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No. A=l REPORT ON AN APPARATUS FOR CONSUMMATE INVESTIGATION

OF THE MECHANICAL PROPERTIES OF SOILS
Walter Kjellmen, Civil Engineer, Vattenbyggnadsbyren (VBB), Stookholm

Introductions The mechanical propertles of a soil are defined as the relations between the values of
the principal stresses and the values of the prinelpal strains at any point, provided that the direc-
tions of the principal stresses remain constant and, in case of anisotropy, ooincide with the axes of
anisotropy. Consequently, in order to investigate completely the meohanloal propertles it 1s necessary
and sufficient to expose the soil specimen to a homogeneous (A stress system is homogemeous, if the
stress ellipsoid is the same at rll points) stress system, the velues of the principel stresses being
individually varied in an arbitrary way, and to measure the resulting principel strains. A testing
apparatus designed to meet these requirements is desoribed below; first, however, the reesons that led
to its construction are given,

The mechanical properties of the soils decide the bearing capecity end the settlements of founda-
tion plates and piles, the stability and the elastic movement of retaining walls, sheet pllings and
anchor plates, etos They are indispensable for all oaloulation of foundatioun structures and must serve
as a besis for any rational classification of the soils for foundation purposess.

Of all soil testing devices such apparatuses, only, in whioh the stress system applied on the
specimen is homogeneous, give unbiased information on the mechanicel properties. The results obtained
from them are not influenced by irrelevant circumstences and can therefore be directly used for caloula-
tion or classifioation. Such apparatuses are, for instance, the Oedometer, the shearing apparatus and

the compressive strength
apparatuse.
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Fig. 1
Vertical section through apparatus
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properties is still fragmentary. In the author's opinion it is most desirable that our knowledge on
this subjeoct be wldened, and for this purpose the new apparatus was built,

Desoription of the apparatus. The s0il specimen is & 62 x 62 x 62 mm cube and the principal stresses
are applied perpendicularly to its surfaces. Fig. 1 shows a vertioal principal section through the
oube and the apparatus; this seotion and the other vertical principal seoction are identiocal.

The speoimen (1) is in each prinoipal direction compressed between a steel plunger (2), steered in
two ball bearings (3), and a steel remction plate (l;)s The six bearings and the three plates are
screwed on to a cast iron frame, oconsisting of elements (5, 6, 7) connected by screws. The frame is
mounted on a stand of steel channels and tubes.

From each plunger and reaction plate the pressure is transferred to the speoimen by 100 brass rods,
6 x 6 x 32 mm, resting with their spherical ends against the plunger, or plate, and with their other
ends, which are plane, against the specimen. The play between the rods, whioh is 0,2 mm at the begin-
ning of the test, is later on increesed or decreased, according to the deformation of the cube., The
rods have been inserted in order to eliminate the friotion, whioch otherwise would arise between the
plunger and the specimen and whioh no lubrication oould suppress.

When a specimen is brought into the apparatus the 600 rods are kept in position by & system of
brass frames and steel~-sheets, which are removed later on when & smell pressure hes been applied on the
three plungerse If the material to be tested 1s such as might be squeezed out between the rods, the
speolmen is covered by a& thin rubber skin. If the speoimen holds water, this rubber skin is on the
top side substituted by & pervious skin, and on the vertioal sides extended upwards so as to form a
basin ocommunicating with the water in the voids of the specimen. When testing coarse sand, no skin
must be used, lest the grains be squeezed into it and thus unobserved deformation of the speoimen take

lace.

F The foroe on eash of the two horizontal plungers is exerted by a horizontal pressure bar (8) and

a tension bar (9), the latter lylng above the former in a slope of 1 to 5. As shown in Fig. 2, the

two bars are conneoted at thelr outer ends in a joint, in which e loading water tank (10) is suspended.
Hereby the vertioal load 1s traust'ormed into a 5 times greater horizontal pressure on the plunger. The
upper end of the tension bar was at first oonneoted to the cast ironm frame by means of a bearing. As,
however, the resulting deformations of the frame proved to influence the speoimen, the frame had to be
relieved from bending stressese Therefore the reaotion from the tension bar is now transmitted by a
link system (11, 12, 13) to the other side of the frame exactly behind the ocentre of the resction plate.

The load on the vertical plunger is applied by means of a horizontal beam above the cast iron
frame, forming an angle of 1,5° with the plane of Fig. 1. Through & ball bearing one end of the beam is
connected to a vertical rack fixed on the stand; at the other end a loading tank is suspendeds The
beam serves as an one-armed lever, the load applied on the plunger representing 5 times the weight of
the tank.

The loading tanks are
supplied with gauge glasses,
permitting direct reading of
the pressure exerted on the
specimens The maximum pres-
sure is 13 kg per o, The
weights of the loading devices
are counter-balanced. Eaoch
loading devioce is steered so
as to move in its vertioal
£ plane only; it can mlso be
i fixed in any position in this
plane, During the test the
pressure bars and the beam
oan be readjusted into hori-
zontal position without dis-
turbing the speoimen. In
this way the small variations
of the lever ratios ( < 1%),
whioh the movements of the
plungers otherwise would
1] | oause, can be prevented.

P LLi Whenever the three prin-

‘ oipal stresses are to be

altered, it must be done in
such a way that, at any
moment during the alteration,
the proportion between the
changes already exeouted is
the same as the proportilocn
between the desired total
ohangess This is performed
automatically by a special
arrangement, partly visible
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Figc 2
Arrangement for application of horizontal load



Fige 3 F‘ig. L].
General arrangement of apparatus Arrangement of dial gauges

in Fige 3 and oconsisting of a balance plate and slix auxiliary tanks communicating with the main tanks by
meens of rubber hosese If the water serving as load is rumning in the desired proportion to or from the
three main tanks, the system remains ln equilibrium; if not, one angle of the balance plate will sink
and thereby throttle the hose that discharges too much waters

The movement of each of the three plungers is measured by two dial gauges mounted on the cast iron
freame and permitting readings with an acouracy of 0.C0l1 mme The weight of the feelers of the four
horizontel gauges 1s ocounterbalanced. As may be seen in Fig. l, the six geuges are pleced at the same
distance from a certain point, from whioch they can be read without parallax. When testing materials
liable to a considerable time effect the readings can be automatically registered by a film camera
turned by a clookwork. While the test is going on, the apparatus can be left without attendance for
three days at a time.

By a serles of minute tests 1t has been asoertained, that the deformetions of the cast iron frame
are insignificant end that the arrangement for proportioning the loading water works very accurately.
In order to cheok the friotion losses of the three plungers and lever devioces a water cube in a rubber
gkin wes inserted. Even at the maximum load of 500 kg in each direction the frictlion was so small that
a slight touch with the finger on any tank immediately put the dial gauges in motion.

Some test results. During the last three years more than 50 specimens of soils and several other ma=-
terials have been testedes The results will later on be published in fulls In order to prove the pos=-
sibilities offered by the apparatus, however, a few of them are mentioned below. They all refer to
dry German standard sand, i.e. a pure quartz sand with a grain size of 1 mm. The rate of voids was

0467,

Three-axial compression. When exposing the sand to a three-axial uniform pressure the cubloal compres-
sion varied with the pressure as shown in Fige 5. It is remarkable, that no less than four-fifths of
the compression during the first loading oycle are reversible. The test was repeated four times with
new sand and the curves of the cubical compression were practically identicale On the other hand the
curves of the three prinoipal strains of each test differ considerably. This anisotropy of the sand is
due to the inevitable irregularity at the packing, which also partly explains how results obtained in
the Oedometer from different tests on the same sand ean differ up to O per ocent.

One-exial compressione Simultaneous compression tests on sand without lateral expansion were carried
out in the Oedometer and in the new apparatus. The ourve obtained from tests in the latter shows
greater toal but less permanent compression and less hysteresise The difference is due to friction in
the Oedometere.

At the same time the lateral pressure was obtained as a function of the axial pressure. In the
literature on soils the ratio between them is supposed to be always O.J;. As may be gathered from Fig. 6,
this is not true; for standard sand the ratio varies between ~ 0,5 and ~ l.5.

By plotting the compression during this test against the mean value of the principal stresses,
almost the same ourve is obteined as 1n the test with three-axial compression. This interesting fact
suggests that the cubioal compression generally depends on the mean stress only. Other tests have proved
this to be approximetely true except in the proximity of rupturee.

Two-axial compression. Tests with the same pressure in two direotvions and without expansion in the
third one were performed on sande The resulting compression curve lies between the curves obtained from
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the three-axial and the one-axial ocompression tests. The lateral pressure curve is similar to the
ourve obtained from the one-axial test but shows less hysteresis, the coefficient of lateral pressure
varying between ~ 0.6 and ~~ 1.0.

Two-dimensional rupturee A sand specimen wes oo$gressed in one direotion until the prinecipal stresses
amounted to 0 = 12.00, 0x = gy = 6.00 kg per om~, Oy and gy were then kept constant, while T, was

reduced, until rupture ococurred at J, = 2,27 kg per om?, oorresponding to a coefficient of active
pressure of 0.19, l.e. to an angle of frietion of 43°,

The second part of the test is represented by Fig. 7, where the prinoipal stresses and prinocipal
strains are plotted against a parameter t, defined by the condition that ¢, = 6.00 = t kg per for
any corresponding values of Oy and t.

By the results from tests of this kind it wlll be possible to oaloulate, approximately, how far a
retaining wall or a sheet piling must move in the horizontal direotion before the earth pressure 1is
reduced so much that the struoture ocan sustain it.

Another specimen was oompressed in the three prinoipal directions until the prinocipal stresses
emounted to 0, = Gy = 0z = 6.00 kg per om2. Then (g, was kept constant, while Gy was reduoced
and (J, increased, the mean stress é;(G} + 0; + J,) being kept oonstent. Rupture ooourred at g, =187
and Jz = 10.13 kg per om?, oorresponding to an angle of friotion of 1;3°, as before.

In the same wey as in the previous test, this test is graphically represented by Fige 8. The cu=-
bioal dilatation Jx + 0y + 03 is also plotted on this figure. At first there is a slowly in-
creasing cubioal compression, then ocublcal expansion begins and rapidly increases until rupturee. This
expansion is alweys & sure indioetion of impending rupturee.

For the sake of comparison saandard sand was also tested 1n the Krey shearing apparatuse With a
normal pressure of 3.20 kg per cm™, corresponding to the pressure in the oritical plane in the pre-
vious test, rupture occurred at a shearing stress of 2,10 kg per om?, thus giving an angle of friotion
of 3,° The divergence of this value from the value obtained in the new apparatus depends on stress
irregularities in the Krey apparatus. The faot that the movement before rupture was 10 times larger
in the Krey apparatus than in the new one, also suggests that the Krey shearing test is influenced by
irrelevant secondary phenomenae.

Finally it may be mentioned that the angle of repose of the stendard send is ~ uo°.

Three-dimensional ruptures A sand speoimen was ocompressed in the three principal directions until the

principal stresses amounted to Oy = O, = Oz = 5.00 kg per om2, Then Ox and Oy were deoreaged
end (J, increased in such a way, that cdonstantly Ox = Jy and 0y + 0, + Ty = 15.00 kg per om=,

Rupture oocurred at J, = Jy = 2,65 and U; = 9,70 kg per om2, corresponding to an angle of frie-

tion of 35°, The divergence of this value from the value obtained from the two-dimensional tests de=-
notes the influenoe of the third principal stress. The test is graphically represented by Fige Qe

Acknowledgementse The apparatus described above was built in conneotion with investigations carried
out by Vattenbyggnadsbyran (VBB) of Stookholm, acting &s Consulting Engineers for the Svir 3 and the
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Engineer of the Svir plants, Professor Henry Graftio, and to several senior engineers of the VBB. By
the favour of Professor Carl Forssell, of the Technical University of Stookholm, the investigations
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Noe. A=5 THE SOIL MECHANICS LABORATORY AT YALE UNIVERSITY
D. P. Krynine, Research Associate in Soil Mechaniocs, Yale University

The So0il Mechanios Laboratory at Yale University belongs to the Department of Civil Engineering of
the Yale Sohool of Engineering. It wes established in 1930 and is looated in one of the spaoious halls
of Hammond Metallurgical Laboratorye. The writer is in charge and is the only worker. In addition to
research and instruction this laboratory ealso does consulting work for the Connectiout State Highway
Departmente A graduate course in soil meohanics end enother greduate course in earth and foundation
engineering are offered at Yale; and student exercises along these lines are conducted in this labora-

tOl'yo

Equipment. The total floor area ocoupied by the laboratory, deducting office space, 1s about 530 sq ft.
There is no humid room and no constant temperature room: Instead there is free aocess to the general
equipment of the Hammond Laboratory (enalytical balance roomj meohenicel work shop; large gas oven for
drying large samples; hot plates and gas burners; photographio room; installation for routine chemiocal
enalysis; microscopes, eto.). There is the following apparatus for the classification of soils: (a) a
mechanioal Tyler sieve shaker, belonging to Hammond Laboratory; a set of U.S. standard sieves; and all
necessary equipment for the hydrometer test, including some new stream line hydrometers; (b) an auto-
matic oven and sets of weighing bottles and watch glasses for weter content determination; (o) pic-
nometers, and also Le Chatelier bottle for specific gravity determination; (d) e device for determining
the apparent specific gravity of a soil sample by displacing mercury; (2) equipment for determining
Atterberg limits, including Casagrande's liquid limit device; (f) a standard centrifuge and all neoces-



