll <p + c cos 'P _ 

which giYes 

2K+J.. a,. , Sill <p + C COS ,P
2 +,. 

1 +J. .--+slllm1-). . -r 

and hence (from Mohr's circle, Fig. 36) 
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<.) 
I 

'rve 

(av 2t:; -Lli:t) sin cp + C COS cp 

a 

Fig. 3G. Laborntory vane test. ilfohr'J' circle for determination of shear stresses. 

2K+J.. 
·Ov •:>. ~ smcp + C cos rp)~+i . . 

) Sill rp COS r+ C cos- <t1+. . 
--+smrp
1-}. 

or, after reduction, 

2:Z+J.. 
CTy , Slll rp + C COS <p

2+,.
r'vcr == COS rp ------~----- (13)

1 + n sin cp 

Sl,car Strength in Iloriwntal Surface of Rupture. 

Just as in the field Yanc test, ,vc assume the strain in the radial direction to 
be zero, so that the principal stress in this direction remains constant. Both 
other principal slresscs arc situated in a circular cylinder having the same axis 
as the vane. At the end of the test the major principal stress ,Yill 1nakc an 

angle of (45° _q; ), and the minor principal stress will 1nakc an angle of 
2 

(15° +'I'_), with the horizon (the surface of rupture). We choose these two 
2 

directions for our computations. This is permissible as they arc also principal 
at the beginning of the test. 

lVe assume that the average of the 1najor and the minor effectiYc principal 
stress (which are equal at the beginning of the test) decreases during the test 
by 6a to 

_ 2K+J. _ 
Oy +}. -2,,a2 
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At the end of the test the minor principal stress is (cf. Fig. 36) 

(- 2K + ). A ) ( • )a,. + J. L';o 1 - Sll1 f/J - C COS cp
2 

and the major principal stress is 

2K+J. )( . )Ov - -+.-60 1-smcp +c cos cp
9~ J. 

Thus one principal stress has decreased during the test by 

A 2K+J. . + A-( . )+
Ll<l == a,. + }. sm rp ua I - sm rp c cos rp

2 

The other has increased by 

A 2K + ). . A ( • )
Lli == ~. " S111 rp - u.O 1 + Slll cp + C cos rp

2 + /. 
Concerning this increase, we have to remember that the normal stress m the 
ground (that is, before sampling) in the direction of Li was 

a,.- ah cos (90° -cp) = a,. [l + K- (1-K) sin cp]
2 2 

This normal stress is practically always greater than the normal stress in thc­
smnplc before the test. The corresponding condition is 

). < 2 l_=S'.n cp 
1 + smcp 

Thus the stress increase during the test implies rccompression to the stress that 
existed in the ground. 

The final value of the major principal stress alter the test may be either 
greater or smaller than the stress in the ground. Accordingly, we have to 
distinguish between two cases A and B. 

. _ 2K+i.ii'"[ r 
2 2+2 

A. --l+A- ( 1 K) sm cpl< (a,.--~ 60) (1 + sin cp) + e cos cp 

The first step of the stress increase 

a 2K+J.6;1 =_c__[l+K-(l-K) sin cp]-a"-~-
2 z+z 

is a rccomprcssion, whereas the second step 

_ 2K+z _ 0
6;, = (a,.-2+). -60) (l+sincp)+ecoscp- "[l+K-

2 

-(1-K) sincp] 

is a compression. 

The ).-theory gives 

L:\ji I 

T' 
4 4!} 



By inserting the expressions for L\il' 6i~, and 6(i, and by solving the aboYc 
equation for l:::,o, we get 

- { 2K+i. [· '.L. (1 ') . ] i.,-}. [ I"a,- 2 + }. ,. , I., - ,_ sm cp - ~ 1 + '- -I.,- -

J., [l + J. + (1-i.) sin cp] 

-(1-K)sincpl}+i., (1-J.) c cos cp 
(14) 

a,- _ 2K+i-B_ ---[1+K-(l-K) smcp]>(o,- . Lia) (1- sin cp) + c cos rp
2 2+1. 

The whole step of stress increase is a recornpression, and the i,-theory there­
fore yields 

_ 2K+i- _ _ _ ) l- 2K+J. . .L 
ay + A Sm rp - 6,,a (1 + Slll rp + C cos cp = }.r av sm 9,

"9 1. 2+i. 1 

+ Lio (1-sinrp) + c cos cp] 

The solution of this equation giYes 

A-_ 1-J_, <- 2K+i. - , ) (1··)uo - . ( ) . Uy-·-.-sm rp TC cos rp . . . . . . . ;)
1 + I., + 1 - /., Slll cp 2 + /. 

When Lia is determined by Eq_ (14) or Eq_ (15), we get (from Mohr's circle, 
Fig_ 36) 

, f_2K+J. l 
'Iw,-=coscp\(a, o+· L'la)sincp+ccoscp/------------· (16)

" /, 

Finally, we obtain from Eq_ (2) 
, 

..LO _ Thorl +~ <hor l , 1 / 1 f , , 3H T vcr I T Yer 
Tv=rvcr T vcr ---1.-I (17) 

, D 71 '3H 

§ 8 cl. Unconfinecl Compression Test. 

At the beginning of the test all three effective principal stresses arc equal, and 
.are given by 

2K+J.( ~ )Ov • SCC S 8 C
2+1. 

During the test the total Ycrtical stress increases fron1 zero to a, while the 
total horizontal stresses remain zero. The effective vertical stress increases by, 
say, 6,.01 and each of the effective horizontal stresses decreases by, say, 6,.a~. 

\Ve now have to distinguish between two cases A and B. 
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6' 2K+). 
. V 2+A 

cr 

Fig. :Ji. Unconfined compression test. 1lfohr's circle for determination 
of shear stresses. 

_ _ 2K+i. _A. a,.> o,-2+ i.- + 601 

The increase of the vertical effective stress from 

_ 2K+i. _ 2K+i. , _ 
Ov a\.+ . to + . T b.a19 9... / • ... 1. 

implies recomprcssion, and ,Ye have lo use the rccompressibility ratio i.r. As the 
volume of the sample remains constant during the test, we have 

601 = 2 ,, 60, 
From l\Iohr's circle we get (Fig. 37) 

- 2 K + !. 6a, 6a., , c ·1 . _ 601 , 602av . +------, -- smrp -- , --[ 2+1, 2 2 tgrp_ 2 2 

Inserting 
1 

60,= 90 601 
"""/,r 

1Ye obtain 

2K+i..
Ov • sm rp + c cos rp

2+1.601 = 2 ___....',._:c..___( ____)~ 

1 . 1
1 +-;,;-- Slll rp l - - -

.., /.r 9,..}.r 
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T = 0 = 601 (l _j__!__) 
C 2 2 '2}.r, 

and hence 
I + 2 /.r 2 K +- ;,----- - ---- =-~--c- (c cos 9; + a\. ... -'-_·sin fp) ... (18)

1 + sin rp + 2 }.r (1- sin rp) ~ 1 /. 

The same expression has been deduced by Brinch IIansen and Gibson. 
However, they have not treated Case B. 

2K+J.B. Ov < Ov ? + . + 601 
~ I. 

'Tl . f I . I ff . f 2 K + J. · 1·1c mcrcasc o t 1c vertica e ecbvc stress ron1 a.----~~- to a. 1111p 1cs
\ 2+}. \ 

recompression, and for this increase we have to use the rccomprcssibility ratio 

. I ·1 I . f 2 K + J. A • l' . l f
/. 0 w 11 c t 1c mcrcasc r01n Ov to Ov --~. + u.01, imp 1cs comprcss1011, anc or 

2 + /,
this increase we have to use the compressibility ratio J.• 
Thus we get 

1 (·- _ 2K+l) 1 (- 2K-f-J., A~ -)-9 A­
i.I' .av - av 2 + }. + }. riv 2 + J. T uo1 - o\. - .., w.a2 

Prom ::.\Iohr's circle ,,·c get as before 

_ 2 K + !. 601 60., c ) . 601 60.,
( Ov 2 -f- }. -1- - 2 - - -2~ -1- tg rp Slll gJ =-2- -1-~ 

By soh·ing these t\Yo equations for D,.a1 and 60 , \Ye obtain
2 

D01 t:,o.,I 
Tc== -- ' -----

2 2 
This calculation gives-9 ,- ' • 

- -A-r/. .,i.) /4],2/4---r-::;- +1-~ smrp+c (1 -f- 2 i.) cos q,Ov 9 -f-' - .., J. /4r ArI 
(19)

1 + sin rp -f- 2 }, ( 1 - sin q,) 

§ 8 e. Numerical Values. 

The test results given in § 6 arc expressed in terms of the ratio of the shear 
strength determined by the unconfined compression test and the laboratory 
vane test to the shear strength determined by the field vane test. The theo­
retical results obtained in this section will be expressed in the same way. 

First, we have to assume certain values of the characteristics of the clay, 
that is, values of 

rp, K, i,, },n c
0 

, and r. 
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Fig. 08. Computed shear strenr;th as a function of vertical normal stress in the 
ground. (Assmnptions: the clay is normally consolidated, the angle 

of internal friction is 11°, and the recompressibility 
1·atio is equal to unity.) 
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Fig. 39. Computed ratios of shear strengths (unconfined compreMion test and laboratory 
vane test) to strength obtained frmn field 1,·a,w test as functions of vertical normal 

stress in ground. ( Assumptions: the clay is normally consolidated, the angle 
of intemal friction is 11°, and the recompressibility ratio 

is equal to unity.) 

For the true angle of internal friction, rp, we choose the value 11° taken from 
earlier inYestigations of Swedish clays (9). 

For the coefficient I( of earth pressure at rest we have found the value O.s 
for a Swedish clay (test made with undisturbed sample). This is in good agree­
ment with the values given by Tsehebotarioff (10). 

The coefficient J. is assmned to be equal to 0.2 according to the consolidation 
tests involving the removal of load mentioned in § 6. However, we have also 
chosen the value i. = 1, which implies that the clay strictly obeys Hooke's law 
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(equal values of the modulus of elasticity for application and remoYal of load). 
The coefficient }., is supposed to be equal to 1 according to consolidation tests 
involving the removal and the reapplication of load 111entioned in § 6. 

The origin cohesion c0 is assumed to be O.os kg/cm2 according to earlier in­
vestigations (5). llowcvcr, we have also assumed the value c

0 
== 0, "·hich 

implies that the clay strictly follows Hvorslcv's theory in this respect. 
Finally, the coefficient of increase in cohesion % normally varies from 0.15 to 

0.ao [when tho true cohesion is expressed by Eq. (l)]. These two values of" have 
been assumed. 

By using the above values, and Eqs. (3), (7), and (11), we obl!tin the shear 
strength cletern1inccl by the field vane test as a function of the normal vertical 
effective pressure in the ground, sec Fig. 38 a. 

By using the above values and Eqs. (14), (15), (16), and (17), we obtain the 
shear strength determined by the laboratory vane test as a function of the 
normal vertical effective pressure in th:.'! ground, sec Fig. 38 b. 

By using the above values and Eqs. (18) and (19), "·c obtain the shear 
strength determined by the unconfined compression test as a function of the 
normal vertical effective pressure in the ground, sec Fig. 38 c. 

Finally, we have computed the ratio of the shear strength determined by the 
unconfined cmnprcssion test and the laboratory vane test to the shear strength 
determined by the field v,rnc test, sec Fig. 39. 

There is an obvious difference in Fig. 39 between the curves computed on the 
basis of a certain definite value of the origin cohesion and on the curves com­
puted without taking account of the origin cohesion. The latter show a constant 
ratio of the values of the shear strength determined by means of different 
n1cthods, while the former shmv a ratio increasing ,vith the normal stress. Figs. 
22 to 30 should therefore indicate whether there is any origin cohesion in the 
ground in this case. I-Iowevcr, because of the scattering of the curves, we cannot 
discern any clear trend. 

Figs. 38 and 39 also show the influence of the coefficient }.. When }. increases 
from 0.2 to 1, all values of the shear strength increase. The values obtained from 
the laboratory vane test increase 1nost, while the values obtained from the 
unconfined compression test (Fig. 38) increase least, but the difference is not 
very great. Thus the ratio of the values obtained from the unconfined com­
pression test to those obtained from the field vane test clccrcascs, while the 
mtio of the values obtained from the laboratory vane test to those obtained 
from the field Ya11e test increases ( except the Yalucs corresponding to a very 
small normal stress), (Fig. 39). 
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§ 9. Discussion of Test Results and Conclusions. 

§ 9 a. Influence of Sampler Type. 

Figs. 22 to 30 show that there is a great difference between the shear strengths 
of samples taken by means of samplers of different types. This difference must 
be due to variations of the samplers in respect of area ratio, range, edge angle, 
shutter, and so on. Of course, the best ,,my to investigate the effects of these 
factors would have been to vary each of them separately, while keeping all the 
others constant. This was not possible, but we can nevertheless draw some 
conclusions from the tests. 

An extremely small area ratio offers no special advantages (for instance, com­
pare Fig. 25 with Fig. 22 or 28). Thus samplers with tight-fitting piston and 
open samplers (which were investigated by IIvorslev) behave quite differently. 

The edge angle in our types of samplers docs not seem to Irnvc any great 
influence. However, an extremely great area ratio or edge angle is not recom­
mendable ( compare Fig. 23 with Fig. 22). 

An increase of the range increases the strength of the samples ( compare Fig. 
26 and Fig. 22), but this increase is not great so long as the samples arc kept 
in the liners, -i.e. in the cone test and in the laboratory vane test. 

The highest values of the shear strength were obtained on samples taken with 
the pneumatic piston sampler (Fig. 28). The most important difference between 
this type of sampler and the others lies in the velocity and the continuity of 
release of the drive during sampling. It is therefore evident that this drive 
should be rapid and continuous, as has already been 1nentioncd by I-Ivorslev. 

From Fig. 28 we sec that, for depths smaller than 13 m, the values given by 
the unconfined compression l(•st arc about 15 % greater, the values obtained 
from the laboratory vane test arc about 10 % smaller, than those resulting from 
field vane test. According to our theoretical computations, the unconfined com­
pression test should give values which arc about 20 % greater, and the labora­
tory vane test should give values which arc about 5 % greater, than those 
obtained from field vane test. Considering that the values of the shear strength 
according to the unconfined compression test in Figs. 22 to 30 are slightly too 
great (see p. 21), we can state that even the best type of sampler causes a 
decrease of about 10 % in the shear strength of samples taken from moderate 
depths. For samples taken from comparatively great depths, the decrease in 
strength is greater, at least in the unconfined c01npression test. The difference 
between the values obtained from the unconfined compression test and the 
laboratory vane test is in good agreement with the theoretical computations for 
samples taken from depths down to 13 m. 

It is interesting to compare the pneumatic sampler with shutter (Fig. 28) 
and that without shutter (Fig. 27). The curves relating to the two bore holes 
,vhcre the former was used agree very well (Fig. 31). The curves corresponding 
to the two holes where the latter was used agree partly with each other and 
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Fig. /20. Batio of shear strength of unpunched samples talten by means of sampler 
with metal foils to strength obtained from field vane test. 

with the curves just mentioned, but include some extremely low values (Fig. 
32). It is quite evident that these mines of the shear strength represent dis­
turbed samples. At these points the sampling failed, and afterwards, during 
withdrawal, the empty sampkr sucked in disturbed soil from a higher level. 
Some special experiments hasc shown that this is quite possible. Thus our 
experience concerning the pneumatic sampler indicates that when we rcaily 
exlract a sample from a correct Icvd, the shutter has no influence on the shear 
strength of the sample. But the shutter is necessary in order to ensure correct 
operation of the sampler. 

In § 6 is stated that, in cutting out samples of our normal diameter from the 
cores (taken by means of the sampler with metal foils), the punch had an in­
fluence on the shear strength. 1Ve can say that punching has the same effect as 
new sampling, and hence causes a ne,v slight disturbance of the day. An investi­
gation of unpunched samples, i.e. samples having the same diameter as the core, 
was made down to a depth of 15 m below ground surface (Fig. 40). On these 
samples we made only unconfined compression tests and cone tests. Although 
the outermost part of the samples ( of the core) may be disturbed by the foils, the 
values obtained from the unconfined compression test on the unpunched samples 
were higher than those relating to the punched samples (compare Figs. 40 and 
30). In the cone test, however, just the contrary \Yas the case. One reason of 
this 1nay be that only the punched samples, and not the unpunched samples, 
were laterally confined during the cone test. Another explanation is that the end 
surfaces of the unpunched samples were somewhat disturbed when the samples 
were cut from the core, since the wire smY was not guided. 
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§ 9 b. Influence of Testing iHethocl. 

For samples taken from depths down lo about 15 m, the cone test gives the 
greatest Yalue of the shear strength, then comes the unconfined compression 
test, while the laboratory vane test gives the lowest values. Type a and b 
samplers are exceptions in this respect. 

For samples taken from depths greater than 15 111, the order of tests arranged 
according to decreasing shear strength values is as follows: cone test, laboratory 
vane test, and unconfined compression test, but the difference between the two 
latter tests is ,·cry slight for several types of samplers. An explanation of this 
circumstance is given belmv. 

During sa1npling, the samples lose some of their shear strength, partly owing 
to the disturbance caused by the sampler, partly owing to a deeease in total 
stress, which causes a decrease in the sum of the effective principal stresses. The 
latter decrease may be clue to the unsufficient capillarity of the clay or to the 
presence or development of gases in the pore water. S01ne decrease, although 
probably very little, is also clue to the fact that the sample must undergo a 
slight swelling in order to cause the formation of menisci in the pore water) and 
thus to enable suction in the pore water. Finally, the change in stresses causes 
a decrease in the sum of the effective principal stresses for all values of }. < I 
(ancl K < 1). The decrease in strength caused by the change in stress will occur 
even if the sampler is quite perfect, and the amount of this decrease with the 
clcpth from which the sample is taken. In other words, the loss of shear strength 
will increase with the depth. 

Jlo,vevcr, it seems that this loss is not very great so long as the samples are 
enclosed in their liners. Therefore, it appears that a certain loss occurs when 
the samples arc pushed out of the liners. Now we have to remember that thcr~ 
is a difference bet\veen the unconfined compression test on one hand, and the 
laboratory vane test and the cone test on the other hand (at least as the tests 
have been made here). "\:Vhile the specimen in the unconfined compression test 
is of course entirely unconfined, it is completely confined in the vane test, and 
it may be said to be partly confined in the cone test (since this test is made on 
an encl plane of the specimen kept in the liner). Consequently, if the results 
of the unconfined compression test, the laboratory Yanc test, and the cone test 
are expressed in terms of their respective ratios to the results of the field vane 
test, then the decrease in these ratios with clepth should be greatest for the 
unconfined compression test and smallest for the laboratory vane test) as is in 
fact shown by our results (Figs. 22 to 30). 

In our above discussion we haYc assumed that there is no disturbance during 
the !ielcl vane test. Of course, this cannot be quite true, but we believe that 
the error 1nay be neglected in this connection. 

At first sight it may see1n strange that, for some types of san1plcrs, the 
unconfined compression test gives higher Yalues than the field vane test when 
the samples arc taken from depths smaller than about 15 m. This was the 
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rcawn why we made our theoretical analysis, sec § S. As may be seen fr01n 
Fig. 39, it is quite natural that both the unconfined compression test and the 
laboratory vane test should give higher values than the field vane test, provided 
that the sample is quite undisturbed. The magnitude of the difference between 
these rnlues is dependent on the characteristics of the clay. 

The Yalues of the shear strength of the samples obtained from the cone test 
arc cYidently too high. I-Iowever, ,vc have to distinguish between the shear 
strength of the samples and the shear strength of the soil. We arc most inter­
ested in the latter, but we try to determine it by testing samples. The cone 
test was calibrated long ago, mainly by comparison with the strength of the 
soil computed from slides. The test was then 1nadc on samples taken with a 
sampler similar to Type h, ,vhich disturbs the samples considerably. It is evi­
dent that the cone test gives a reliable value of the shear strength of the ground 
when use is 1nadc of a Type h or Type d sampler. On one hand, the values of 
the shear strength of the samples obtained from the cone test are too high. On 
the other hand, the samplers disturb the samples in some way or other. F01· 
the above-mentioned two types of samplers, these two factors cornpcnsatc each 
other. But it is not certain, and not even probable, that this is the case in all 
kinds of clays, since the cone factor (the bearing capacity factor) is certainly 
variable. 
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