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Fig. 7 .
Apparatus for compression tests 

Druokfestigkeitsapparat

fluence on its compressive strength.
Fig. 8 shows the variation of compressive 
strength of a number of undisturbed 
samples of London clay with the natural 
water content at which they were obtained. 
It also shows a similar relation for the 
clay in a remoulded condition.

Practical Application. The methods 
described above have been applied in con­
nection with the examination of the site 
of a recent landslip. Unfortunately it 
was not possible to obtain undisturbed 
samples of the various soil types occurr­
ing in the soil profile, but specimens 
for test- were obtained by remoulding at 
the natural moisture content. Fig. 9 
shows the results obtained and is of 
interest since it indicates the soil 
stratum through which the slip surface 
probably passed.

Future Work. The extension of the 
torsional shear tests to inolude experi­
ments under normal loads is contemplated 
and preliminary experiments have been 
carried out. The magnitude of the 
normal loads which can be applied will 
naturally be limited owing to the absence 
of lateral restraints, but on the other 
hand troubles due to water extrusion are 
not anticipated. It is hoped that work 
on these lines will throw light on the 
influence of the structure and physical 
properties of cohesive soils on their 
mechanical behaviour.

Acknowledgment. This investigation of 
shear resistance was commenoed by Profes­
sor C. F. Jenkin, F.R.S. in connection 
with a general researoh on the mechanics 

of clay, but unfortunately after certain preliminary work his health failed and he had to relinquish all 
connection with it. Acknowledgment is here made to the valuable assistance which his teohnique and 
methods of approach to the subjeot have rendered to the present researoh.

Ho. D-3 REPORT ON THE INVESTIGATION OF THE COMPRESSIBILITY
OF THE GROUND OF THE HYDRO-ELECTRIC POWER PLANT 

SVIR 3 AND ON THE APPLICATION OF THE TEST RESULTS 
TO THE COMPUTATION OF THE SETTLEMENTS 

A. Frey Samsioe, Dr. Eng., Sweden
/£i"

Introduotion. The great power plant Svir 3 in USSR, constructed 1930 to 1935» is founded on Dervonian de­
posits of a very great depth. In these deposits strata of different thickness of olay, sandy clay, and 
more or less oemented fine sand, interchange in a much varied way. The stratification is nearly horizon­
tal and, due to continuous sandy layers, the ground is fairly permeable in,horizontal direction. The 
Darcy coefficient of flow in this direction was estimated at about 1+. x 10 m. per seo. In vertical 
direction the permeability is 100 to 1+00 times smaller. In the virgin state of the ground the sandy 
layers were the site of artesian water the hydroBtatio pressure of which inoreased with the depth.

To be able to construct the power plant in a suitable way, i.e. to find means to render the ex­
pected settlements and tiltings harmless, it was necessary, among other things, to estimate as nearly as 
possible the magnitude of the swelling of the ground due to the unloading through excavation, and of the 
settling due to the subsequent loading by the structures*

As consulting engineers to Professor Henry Graftio, M.A. So., who is the Engineer-in-chief of the 
power plant, Messrs. Vattenbyggnadsbyran (VBB), of Stockholm, have been entrusted to deal with this ques­
tion. In the following a short account will be given of the experimental and theoretical work which was 
oarried out for the elucidation of this question.
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The Fundamental Work of Terzaghi, When the question of calculating the magnitude of the expansion and 
compression of the 6oil in Svir 3 'w®-s taken into consideration in 1929» there existed only the observa­
tions made by Terzaghi on the expansion and compression of clay and sand confined in lateral direction, 
and his formulas for these processes»

According to Terzaghi the expansion curve has almost the form of a logarithmio curve with the equa­
tion

€ - - 1 In (p5 f Pi) + 0l (1)

where e is the coefficient of porosity, ps the load per unit of area and A, p^ and are constants.
For the main branch of the compression ourve he gives the equation

£ = - (Xln (pg f pfl) -y3 (pa -h p0) +■ c2 (.2)

where £ and pg have the same meaning as above and , p0,/3 and Og are constants.
The expansion and compression of sand and clay is principally due to the increasing or decreasing of . 

the pores, or voids, between the particles. Thus by lateral confinement the linear expansion and compres­
sion is also expressed by the above formula.

The ooeffioient of porosity £ being the quotient between the volume of the voids and the volume of 
the partioles, the volume of the particles per unit volume of the material in unloaded state oan be ex­
pressed by . "  ̂ \

A  = i

1 +■ £ o \ i A.

v,,., -i - >\ -i-f t
if E 0 denotes the ooeffioient of porosity in unloaded state.

In a state of loading, when the coefficient of porosity is £ , the same particles will occupy a vol-.
ume o. .UV; - i - i - . / .. < ... \ v ^

X  (i + e ) = i *• e

■A

and the original volume has therefore decreased by

1 * £ £ - £
1 - T T T "  = ,

1 * £o 1 * £
o

As in the case under consideration the change of volume occurs in one direction only, the compres­
sion e, as referred to the unit length of the material in unloaded state, will be

e -= £ 0 - Ê  (3)

1 + £ o

Inserting in the above equation the expression for £ according to eq. (l) and (2) we obtain for the 
expansion ourve

• 4 - T - r r - - 1» C Ï Î - l E i )

or

e -  a In  (Ps 1) (U)
Pi

where a and p^ are constants.
For the main branch of the compression ourve we obtain in the same way

e =

or

e = b In (£s. t l) f  c p (5)

Po

where b, p and c are constants. According to Terzaghi jb and consequently also c 6hould, as *1 rule, be 
rather smaSl,

In order to make these formulas useful for the treatment of the problem in question, the constants 
must be determined experimentally. In this respect a great difficulty was encountered. As mentioned 
above, the Devonian deposit is not homogeneous but consists of detached strata with different properties. 
The experimental determination of the expansion and compression curves takes months or years due to the 
considerable time effect caused by the slow squeezing out of the water in the pores. For this reason it 
was impossible to test such great number of samples out of the deposit as would have been required to ob­
tain mean values which could, be considered to apply to the deposit as a whole. As a matter of fact the 
calculations had to be based on I4. samples only and these had to be taken from the upper part of tho de­
posit, as it was not possible at the time to obtain undisturbed samples from deep layers.

The first tests were started in December 1929 at the Swedish Government Testing Institute in 
Stockholm and were made in a ring apparatus according to the test procedure described by Terzaghi in his 
"Erdbaumechanik", From two tests in this apparatus the figures given in table 1 and 2 were obtained.



Table I

Clayey Devon (Sample SP No. 82521+)

Point Load Compression

No
2

kg per cm mm per m

1 0.50 8.6
2 2.30 27.6

3 10.00 58.3
1.00 31.U

5 0.50 18.2

Sandy Devon (Sample SP No. 82527)

Table II

Point Load Compression

No
0

kg per om mm per m

1 0.50 1.5
2 2.30 5.8

3 10.00 15.3
h 2.30 11.0

5 1.00 7.3
6 0.50 2.9

During these tests it proved very difficult to form a judgement of the time required for the load to 
act in order to decrease the still remaining time effect to euoh a small figure that it oould be neg­
lected. By the repeated removal of the sample from the apparatus losses of material occurred, as parti­
cles of Devon stuck to the filter papers, and it could also be observed that a certain dissolution of the 
sample oocurred since the surface of the water in the vessel became covered by a skin. For these reasons 
the test results obtained in these apparatuses were considered not quite reliable.

To obtain more reliable results later teste were made in an Oedometer designed, in principle, in ac­
cordance with the design of Terzaghi described in "Handbuch der physikalisohen und technischen Mechanik, 
Band IV" (Pagr 555)» Th0 diameter of the sample was 70 ram and the height 50 mm.

One of the tests was started in November 1930 and was kept going without interruption until June 
1932« At every change of load it ?ra.s necessary to wait for about 3 weeks in order to decrease the still 
remaining time effect to a negligible quantity. The results obtained by this test are given in table 3 
below and plotted by small circles on Fig. 1.

Table III

Clayey Devon (Sample SP No. 89957)

Point Load Compression

No
p

kg per om mm per m

0 0.00 0.0
1 0.20 2.2
2 2.50 27.1+
3 3.10 32.5
k O .65 23.8

5 2.9O 32.1
6 3.7O 37.7
7 1.25 32.2
8 3.40 36.6

9 U-90 hh>2
10 2.50 242.0
11 Í4..8O kk-5
12 6.00 h9'b

13 M 1.0 h7'S

m 6.50 52.9
15 7.30 55.9
16 5.00 5k- 9
17 2.50 14.9-1
18 2.00 U6.8

19 1.50 43.8
20 1.00 39.2
21 0.50 31.7
22 0 l6.0

The Working Hypothesis of 1931» It became very soon evident that the test results obtained oould not 
directly be used for calculating the swelling and settling of the ground. The question how the test 
results should be applied for such calculations was taken into serious consideration in the beginning of

The Devonian deposit is very old and has for this reason been subjeot to much varying loads during
1931.
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long geological periods. During the last glacial period, for instance, it was subject to the pressure of 
an ice sheet several hundred meters thiok. On account of the great and ohanging loads every permanent 
compression of which it is capable should already have taken plaoe. The deformations which might be ob­
served in the tests Bhould therefore be of a reversible character. The fact that the sample at complete 
unloading did not resume its original length was considered due to errors of testing and, above all, to 
the impossibility to obtain, at the starting of the test, a perfect fit between the sample and the ap­
paratus and also to the difficulty of reducing the load to zero without effecting a disintegration of the 
sample. That a great increase in volume actually takes place at complete unloading was observed in the 
cuts. Pieces of Devon in contact with water were loosened and gradually transformed into pulp.

Except the very uppermost layer, the ground under the structures will never be fully unloaded. The 
expected swelling during the exoavation and the subsequent settling during the construction of the works 
will be caused principally by fairly small changes of the stresses in the lower layers. By such ohanges 
it is not possible to follow the expansion curve at unloading and the main branch of the compression 
ourve at loading, since the former curve as a rule has a different tangent as compared with the latter. 
Thus if these curves were applied, small repeated changes of the stresses would lead to a permanent de­
formation, which is in contradiction to our assumption. On the contrary, suoli small changes should not 
cause any deformation.

The ourves given by eq. (l) and (2), and by eq. ( ¿4. )  and (5)* respectively, should therefore be con­
sidered to give the relation between pressure and coefficient of porosity, and the linear expansions and 
compressions, by always increasing or always decreasing stresses, only. When the sample is alternatively 
loaded and unloaded the transition from the expansion to the compression curve will have to be given by a 
transition ourve the shape of which would depend on the stresses whioh the sample has already suffered«
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At any attempt to build up a trial funotion whioh would give the deformation as a function of the 
stresses under the above-mentioned conditions it should be bornein mind that the deformation is princi­
pally duo to changes in the volume of the pores and that it is therefore of the nature of volumetrio 
ohanges. This is also indicated by Terzaghi's formulas ■which direotly give £  and thus the volume of the 
pores, and only indireotly the ohanges in length of the sample.

Since the volumetrio ohanges in materials following Hooke's law are a linear function of the sum of 
the three principal stresses it was olose at hand to assume that the two formulas (1+) and (5) could be 
brought into one by inserting instead of pB the sum ŝ -f. Bq +■ of the principal stresses s^, Sg, b-t and 
by making convenient and different assumptions regarding the two lateral stresses b% and s^ during the 
prevailing loading and unloading.

The most simple assumption in this respect whioh suggested itself was to assume that in the sample 
during the prevailing increase of the load an active condition is oreated, whioh oan be characterized by 
the lateral principal stresses Og aJid being a certain fixed fraction p of the vertical stress s^; thus

b2 = s3 = [I • si

Similarly it was assumed that during the prevailing decrease of the vertical load a passive condition 
is oreated which oan be characterized by

V
If, as assumed above, the two equations (i+) and (5) are put into one

. 8*1 +• 6 
6 5  a In '

ire get for the expansion ourve , ov
si  C1 &

^ i\ (6) 
p '

1) (6a)

and for the compression ourve

e = a in (1 L .(y -  2 fiL 4. 1 ) (6b)

In order to find out whether the above equations, by a suitable choice of the constants M, a and p, 
oould be made to satisfy the test results so far obtained a determination of the constants were made for 
the tests given in table 1 and 2.

For clayey Devon (sample SP No. 8252l|.) the points No. 1 and 3 ®r© on the compression curve and No. 1+ 
on the expansion curve. To determine the constants we may thus use the following three equations

0.0088 =  a In (°*^ '* p1'* 2^  +- !)

10 . (1 * - 2  U)
0.0583 =  a In ( p ‘ 4- 1)

( 2
0.0312+ =  a In ( 1,0 * I1 +  jr) +  1 )

From these equations we get

=0.1+5, a =0.0267, p =2.1+09

If, by using these constants, point No. 2 on the compression ourve and point No. 5 on the expansion curve 
are calculated we obtain for these points 27*6 and 20.2 mm per m, whioh is in good agreement with the 
measured values 27.6 and 18.2 mm per m.

For sandy Devon (sample SP No. 82527) the following values of the oonstants were estimated

/ i i 0j45, a = 0.0105, p = 5.73

With these values of the constants we obtain the following comparison between the observed and the 
calculated deformations.
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Table IV

Point Linear Compression in mm per m

No. Calculated Observed

1 1 .6 1.5
2 5.9 5-8
3 15.3 15.3

12 .1 11 .0

5 7.0 7.3
6 4.1 2.9

As oan be seen the agreement is very good.
The question about the transition curve between the compression and the expansion curves was solved by 

assuming that the lateral stresses Sg and s, do not ohange their values when varies between the bound­
aries,

< B1

At the time (Maroh 1931) also the first five test results given in table 3 were obtained for clayey 
Devon in the Oedometer.

If the deformation for the loads in question are oaloulated according to the above •working hypothesis 
and by using the constants for clayey Devon determined above we obtain the figures given in table 5 below

Table V

Clayey Devon

Point Load Linear compression in mm per

No.
0

kg per cm Calculated Observed

1 0.20 U .2 2.2
2 2.50 29.4 27.1+
3 3.10 33.2 32.5
4 O .65 23.8 23.8

5 2.90 32.4 32.1

As can be seen the agreement is surprisingly good«
For another sample consisting of clayey Devon with embedded sandy layers also some new test results 

were at the time obtained in the ring apparatus. If the oonstants in equation (6) are taken at the follow­
ing value6

fi =: 0.i|5* a —  0.0205, P —  2.52, 

the deformation for the loads in question oan be calculated at the values given in table 6 below

Table VI 

Clayey Devon with sandy layers 

Load Linear compression in mm per m

2
kg per om Calculated Observed

0.20 2 .9 2.U

2.50. 2 1.6 2 1.6

3.10 21+.6 2i;.3
0.65 17.9 18.3
2.90 23.6 23.7



As can be seen from the above table the agreement is also in this oase surprisingly good*

Later Experience. Thank6 to the working hypothesis it was possible to use the obtained test results for 
the calculation of the expected settlements. Very extensive calculations in this respect were made dur­
ing the next year and thus the expected settlements and tiltings of the different parts of the works were 
estimated. The methods used and the very great difficulties encountered during these calculations "will 
not be discussed in this paper. It may only be mentioned that in the original state of the ground the 
lateral stresses were assumed to be equal to the vertioal stresses, and that the changes in the vertioal 
stresses were calculated according to Boussinesq's equations, whereby also forces acting in the soil on 
acoount of changes in hydrostatio pressure were taken into aocount. The settlements at the surface of 
the ground were calculated as the change in length of laterally oonfined -frertical columns reaching a 
depth of some JOO m.

In regard to relative size and direction of tilting the settlements observed later on agreed essen­
tially with those estimated. The observed values were, however, only about one-third of the values es­
timated when using the coefficients for olayey Devon. This was in itself not surprising, since the de­
posit contained a very great percentage of sandy layers with very small compressibility. The factor of 
1/3 to be applied to the results calculated for entirely olayey Devon was found very 6oon during the 
early stage of the work when cinly the bottom oourse of concrete had been laid. For all subsequent works 
oorrectly estimated values of the settlement could be taken into account. The calculations made in re­
gard to settlement and tilting have thus entirely fulfilled their purpose.

Although the working hypothesis has proved very useful in praotice it was later on found that it does 
not entirely correspond with what actually happens. When continuing the test, the results of which are 
given in table 3* i"t proved that the values obtained deviated more and more from the calculated one6, 
which can be gathered from a comparison between Fig. 1 and 2. Full agreement could of course not be ex­
pected as the constants were calculated for another test. Also the fact that the test shows permanent 
deformation of the sample should not give too serious conoern as the permanent deformation observed might 
be due to disturbances of the sample caused by its cutting out and its transport to the laboratory and 
does not indicate that, contrary to our assumptions, the actual ground is capable of permanent deforma­
tion.

It is more serious that the shape of the experimental unloading curve is not similar to the one de­
termined by the working hypothesis. This indicates weakness in the latter. Further suspicion is aroused 
by the fact that, according to the working hypothesis, the unloading and the loading curve at partial un­
loading and subsequent loading should coincide as shown on Fig. 2. Tests carried out later on with sand 
indicate that at such ohange in loading the expansion and compression follows a hysteresis loop as shown 
in Fig. 1.

According to the working hypothesis the relation between the vertical and lateral pressures should 
be affected by hysteresis but the relation between the deformation and the sum of the prinoipal stresses 
should be free from hysteresis. Later tests described in a paper by Mr. W. Kjellman have shown that for 
sand this latter relation is also affected by hysteresis and in all probability this holds true also for 
day. Tests with sand have also shown that the lateral stresses by unloading vary in another manner than 
assumed in the working hypothesis and this is probably also true for clay.

It is thus clear that the working hypothesis described in the preoeeding paragraph gives only in a 
somewhat crude way the compressions and expansions in soil and that it should be considered as a first 
trial only by means of whioh the laboratory experience can be applied to calculations of settlements of 
actual structures.
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No. D-lj. IMPROVED METHODS OF CONSOLIDATION TEST
AND OF THE DETERMINATION OF CAPILLARY PRESSURE IN SOILS 
Prof. N. Gersevanoff, Institute for Scientific Researoh 

of Building Foundations, Moscow, USSR

Summary, (l) It is to exclude the possibility of swelling of the cohesive soil samples during the con­
solidation test. Otherwise care should be taken that the water which is brought in contact with the 
sample should be of the same chemioal composition as the ground water at the place from which the sample 
has been taken.

(2) The variations in soil moisture during the consolidation test are to be determined by means 
of measuring the deformations of the sample.

(3) The ratio of the increment of the lateral pressure to the increment of the vertical one is 
a oonstant and depends only on the structure and other natural properties of the soil, while the ratio of 
the lateral pressure to the vertical pressure may assume any value.

(Ij.) The value of the capillary pressure of cohesive soil samples can be measured by means of 
one and the same apparatus by different methods, both direct or indirect.

The principles of soil researoh suggested by Professor Terzaghi in hi6 remarkable work "Erdbaume- 
chanik" are wide-spread in the USSR.

The consolidation test is used in the USSR only with the view of predicting settlements whioh are to 
be expected as a result of the compression of soil strata underlying structures with given loadings.


