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NEW  LABORATORY METHODS OF INVESTIGATING SOIL BEHAVIOUR

NOUVELLES METHODES DE LABORATOIRE POUR L'ANALYSE DU COMPORTEMENT DES SOLS

SPECIALTY SESSIONS SEANCES SPECIALES

Opening Remarks. The Chairman welcomed all 
participants and explained that, while the 
session could go on as long as they wished, 
Prof.R.F.Scott was showing films of the moon 
soil tests at 5.30 p.m. After a vote it was 
agreed to aim at finishing the Session at 
5.20 p.m. The Chairman explained that this 
meant that each participant would have only 
five minutes for presenting his contribution. 
Since the main purpose of the session was 
for each contributor to illustrate to the 
others any new method of test or device that 
he had developed he should briefly indicate 
its nature, how it operated and what it did. 
The emphasis should be on indicating what 
new principle or new type of result was ob
tained. Alternatively detailed correlation 
of results from different types of test 
equipment would be welcome, but in general, 
unless such correlation was possible, detail
ed results were not required. The aim was to 
make others aware of the existence and basic 
uses of new devices and test methods. Con
sequently anything said at this session would 
not preclude subsequent or previous publica
tion elsewhere. The Session was divided in
to four main topics concerned respectively 
with (i) axisymmetric tests on cylinders 
with fixed principal axes; (ii) shear tests 
in which these axes rçtate, (iii) generalised 
stress or strain tests, and (iv) determina
tion of strain and/or stress patterns in 
soils. This division was somewhat arbitrary; 
some contributors provided information on two 
topics in one contribution. In the summaries 
of the contributions below, the author's name 
and address is given so that further details 
can be obtained direct from him.

Togic 1. Modifications to conventional axi-

K. H. Roscoe

University Engineering Depariament 

Trumpington Street 

Cambridge, England.

high, thereby decreasing the effect of dis
turbances in trimming, membranes, and filter 
paper drains. An apparatus has been develop
ed for transferring undisturbed samples from 
the sample tube to the "triaxial" cell with
out ever touching the specimen by hand. The 
principle was first described by Landva
(1964) for smaller specimens.

Fig.1(a) shows the sampling tube A with the

symmetric test apparatus (such as the pedometer 
and so called "triaxial" apparatus) with 
fixed principal axes of stress and strain.

Mr T. Berre. (Norwegian Geotechnical Insti
tute, Forskningsvn.1, Oslo 3) divided his 
contribution into two sections :- 
(1) Preparation of very soft clav specimens 
for 50 cm'* conventional "triaxial testB.

The very soft marine clays studied at N.G.I. 
may have an "undisturbed" undrained strength 
as low as 1 T/m2 (lfj p.s.i.) and sensitivity 
as high as 200. The size of the "triaxial" 
specimens for such clays has recently been 
increased to 8 cm. diameter and 13-16 cm.

Fig.l. (a) Extruder and trimming cylinder,
(b) enclosed specimen over cell base.

clay ready to be extruded very slowly into 
the trimming cylinder B which is of the same 
diameter as the "triaxial" specimen. A very 
thin metal plate mounted on horizontal guides 
is then pushed through the clay core so that 
it is cut off flush with the cutting edge of 
the trimming tube. Excess clay at the top of 
this tube is removed with a wire saw; a fil
ter stone, temporarily held by screws in a 
metal ring (C in Fig.1(b), is then placed on 
the top surface of the clay. The sealed 
specimen together with clamps D are now re
moved from the screw jack device of Fig.1(a)

517



SPECIALTY SESSION 16

and placed in an inverted position on the 
guide rods E and F (see Fig.1(b)), and then 
lowered on to the "triaxial" cell base. The 
top metal plate is removed and ring C is re
leased so that the trimming cylinder can be 
pushed down and the top of the specimen trim
med with a wire saw. A filter stone and top 
cap are then placed in position and are held 
by the rod G and clamp J in Fig.2 while the 
trimming cylinder is raised above the top cap.

A split yoke H is then 
fitted to the base of G and 
conditions are now as shown 
in Fig.2. The trimming 
cylinder can then be re
placed by a membrane stret
cher and, after replacing 
clamp J, yoke H is removed 
and the membrane is fitted 
on the specimen and sealed 
by four O-rings. The sample 
is now ready for test. 
Reference: Landva A . (1964) 

for cutting and’’Equipment
mounting undisturbed 
specimens of clay in 
testing devices." N.G.I. 
Publication No.56.

(ii) An pedometer for test-
y a

T*le aPParatus> see Fig. 3, 
is similar tP one built at 
Imperial College by Prof
essor Bishpp but differs in 
that the side frictipn can 
be measured. The specimen 

height can be varied from 2 to 15 cm and to 
gain even further information concerning the 
influence of specimen height on rate of 

settlement several of these oedometers can be 
connected in series. The sample (8 cm diameter)

Fig.2. Sample 
after removing 
trimming cylinder.

Fig.3. Oedometer for long specimens.

is within a rubber membrane sealed to the ped
estal of a "triaxial" cell and to the top cap 
with O-rings. Back pressure and drainage can

take place through the top cap while pore 
pressure can be measured at the pedestal, al
ternatively permeability tests can be carried 
out. The outer face of the membrane is smeared 
with silicone grease which is in contact with 
a stainless steel cylinder (made in 3 sectors 
for undisturbed specimens). This cylinder is 
mounted on three supports connected to vi
brating wire gauges (max.yield 0.02 mm) to 
measure the friction. Axial load is applied by 
cell pressure or by the ram; the cell press
ure must never exceed Kq (coeff. of earth 
pressure at rest) times the net axial stress. 
Even on 15 cm high samples the friction is 
less than 13% of the applied axial load except 
for very small vertical loads. This is less 
than in the standard 2 cm high oedometers. 
Taller pedestals are used to accommodate sam
ples less than 15 cm high.

Prof.0.B.Andersland and I.Alnouri (Dept.of Civ. 
Eng., Michigan State University, East Lansing, 
U.S.A.) Differential Creep Tests Show Time 
Dependent Strength Behaviour of Frozen Soils. 
Saturated samples (1 sq.in. x 2.28 in.high) 
of Ottawa sand were frozen in a "triaxial" 
cell which was kept at any desired constant 
temperature T by immersion in an ethylene gly
col and water coolant. After preparation a 
hanger type load was applied to a specimen 
while the cell pressure was zero (atmospheric); 
30 minutes later the axial creep rate was re
corded and the cell pressure was then increas
ed to 30 psi while the ram load was increased 
to keep the stress difference D = at-Oj con
stant throughout a test. This process was 
repeated at 30 minute intervals until the cell 
pressure was 15° psi. For any given value of 
D and T it was found that the axial creep rate 
^decreased exponentially with increase in the 
mean stress o = — (oi+2a3) as shown by any one 
of the straight lines of identical slope m in 
Fig.4. The only difference in the three tests

feE

2* tO-5 O'* . 3* 10"*
TRUE AXIAL CREEP HATE in/in/miri.

Fig.4. Effect of D=0 1-ct3 on creep rate v.str
ess for sand-ice samples at T=-12°C.

illustrated in Fig.4 is the magnitude of D for 
each test: (it will be noted that the stress 
parameter £=D-am ). The equation of any one of 
these lines is of the type q=b exp(mE) where 
b is the intercept of the line on the E=0 axis. 
The data confirms that b=Cexp(nD), where C 
and n are constants. Hence for tests at a giv
en temperature

e,= C exp(ND)exp(- mo ) ..(1)
i m

where N=n+m.

Fig.5 shows data from tests on four identical 
samples all subjected to the same value of D

■ 815-9 , 76 *-3  . 4 60  6
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Pig.5. Effect of temperature T on creep rate 
of sand-ice samples at D = 764.3 psi.

but each sample being at a different temper
ature T. As before_each line can be represent
ed by an equation b exp(mE) but now the 
data shows that b = C'exp(- îr) so that for a 
given value of D

e j= c  'exp (- ¡p) exp (mE) ....  (2)

where C' and L are constants. Equations (1) 
and (2) suggest that, more generally,

£!= A exp(- ¡j) exp (ND - mom ) .. (3)

where A, L, N and m are constants determined 
by experiment. At any stage of any creep test 
the major and minor principal stresses are 
known and hence the stress circle cari be drawn

as a q = 0 3 , p = Hi— LS.3 plot. From the 
data from all the creep tests it was possible 
for any specified creep rate and temperature 
to plot several such stress circles and these 
were found to have a straight line envelope 
as illustrated for several creep rates and one 
temperature in Fig.6. The intercepts

Fig.6. Effect of creep rate on strength of 
frozen saturated Ottawa sand samples 
at T = - 12°C.

on the q axis and the slopes of these lines 
showed that for the frozen Ottawa sand (i) the 
angle of internal friction was constant (=37°C) 
and independent of creep rate, (ii) the co
hesion is smaller at slower creep rates and is 
some function of temperature.

Mr.D .H .Benne11 Qjept.of Civ.Eng., University 
of Aston, Gosta Green, Birmingham 4, U.K.), 
divided his contribution into two sections:- 
(i) Three Dimensional Stress Test. The app
aratus shown,dismantled in Fig.7, is a simple 
adaptation of a conventional "triaxial" cell. 
The specimen is rectangular and an independ
ently controlled intermediate principal stress
0 2 is applied by water filled rubber bags con
tained in stainless steel sub-cells A. The 
specimen membrane overlaps the inner edges of

Fig.7. Apparatus (dismantled) for applying
three independent principal stresses, 
showing A sub-cells & (collapsed)rubber 
bags, B underside of top cap, C bottom 
cap, D pressure transducers.

the sub-cell thereby preventing "ballooning" 
of the rubber bags into the "triaxial" cell. 
This, at present, limits the maximum permiss
ible intermediate principal strain to a little 
over + 2%. For plane strain the sub-cell bags 
are connected to a conventional pore-pressure 
null indicator or to a pressure transducer. 
a2 is controlled by either a mercury manometer 
or a hand-wheel and plunger. Samples for shear 
tests are consolidated under Kq conditions; it 
is evident that this induces anisotropy even 
in clean sand. The special rectangular memb
rane becomes circular at its top end and is 
sealed by 0-rings to the circular portion of 
the top cap B. A flange at the bottom of the 
membrane is compressed between two halves of 
"the bottom cap C.

The main innovation is in measurement of ver
tical stress. Both top and bottom caps are 
hollowed out and covered with rubber sheet; 
the hollows are full of water connected by 
flne-bore rigid plastic tubing to pressure 
transducers D. The top cap can be allowed to 
fit tight against the sub-cells since any 
friction will not affect the recorded axial 
stress. The difference of the top and bottom 
axial stresses records the friction between 
the specimen membrane and the sub-cell bags 
which are smeared with silicone grease. If 
this exceeds 2^% of o2 the test data is re
jected. Drainage is provided by porous stones 
around the vertical sides of the top cap which 
are connected to drains down two sides of the 
specimen. All boundary stresses are provided 
hydraulically and so must be uniform. Top and 
bottom membranes are lubricated and the six 
faces of the sample remain flat up to high 
axial strains. (ii) The K attachment (Aston 
Mk.1). The device, designed from an idea sug- 
gested by Messrs.Lewln and Marsland of the
B.R.S., U.K., ensures KQ consolidation of a 
1^ in. diameter specimen in a conventional 
"triaxial" (axi-syiranetric) cell (see Fig.8)
A 1 in. dia. piston A, fitted with a Tufnol
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with those for solutions of different con

centration. A typical radiograph obtained by 
Sirwan for a sand specimen containing four 
lead shot and one lead shot in alternate hori
zontal planes is shown in Fig.9 (a). All the
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Fig.8. "Triaxial" with attachments for K
consolidation. A compensating piston 
and cylinder, B actuating beam, C twin 
pistons block, D plunger & cross head,
E null Indicator.

gland, is actuated by a lever B which magnifies 
the displacement of the triaxial cell plunger 
2k times. It fits in a fixed cylinder which is 
lapped smooth so that the frictional loss is 
constant within a fraction of pound, and the 
leakage is negligible, over most of the travel.

The leads for the water drained from thé tri
axial specimen and from the fixed 1 in.diacy
linder are made of equal lengths of rigid 
plastic tubing and are connected to twin holes 
bored in a brass block C and lapped to two 
stainless steel pistons. These are loaded by a 
horizontal cross head D rigidly connected to 
a bar, running in a vertical linear ball race, 
which can be loaded thereby producing a back 
pressure. A standard mercury U-tube null ind
icator E is connected across the two leads.
The triaxial cell pressure is adjusted manu
ally, or automatically, to prevent movement 
of the mercury. This ensures that there has 
been no change of cross section of the tri
axial specimen. The attachment can be used for 
very soft specimens at high moisture contents. 
At present it is being used to study the eff
ects of sampling stress relief on the con
solidation characteristics especially the ass
umed K conditions as a test is started on a 
so called "undisturbed" sample. Early tests 
indicate that natural K stresses are recover
ed when the virgin cons8lidation curve is 
reached.

Both the true "triaxial" and the K attach
ment are being further developed at Aston.

Dr.R.G.James (Univ.Dept.of Eng., Cambridge, 
U.K.) Strain Patterns within Conventional 
"Triaxial" (axi-symmetric) Soft Clay Specimens. 
The X-ray lead shot method described by Roscoe, 
Arthur a James (1963) was first used for"tri- 
axial" specimens by Sirwan (1965) who develop
ed several methods of obtaining uniform imag
es on the radiograph of the cylindrical spec
imens. The first method was to use a "triaxial" 
cell, square in plan, containing a potassium- 
iodide solution of the same opacity to the X- 
rays as the soil in the specimen. The appro
priate ratio of weight of KI crystals per 
litre of water were found by matching count 
rates through the sand at a given voids ratio

Fig.9. Radiographs of cylindrical specimens 
containing lead shot (a) of sand in 
square cell filled with KI solution,
(b) of clay in round cell with gap in 
metal plate.

images of the shot are equally clear and even 
the edges of the rubber membrane can be clear
ly detected. A second method,in which the 
conventional cylindrical perspex cell was re
tained, was to place a filter made up of a set 
of laminated metal sheets arranged as shown 
in Fig.10 between the triaxial cell and the

film cassette. Ideally 
a range of such fil
ters is available so 
that the most appro
priate can be select
ed for use with any 
given specimen and 
energy level of the X- 
rays. (Aluminium has 
about the same opacity 
as soil). For practical 
purposes it often suff
ices to use a single 
metal sheet with a 

central slot as can be seen in Fig.9(b) which 
is from a radiograph of a soft clay specimen 
taken by Balasubramaniam (1969). He made a 
detailed study of local strain patterns with
in such specimens at all stages of a wide 
variety of imposed stress paths. He used three 
types of end condition for his 1% in.dia. 
samples: (a) A conventional rough end, the 
base was a 1% in.dia.porous stone(3/16 in. 
thick type UNIWA 150 KV)and the top was an 
aluminium unpolished platen, (b) Lubricated 
ends made of 3/16 in. thick highly polished 
brass discs (1* 5 in.dia.) smeared with sili
cone grease; at the centre of the bottom disc 
was a i in.dia. porosint (grade B) filter.
(c) Enlarged lubricated highly polished dur
alumin ends 2fc in.dia. with central 4 in.dia. 
Aerox VI porous stones. Special membranes 
with a central portion 1  ̂ in.dia. suddenly 
stepping up to 2k in.dia. were made for these 
enlarged ends.

Fig.11 is a typical example of data obtained 
by Balasubramaniam from similar tests on 
identical soft clay specimens with these

C A M E  T T C

STEP*>*0 
f i  L ite

CYLtNOGICAL 

CELL

M  t M  t t

X-RAYS

Fig.10.Metal strip 
stepped filter for 
cylindrical samples.
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Fig.11. Axial strain distribution during "tri 

-axial" compression tests (c3= 60 psi) 
on clay using X-ray lead shot tech
nique with (a) rough, (b) lubricated 
(c) enlarged lubricated, ends.

different ends. It is evident that the lub- 
rucated ends (b) are quite the most uniform 
over the whole range of strains (up to about 
axial strains ei of 30%) and that even the 
rough ends (a) give reasonable results up 
to about ei = 6%. Beyond = 8% the enlarged 
lubricated ends cause non-uniform strains due 
to the steps in the rubber membranes. Finally 
it should be mentioned that the cell fluid 
was silicone oil and the sample volume change, 
as measured by burette, was virtually identi
cal at all stages of the test with that com
puted from the local strains. This could not 
be achieved when water was used in the cell 
thereby indicating membrane leakage. 
References; Balasubramaniam, A.S.(1969) "Some 
factors influencing the stress strain behav
iour of clays. Ph.D.Thesis, Cambridge Univ.; 
Roscoe K.H., Arthur J.R.F. & James R.G.(1963) 
"The determination of strains in soils by an 
X-ray method." Civ.Eng.& Pub.Wks.Rev.58:684: 
873-876 & 685:1009-1012; Sirwan K.Z., (1965) 
"Deformation of soil specimens." Ph.D.Thesis 
Cambridge Univ.

Dr.L.Forsblad (AB Vibro-Verken, P.0.B.1103, 
2-171 22 Solna 1, Stockholm, Sweden.)
Laboratory Soil Compaction by Vibration.

The results of laboratory compaction tests 
are widely applied in field compaction prob
lems. Furthermore there is a need for stan
dardised compaction methods in preparing 
specimens for large "triaxial" tests. Lab
oratory compaction tests can be carried out 
using a vibrator in preference to the falling 
hammer adopted in the usual Proctor procedure. 
If vibratory compactors are used in the field 
then the field data correlates best with lab
oratory test results if the latter are 
carried out by vibration.

Methods of laboratory soli compaction by vi
brating tampers have been developed by AB 
Vibro-Verken. A suitable 35 Kg vibrating tam
per (frequency 3000 vibrations per minute) 
for the standardised laboratory compaction 
test with a 15 cm mould is shown in Fig.12.
The data from it agreed with the modified 
Proctor test for cohesionless soils but was

}-■----Surload 500 kg (1100 lb )

R u b b e r  e le m e n t s  

V ib ra to r s

Ea rth  sam ple

Mould 0  915 mm (36  in)

• Conci*«te bloclc

Fig.13. Large vibrator compactor.

significantly different for cohesive soils. 
This small vibrator has been described in 
greater detail by Forsblad (1967) . The same 
principle can also be used for very large 
moulds. Fig.13 illustrates the vibratory com
pactor developed for the laboratory at the 
Tarbela Dam, Pakistan. The mould is 91.5 cm 
dia. and the weight of the tamper can be 
altered with a maximum value of 900 Kg. The 
frequency can also be varied and so can the 
centrifugal force of the rotating masses. 
Reference: Forsblad L. (1967) "New method for 
laboratory soil compaction by vibration." 
Highway Research Record No.177, "Symp.on com
paction of earthwork and granular bases.” 
Washington D.C. p.219-225.

Dr.H .J.Melzer and Mr.T.Mongkol,(Mobility 
Fundamentals Section, Waterways Experiment 
Station, Vicksburg, Mississippi, U.S.A.)
Re-evaluation of the vacuum triaxial test. 

During recent research at W.E.S. on lunar soil 
mechanics, mobility and trafficability prob
lems itwas necessary to study the variation 
of the angle of friction of desert sands at 
very low stress levels of about 7KN/m2 (1 psi) 
or even less. For this purpose the vacuum 
triaxial test, in which lateral pressure is 
provided by applying a vacuum to the interior 
of the specimen, was used successfully for 
confining pressures as low as 3.5 KN/m2(% psi) 
but some difficulties were experience in tests
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at 0.7 KN/m2 (0.1 psi). The dry Arizona des
ert sand (mean dia. 0 .12 mm, uniformity coeff.
1.5) samples, of 7.1 cm dia. and 16.5 cm 
height, were prepared with relative densities 
D ranging from 20% to 90%. The voids ratio 
iS the loosest state was 0.92 and in the den
sest 0.61. The vacuum was applied and the 
samples sheared under axial compressive loads 
at a constant strain rate. Volume changes 
were determined by measuring the vertical and 
lateral deformations, the latter at seven 
equal intervals along the specimens.

The main results were as follows: For relat
ive densities D < 50% and for stresses below 
96 KN/m2 (14 psi) the angle of friction was
constant (Fig.14). For D > 50% and for

AVG 0r = 34.3

1.4
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Fig. 15. Dr , <t> relationships from conventional 

0, and vacuum O,  triaxial tests.
Open without, closed with, energy 
correction.

Fixed head of 

testing machine

Hooke's joint

Dial gauge for 
measuring 

i— extension

Connexion to 
transducer

Stainless steel 
ram

Sensitive proving ring 

with displacement 

transducer

Fig.14. Results of vacuum and conventional 
"triaxial" compression tests.

stresses below about 50 KN/m2 the angle of 
friction was constant but at higher normal 
stress levels the Mohr envelope was a slight
ly curved line. Data obtained in conventional 
triaxial tests at cell pressures of 40-42 psi 
fitted on this line. After applying the 
Skempton-Bishop energy correction all results 
fell on a straight Mohr-Coulomb envelope 
corresponding to the Dr = 0 line. The cotangent 
of the secant friction angles (cot 4> ) from 
the conventional tests were plotted sagain6t 
Dr giving the straight line in Fig.15. The

Water________ him . .  iflim Hooke's joint

(with I inch of 

Oil on top)

Convoluted rubber 

membrane 

Drainoge connexion

Section of standard 
rubber membrane

Supporting legs 

(3 No)

Moving platen of testing 

machine

Fig.16. Apparatus for "triaxial" tension tests.

values of cot $ for the vacuum tests are also 
plotted against D^.For Dr<50% the coti)^ plot 
coincides with the coti(>g plot since <j>t£s con

stant & independent of *¡(0 1+63) in this range. 
But for D > 50% the 0 values at low normal 
stresses are less than the ij> values at high
er normal stresses. If the efiergy correction 
is applied to the vacuum test results the so 
called true friction angle <J> is equal to 
34.3° which is slightly less than the value 
obtained by extrapolating the 4> - D curve 
to D = 0 .  Bishop (1950) and Scftulze & Horn 
(196^) have shown that both methods should 
give the same value of $ . References:
Bishop A.W.(1950) Correspondence Geotechnique 
2:113; Schultze E. & Horn A. (1967) "The base 
friction for horizontally loaded footings in 
sand and gravel." G^otechnique 17:329-347.

Prof.A.W.Bishop (Dept.of Civ.Eng., Imperial 
Coll.of Sci.& Tech., Imperial Institute Rd., 
London, S.W.7) divided his contribution into 
two parts:- (i) Drained tension "triaxial" 
tests. At Imperial College a "triaxial" 
apparatus has been modified to permit axi- 
symmetric tension tests to be carried out un
der drained conditions. A reduction in the 
cross-sectional area of the central zone of
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samples, subjected to an all-round cell pres
sure and an axial tensile force, was used to 
create .a tensile effective axial stress in the 
reduced zone while the net effective axial 
stress in the enlarged ends was still com
pressive (see Fig.16). Separation at the end 
caps (or the need to provide some form of end 
grip) was thereby avoided while achieving a 
range of axial tensile stresses which was con
trolled by the ratio of end to mid-section 
areas and by the effective radial stress app
lied to the sample. In intact London Clay the 
tensile stress at failure lay very close to 
values predicted from the compressive strength 
by the modified Griffith theory. Despite ex
pansion of the clay the modes of failure were 
typical of brittle fracture suggesting that 
the tensile stress in the mid section of the 
specimen was remarkably uniform. For further 
detailed discussion and typical test results 
see Bishop & Garga (1969). Reference: Bishop 
A.W. and Garga V.K. (1969) . "Drained tension 
tests on London Clay." Geotechnique 19:309- 
313. (ii) Ring Shear Apparatus. The magni
tude of the residual angle of shearing resis
tance of London Clay recorded in a ring shear 
apparatus using very large displacements 
(c. 50 in.) was substantially lower than that 
obtained in reversal shear box tests (Fig.17).

LA BO RATORY

The two large square points in Fig.17 were 
obtained from undisturbed samples cut from a 
slip surface, after a relative movement of
5 ft in the field, followed by displacements 
of less than 1/10 in. in the shear box in 
the laboratory. The influence of test pro
cedure on an apparent soil property is very 
significant. If test data is to reflect field 
behaviour it is evident that, in some cases, 
the residual angle of shearing resistance 
should not be measured by reversal shear box 
tests.

Dr.Ing.M.Jamlolkowskl I Dr.Ing.S.Marchetti 
(Studio Gestecnico, Italiano, Via Mincio 22, 
Milano, Italy.) The Determination of Pre- 
consolidation Load from a Controlled Gradient 
Consolidometer Device. The controlled grad
ient consolidometer, developed and described 
by Lowe, Jonas & Obrician (1969) allows a 
constant pattern of hydrostatic excess pres
sure to be maintained in the specimen during1, 
a one dimensional consolidation test. Many of

the advantages that this type of test poss
esses in comparison with the conventional 
consolidometer test are discussed by Lowe et 
al. However they determine the preconsolid
ation load by plotting the coefficient of 
consolidation c against the vertical-eff
ective stress p.

It is suggested that an improved method of 
determining p is to plot log i against log
__ m

p, where m is the coefficient vof volume 
decrease. A typical curve, and the method of 
obtaining p , is illustrated in Fig.18(a).
If the conventional e/log p curve in Fig.18(b) 
was bilinear then the log i / log p curve in

m„
Fig.18 (a) would be two straight lines of 
slope 45° with a vertical discontinuity. De
pending on sample disturbance and some other

LIQUID  L I M I T sa X TE S T OUQATt ON  * 2 0 h

PLASTIC IN OCX  5 4 5 ? .  I N ITIAL M CMSTUOE C O N TEN T 2 6  3 %

h t o c  p q e u u c e  I Kg/ cm’  f i n a l  -  2 4  1%

(XJAD ieNT 0 - 4 « .  IN IT IAL  BULK OCNStTY 1-9+

B O I L TY P E  S I L T F I N A L  • M f c

METHODS

Fig.18. Improved method of determing pre-
consolidation load p

rc .

factors, this vertical discontinuity becomes 
less sharp, indicating a range of values 
rather than a single value for the preconsol- 
idation pressure pc . However, from the evi
dence of the tests, the selection of this 
range is easier, and less sensitive to sample 
disturbance, from curves of the type in 
Fig.18 (a) than by selecting the point of max
imum curvature on the conventional e/log p 
curves. The curve shown in Fig.l8(a)is typical- 
of those obtained from soft and medium clays 
but for heavily overconsolidated clAys the 
range of interpretation is much larger. 
Reference: Lowe John III, Jonas E. and Obri- 
cian V. fl969) "Controlled gradient consoli
dation test." Proc.A.S.C.E., SM 1, 95:77-97.

(Tp N o rm a l e ffe c t iv e  pressure p .s . i.

FIG. 17. EFFECTIVE STRESS TESTS ON BLUE LONDON CLAY (WRAYSBURY)
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Dr.E.Jonas(Head, Solis & Foundations Dept., 
Tippetts, Abbett, McCarthy & Stratton, 375 
Park Av., New York.) Our difference with 
Dr.Jamiolkowski is minor. We usually obtain 
p from the c^log p curve. At the beginning 
of a test we set up a small pore pressure 
gradient which is maintained constant and the 
value of p is obtained from the goint of 
greatest curvature of the cv/log p curve.

Prof.A .E .Z.Wissa (Massachusetts Inst.of Tech. 
Rm 1-374, Cambridge, Mass., U.S.A.) A New 
0ne-Dlmen3lonal Consolidation Test. Samples 
for Inserting in a new consolldometer, dev
eloped at M.I.T., are taken in very thin 
walled tubes which are sufficiently flexible 
to fit tightly into a thicker tube. Once a 
specimen is in this tube it is mounted cen
trally on the fine ceramic porous stone at 
the base of the apparatus (Fig.19). This

F I G .  19

THE MJ.T. GENERAL PURPOSE CONSOLIDOMETER

stone is connected to a pore pressure trans
ducer and the sample drains, if allowed from 
its top surface only. Residual pore pressures 
can be recorded prior to loading and thereby 
a measure of the sample disturbance can be ob
tained. The sample is surrounded by a cell (or 
chamber) and can be loaded axially by applying 
a hydraulic pressure to the cell fluid or «in 
external load to the piston. The sample is in
sulated from the cell by a rolling diaphragm 
(Bellofram) but it is still possible to apply 
a bacR pressure to the sample which can be 
counter-balanced by the cell pressure.

Wihh this apparatus it 14 possible to carry 
out three types of one-dimensional consolid
ation test. The first is a standard increment

al loading test, as commonly used in any lab
oratory, in which case the load increments can 
be applied by changing the cell pressure in
crementally or by applying load increments to 
the piston. The second is a constant rate of 
stress test caused by increasing the cell 
pressure at a constant rate. The third is a 
constant rate of strain test which is achiev
ed by driving the piston down at a constant 
rate as recorded by a DCDT.

Recently Prof.Davis (Sydney University) has 
developed a closed form solution for consoli
dation at a constant rate of strain. From this 
solution we are able to obtain, from the auto
matically recorded data, continuous measures 
of the constraint modulus mv , the coefficient 
of consolidation cy and the permeability k, 
etc. The e/log p curves (where p is the 
effective vertical stress) obtained from con
stant rate of strain tests agree well with 
those from conventional incremental load 
tests. The i /log p plots show a sudden break 

n'v
as the maximum preconsolldation pressure p 
is reached and, as claimed by Dr.Jamiolkowski, 
provide a good definition of the value of pc - 
The value of cv obtained from the constant 
rate of strain tests lie between those obtain
ed from incremental load tests using the 
"logarithmic" and "square root" fitting meth« 
ods. When samples are subjected to rebound 
the coefficient of consolidation from an in
cremental load test is considerably less than 
that obtained from a constant rate of strain 
test. This latter type of test can be run at 
small hydraulic gradients that closely emu

late field conditions. The main advantage of 
the constant rate of strain test, from the 
practical point of view, is that it can be 
completed in 2 or 3 days whereas a conven
tional test may take several weeks.

Prof.S.S.Vyalov (Research Institute of 
Foundations & Underground Structures, 2-nd 
Institutskaya St.6, Moscow, Zh-389.)
A Simple Method of Obtaining the Rheologlcal 
Characteristics of Soils. As is well known, 
creep and long term testing of soils is 
usually a very complicated and time consuming 
procedure.I have proposed a simplified method 
which enables the rheological characteristics 
of the soil to be determined by repeated tests 
on only a single sample. Briefly, the method 
is as follows:- The load is transmitted to 
the sample through a dynamometer which is 
set up to the desired initial stress. The 
position of the dynamometer is then fixed and 
under the action of the stress the sample 
deforms with a consequent reduction of the 
stress recorded by the dynamometer. This 
means that creep occurs in the sample and 
stress-relaxation takes place in the sample- 
dynamometer system. This method of test can, 
of course, be used in a "triaxial" apparatus. 
The test data is employed to plot curves 
showing the growth with time of the deforma
tion of the sample and the stress drop in 
the dynamometer. The equation relating sample 
deformation and stress drop in the dynamometer 
at any given time can be determined by con
ventional tests conducted in the same appara
tus . In the general case it can be taken to 
be an exponential function. The creep funct-
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.Ion is determined from the stress drop curve.
As a result the creep equation has been deter
mined in its simplest form. The equation can 
also be obtained in integral form in accord
ance with accepted creep theory. To determine 
the limit of long term stress an initial 
stress, close to the final value, is applied 
through the dynamometer. Then the final stress 
corresponding to the stabilisation of the 
deformation will be equal to the limit of 
long term strength.

Messrs.G.Post t P.Jouanna (Coyne et Bellier,
19 Rue Alphonse de Neuville, Paris 17). 
Horizontal Permeability of Compacted Gravelly 
Material. An annular permeameter has been 
developed for Électricité de France to study 
the poorly graded core material of the Grand 
Maison Dam. This material contains slab 
shaped coarse particles.

A-Outer ring i  150mm E-Bottom plote 
B • Inner ring g500 mm F-Annulor rubber seol 
C-Annular rubber bog 
-Bolts

Calibrated 
water tank

' m

ip y jp y e r

•Fig. 20 Horizontal flow parameter.

The.apparatus (Fig. 20) consists essentially 
of two perforated concentric tubes A and B, 
of diameter 500 mm and 150 mm respectively, 
between which the material is compacted. The 
ends of the tubes are sealed by rubber

rings F to the flat end plates and the top 
and bottom of the sample is sealed by a thin 
layer of fine impervious clay. The consoli
dation pressure is applied by means of a rub
ber bag C under the top end plate. The instru
ment can be used either as a constant head, 
or a variable head, permeameter with the water 
percolating radially either inwards or out
wards .

Comparative tests have been carried out in 
this apparatus and in a traditional vertical 
permeameter on a variety of compacted mater
ials which have been saturated beforehand.
For a uniform fine sand the horizontal per
meability appears to be less than twice the 
vertical permeability (k„ = 2.7 x 10”^cm/sec, 
k = 1.4 x 10“3cm/sec). For a gravelly and 
siabby material (60% between 25 mm and 5 mm, 
15% between 5 mm and 0.08 mm, and 25% below

0.08 mm) the horizontal permeability (k„ = 10 
to 30 x 10”’ cm/sec) is roughly ten timls the 
vertical permeability (k = 1.5 to 3 x 10“* 
cm/sec): this ratio may Yn fact be larger due 
to errors caused by percolation paths along 
the wall of the vertical permeameter. In the 
annular permeameter it is much easier to 
eliminate this wall effect when testing 
gravelly materials.

Tog i c 2 . Shear Tests in which Principal Axes 
Rotate. Mr.T.Berre (N.G.I., Forskningsvn 1, 
Oslo 3, Norway.) The Latest Design of the 
N.G.I. Simple Shear Apparatus. Fig.21 shows

METHODS

1 Sample 2 Reinforced rubber membrane
3 Wheel« for applying dead load 4 Load

r
uge for vertical load 5 Ball bushing 
Dial gauges for measurement of vertical 
deformation 7 Sliding box 8 Dial gauge 

for measurement of horizontal deformation 
9 Ball bushing 10 Load gauge for horizon 
tal force 11 Gear box 12 Exchangeable 
eervogear motor 13 Lever arm 14 Weights 
13-16 Clamping and adjusting mechanism 
used for constant-volume tests.

the general principle of the latest design of 
simple shear apparatus described in detail by 
Bjerrum & Landva (1966) .’ The specimen (1) is 
8 cm dia. and usually 1*5 cm high. The rubber 
membrane (2) is reinforced with a spiral of 
constantan wire (see Fig.22) which can be used 

as an electrical resistance strain gauge to 
measure the horizontal stress in the specimen. 
The vertical load is applied through the lever 
system (13) and then the‘horizontal force can 
be imposed by either a strain control device 
operated by a synchronous motor or by a load 
hanger system. Constant volume tests are 
carried out by clamping the vertical load 
system .

Knowing the horizontal stress and by assuming 
the whole sample deforms in simple shear

Dr.€chmertmann was able, by making further 
assumptions concerning the distribution of 
boundary stresses, to determine the direction 
and magnitude of the principal stresses. Pre
liminary tests indicate that the peak devia
tor stress on undisturbed specimens of quick
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Ftg.22. Rubber membrane reinforced with 

constantan spiral.

clay is nearly the same in constant volume 
tests in the simple shear apparatus as in 
undrained "triaxial" tests, provided both sam
ples were previously consolidated- to the same 
stress under Kq conditions. See also Kenney 
(1967). References: Bjerrum L. & Landva A.
(1966) "Direct simple-shear tests on a 
Norwegian quick clay." NGI publication No.70; 
Kenney T.C. (1967) "Shearing resistance of 
natural quick clays." Ph.D.Thesis, London Univ.

Mr.H.Fagerstrom (VBB, Box 5038, Stockholm 5, 
Sweden.) Shear Strength of Mudstone in Con
trolled Strain Tests." For the Investigation 
of long term stability at slow creep deform
ations in overconsolidated clays, as well as 
In filling materials of rock joints, the 
variations of shear strength during deform
ation must be studied. For this purpose a 
simple shear apparatus, similar to that des
cribed by the previous speaker but without 
using the constantan wire on the membrane as 
a strain gauge, has been used at VBB for 
drained and constant volume direct-shear 
reversal tests (see Skempton (1964)) on mud
stone from the Iteshi Teshi Dam site in Zambia^ 
The samples were 5 cm dia. and 1 to 2 cm high. 
The maximum horizontal displacement was + 1 cm 
and could be attained at a rate of either 
1 cm/hour or 1 cm/24 hours. The deformation 
and shear stress were automatically recorded 
so that long term tests were carried out day 
and night continuously.

The mudstone contains a swelling material and 
has a clay content varying between 10 and 30%. 
The swelling pressure varied between 5 and 9, 
with a mean value of 7, Kg/cm2. The residual 
strength has been found to vary linearly from 
0.25 (at a 1< 2Kg/cm2) to 0.50 (at a' = 12 Kg/ 
cm2) times the peak strength, due to soften
ing caused by water absorption and structural 
collapse at large deformations. A typical 
stress t  -  strain e  curve is shown in Fig.
23(aj in which p is the constant applied

(total) vertical 
stress. Failure 
occurs at (e„)

H f
=9.1% with a 
peak value of(^)^

of 0.33 but this 
drops to 0.20 at 
large strain. On 
the other hand 
the excess pore 
pressure Au at 
failure is about
0.2p but this goes 
on increasing 
with further 
strain as shown 
in Fig.23 (b) in 
which a 1 is the 
effective verti
cal stress. It 
is evident in 
Fig.23(c) that 
the effective 
stress ratio (— ,) 
reaches a maximum 
of 0.37 at fail
ure but then 
remains at a con - 
stant value of

0.3 5 even at large deformations. The main 
conclusion is that it might be necessary to 
use controlled strain tests with water supply 
when carrying out routine tests on swelling 
material.

Dr.C.P.Wroth (Univ.Dept.of Eng., Cambridge, 
U.K.) Some Recent Developments of the Simple 
Shear Apparatus at Cambridge. Eight models of 
the simple shear apparatus have been develop
ed at Cambridge during the past twenty years. 
The essential features of the Mark 6 model 
with its associated automatic recording equip
ment and X- and y-ray apparatus has been 
described by Roscoe, Bassett & Cole (1967) 
where earlier references will be found. The
10 cm x 10 cm x 2 cm high sample was surround
ed by ten load transducers so that the stress 
distribution within the sample could be deter
mined at all stages of a test. The variation 
of the strain pattern within the sample was 
determined by the X-ray and lead shot method 
discussed by Dr.James in Topic 1 and the local 
volumetric strains were checked by collimated 
y-rays transmitted through the sample as des
cribed by Roscoe (1967). Using a new theory of 
the attenuation of y-rays developed by 
Coumoulos (1967) it is possible to determine 
local voids ratio with an accuracy of 0.01 in 
specimens in the simple shear apparatus.

M.A.Stroud has recently developed the Mk.7 
model for testing sands at very low mean stress 
levels (0.75 - 15 psi). The general layout of 
this apparatus and its associated equipment 
has been indicated by Roscoe (1969). Fig.24 
shows a close up of the apparatus. Apart from 
the load cells the main difference with the 
Mk.6 apparatus is the use of the levers A and 
B to control the vertical movement of the 
top C of the apparatus. Both the vertical and 
horizontal loads can be applied independently 
under strain,or stressfcontrolled conditions.

Fig.23. Results of simple 
shear reversal 
tests on mudstone.
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Fig.24. The Cambridge Mk.7 Simple Shear 
Apparatus.

Fig.2 5 shows the new load transducer with, and 
without, the square (3i cm side) active face 
"a" removed. The sole connections between the

Fig.25. Shear and normal load transducer.

top block AA and the base block BB is through 
the normal webs N. and Nj and the shear webs
S. and S.. Nine or these transducers can be 
mounted in contact with the top or bottom 
faces of the specimen in the simple shear 
apparatus as illustrated in Fig.26. The gap

Fig.26. Nine (one removed) load transducers 
forming base, or top, contact face 
with sample in simple shear apparatus.

between neighbouring cells is 0.002 in. Each 
cell records (to within 0.07 psi) the shear 
load in the direction of the webs S. and S_ 
and the magnitude and eccentricity of the 
normal load on its active face. By mounting 
two cells one above the other with their shear 
webs at right angles the resultant shear, and 
both eccentricities of the normal, load can 
be measured.

A Mk.8 model similar to the Mk.7, but for test
ing saturated clays, is now under construction 
at Cambridge. It has been shown for sands by 
Roscoe, Bassett & Cole (1967) that axes of 
strain rate and of stress coincide throughout 
the test for monotonically increasing loads 
on freshly prepared samples. This indicates 
the sample is deforming plastically. Cole
(1967) has shown that axes of stress rate and 
of strain rate coincide as deviatoric stress 
is removed and reapplied, thereby indicating 
elastic behaviour. Similar information is 
required for clays since, once it has been 
obtained, the results of tests in much less 
sophisticated models of the simple shear app
aratus can be interpreted. References:
Cole E .R. L. (1967)"The behaviour of soils in 
the simple shear apparatus.” Ph.D.Thesis, 
Cambridge Univ.; Coumoulos D.G.(1967) "A radio- 
graphic study of soils." Ph.D.Thesis, Cambridge 
Univ.; Roscoe K.H. (1967) Discussion in Session 
3. Proc.Geotech.Conf.Oslo 2:188-192; Roscoe 
K.H. (1969) Discussion to Main Session 1. Proc. 
7th Int.Conf Soil Mech.Mexico 3: ; Roscoe 
K.H., Bassett R.H. & Cole E.R.L. (1967) 
"Principal axes observed during simple shear 
of a sand." Proc.Geotech.Conf.Oslo 1:231-237.

Prof. C.C.Ladd (Dept.of Civ.Eng.,M.I.T., 
Cambridge, Mass. U.S.A.) A plane strain 
device for testing undisturbed samples of 
soft clay.
A new plane strain device for testing un
disturbed samples of soft clay has been de
veloped at M.I.T. (see Fig.27). The samples 
are 3.5 in. wide, 1.4 in. thick and 3.5 in. 
high; they can be trimmed from 4 in. diameter 
tube samples. The rubber membrane enclosing 
the samples is attached to the rigid top and 
bottom platens (3.5 x 1.4 in); vertical load 
is applied through the top platen which is 
guided by a square ball-bushing. Drainage 
takes place through the bottom platen; filter 
strips line the 3.5 x 3.5 in. slides. Pore 
pressures can be recorded at the top and 
bottom of the sample. One pair of opposite 
sides are permanently fixed to ensure plane 

strain; one of these sides is supported on a 
force transducer and the other side contains 
pressure transducers at different elevations. 
These transducers can be used to measure the 
average value of the intermediate principal 
stress 0 2 , and its variation with depth, 
during a test. Similarly values of Kq can be 
determined during initial one dimensional 
vertical consolidation. During this Ko con
solidation the second pair of opposite sides 
consist of rigid plates which are removed, 
and then replaced, at the end of consolidation 
under each increment of vertical load to re
move the rriction that has developed during 
that increment. A third value of Kq can be 
obtained from these sides. After Kq consoll-
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Fig 27 Horizontal loading system of M.I.T. 

plane strain device.

dation the second pair of sides are removed 
and horizontal stress is applied by hydraulic 
pressure on rubber membranes. The sample can 
be failed by increasing or decreasing either 
the vertical or the horizontal stress.

The prototype device and some of the first 
results are described by Dickey, Ladd *
Rixner (1968) . Results obtained from the 
prototype and a later "production" model on 
a very sensitive normally consolidated Boston 
Blue clay (K = )̂ have been compared with 
data obtaineS from conventional "triaxial" 
compression and extension tests and from the 
Geonor simple shear device. All samples were 
initially K consolidated to identical ver
tical stresSes. During "active" failure in 
the plane strain device (major principal 
stress vertical) the peak deviator stress was 
slightly higher than in the triaxial compres
sion test. The maximum stress ratio was 
higher but the sensitivity was lower. The A 
parameter was about the same. During "passive" 
failure in the plane strain device (major 
principal stress horizontal) the peak strength 
was much less than the "triaxial" compression 
value, but was significantly higher than the 
"triaxial" extension value because of the 
difference in 02 and the smaller pore press
ures in the plane strain apparatus. When using 
these results to carry out a sliding wedge 
analysis of an embankment on soft clay the 
sliding surface was divided into three ele
ments. Element A corresponded to "active" 
failure, element B to horizontal and element 
C to "passive" failure. The relevant values 
of the undrained strength (cu) divided by

SESSIO N  16

consolidation pressure (p) for these three
elements were obtained respectively from (i)
plane strain "active" tests u _ n _Q

- U.49,

(ii) the Geonor simple shear apparatus
c
— 0.20 and (lii) plane strain "passive"
P c
tests —  = 0.15. These variations of strength

with direction were similar to those observed 
in the N.G.I. large field direct shear test 
device. Reference: Dickey J.W., Ladd C.C.,
& Rixner J.J. (1968) "A plane strain shear 
device for testing clays." Res.in Earth Phys. 
Phase Rep.No.10, Dept.of Civ.Eng.Res.Rep.
R 68-3 M.I.T.

Dr.P.Sembenelll & L.de A.Ramirez (Via Cimabue 
n.20 - 20148 Milano, Italy.) Measurement of 
Residual Strength of Clays with a Rotation 
Shear Machine. Among the numerous recent 
investigations on residual shear strength of 
overconsolidated sllcken-slded clays, a lab
oratory project has been carried out with the 
object of developing a shear machine permit
ting the application of substantial deform
ations to the specimen at very low rates, In 
order to approach as much as possible actual 
creep rates in nature, and without reversing 
the shear direction.

A prototype machine has been built, capable 
of testing in rotation shear full-disc-shaped 
specimens 2*i in. dia. and | in. thick. Speci
men preparation can be reduced to a simple 
slicing of a clay core cut with a rotary drill. 
Full disc specimens were used because only 
residual strengths were to be measured after 
any progressive failure phenomenon had already 
taken place. The shearing unit consists ess
entially of a top disc-shaped cap which ro
tates and a fixed bottom end disc. Both end 
discs are centred on a piano wire in Teflon 
bushings which permits the top cap to tilt 
during a test. The sample is laterally con
fined by a split ring, one part above the 
other; these parts move relative to each 
other on ball bearings. This ensures that 
samples fall on horizontal surfaces at their 
mid-height. Without this precaution the spec
imens tend to form failure planes near the 
end discs. If requiredjthe split ring and the 
top rotating cap can be clamped together. 
Movement is transmitted to the top cap through 
another ring which can be clamped to the cap 
by a pin. The pulling cables are connected 
to this ring which transmit torque to the 
specimen via the porous stones at its ends. 
Axial stresses up to 25 Kg/cm2 have been 
applied to the base of the system by dead 
loads and levers. The torque is applied by a 
hydraulic jack with air on one side of the 
ram and oil on the other. The rate of flow of 
the oil is controlled by a fine metering valve 
so that extremely slow shearing rates (4 x 10““ 
in. per minute) can be obtained and the vis
cosity effect on shear strength can be check
ed .

Preliminary tests on overconsolidated slicken- 
sided clay from Livingston Dam (Texas), both 
undisturbed and remoulded, gave promising 
results; residual angles between 5 and 7 
degrees were consistently measured. However, 
as shown in Fig.28, it was found that the
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recorded residual shear strength did depend 
upon speed of rotation and since the slicken 
sided surfaces are rough it is essential that 
the test rates should be extremely slow if 
reliable results are to be obtained. Other
wise the energy dissipated in the rough sur
face will affect the recorded value.

Togicjlo^ Apparatus for Imposing General
ised Stress or Strain Systems to Soils.
Prof.V .P.Drnevlch (Dept.of Civ.Eng.JUniv.of 
Kentucky, Lexington, Kentucky 40506*, U.S.A.) 
Hollow Cylinder Resonant shpar Apparatus.
A torsional resonant shear apparatus has been 
developed that applies essentially uniform, 
dynamic shearing strains to a soli specimen. 
The specimen shape is that of a hollow cylin
der that Is retained between thin rubber mem
branes that are acted upon by a static con
fining pressure. Torsional oscillations ar« 
applied to one end of the specimen while t 
other end remains fixed. The geometry of the 
soil-oscillator system is such that essential
ly uniform cyclic shearing strains are applied 
to the soil If the oscillations are at the 
first mode resonant frequency.

First mode resonant frequencies range from 20 
to 200 cps depending on the soil and the 
boundary conditions. Angular amplitudes bet
ween 10”5 and 10"^ radian can be maintained. 
The sheaf modulus (a hysteresis modulus) and 
damping are directly and accurately deter
mined. Observed values correlate very well 
with those obtained from repeated load static 
tests and with those from field wave propag
ation tests. Other directly measured para
meters include: volume change, length change, 
pore pressure, and cycles of vibration.

Effects of confining pressure, void ratio, 
strain amplitude, and cycles of vibration on 
cohesionless soils have already been studied 
with this apparatus (see for example Hardin & 
Black (19681 where further references will be 
found]. One series of tests on dry sand 
revealed that prestraining at shearing strains 
between 0.001 and 0.01 per cent can double 
the shear modulus and damping, strikingly 
reduce, the static compressibility, and cause 
fatigue failures. Density changes in the sand

could not account for this. These changes 
were permanent and depended on confining 
pressure,void ratio, shearing strain ampli
tude, and cycles of vibration.

Currently, this apparatus is being used to 
study the behaviour of saturated sands as 
they are in the process of becoming liquefied. 
In addition to the modulus, damping, and 
length change behaviour, stress paths as a 
function of cycles of vibration are being ob
tained. The apparatus has been modified for 
these tests so that cycles of loading can be 
applied at frequencies less than one cps as 
well as at the first mode resonant frequency. 
Reference: Hardin B.O. & Black W.L. (1968) 
"Vibration modulus of normally consolidated 
clay." Proc.A.S.C.E. 94:SM2:353-369.

Prof.D.H.Gray & Mr.R.Kashmeeri (Dept.of Civ
Eng., Univ.of Michigan, Ann Arbor, Michigan
48104, U.S.A.) The Use of Dynamic Shear 
Modulus Measurements to Investigate Thixo- 
tropic Behaviour of Compacted Clays. The 
thixotropic, or age-hardening, benaviour of 
soils is of interest in pile driving and also 
vehicle mobility problems. The thixotropic 
properties of compacted clay soils are being 
studied by measuring the dynamic shear mod
ulus of such a soil as a function of time.
The dynamic shear modulus is measured by a 
torsional vibration or "resonant column " 
device of the type developed by Prof.Hardin 
and discussed by the last speaker (Prof. 
Drnevlch). The principles and theory used 
are Identical but the technique is altered 
in that the so called "free-free" boundary 
conditions are imposed on the samples. This 
is achieved by mounting the sample on the 
oscillator and placing a mass on top of the 
sample to provide some inertia. Though the 
samples can be tested under triaxial con
ditions all the tests, so far, have been 
made under unconfined (zero lateral restraint) 
conditions. This method has several advant
ages, viz., the test is nondestructive, very 
small shear strains are introduced, the shear 
modulus is a better index of thixotropic 
action than compressive strength, and a con
tinuous record of shear modulus vs. time is 
made possible.

With the compacted clay soils the shear mod
ulus diminishes rapidly as the samples be
come "wet of optimum" with a maximum value 
slightly to the right of optimum on a con
ventional compaction diagram. In addition 
to the effects of external variables such as 
the type and degree of compaction on the 
thixotropic behaviour of the soils, the 
influence of various other soil properties, 
e.g. clay mineralogy, water content and pore 
water electrolyte, are also being system
atically studied. It has been found that 
electrolytes have a very marked effect, for 
example the thixotropic shear ratio (i.e. 
the ratio of shear modulus at a given time 
to the shear modulus at zero time) is 
increased by a factor of 10 by the intro
duction of sodium hexametaphosphate to an 
artificial mixture of bentonite and sulphur 
flower.
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Prof.K.H.Roscoe (Univ.Dept.of Eng., Cambridge 
U.K.) A True Triaxial Apparatus for Large 
Strains. It is disappointing that more con
tributions have not been made under Topic 3 
from many of the investigators who are devel- 
opting true triaxial apparatus in which all 
three principal stresses ,or strains ,can be 
measured independently. The Cambridge true 
triaxial permits the application of uniform 
strains far in excess of those of other mod
els known to the writer. It represents an 
extension of the principles used in developing 
the biaxial apparatus described by Hambly & 
Roscoe (1969). The mode of action of the true 
triaxial was suggested, and subsequently des
cribed, by Hambly (1969). This principle has 
been indicated by Roscoe (1969) in the dis
cussion to Main Session 1 where the general 
layout of the apparatus and its loading frame 
is also shown. The detailed design of the 
entire system has been carried out by J.A. 
Pearce. The sample is contained in a triaxial 
box made up of six Identical platens each of 
which can slide freely relative to two of its 
neighbours. Fig.29 shows the box in its fully

The distance between platens 3 and 5, or 1 
and 6, can likewise be varied independently 
within the range 7 to 13 cm. The sample can 
be contained in a rubber membrane which can 
be attached to one corner of the contact 
face of each platen; drainage and pore pres
sure leads are arranged through these attach
ment points. The active contact faces are 
either of glass to facilitate X-ray or y-ray 
examination of the uniformity of strain within 
the specimens or they can be built up of nine 
load cells. Each of these cells (see Fig.31), 
designed by Pearce, can measure the magnitude 
N and eccentricities e and e of the normal 
load and the shear forces S yand S on its 
active face ( 3 x 3  cm). ^

Fig.29. True triaxial apparatus fully extended 
(top platen 6 removed).

extended position with the top platen (6) 
removed. The sample size is then 13x13x13 cm. 
Fig.30 shows the box when the distance between 
platens 2 and 4 has been reduced to 7 cm.

Fig.30. True triaxial apparatus with distance 
between platens 2 & 4 reduced from 13 
to 7 cm.

Fig.31. Load cell for measuring N, e , e 
Sx and Sy . x y

The loading frame for this apparatus is ex
tremely light in weight but permits loads of 
up to 1 ton to be applied independently to 
each pair of opposed platens either through 
reversible hydraulic jacks or through screw 
and gear systems. The forces are at all times 
through the centre of the sample and this is 
made possible by fixing only the bottom 
platen of the box and by having the load frame 
supported by a counterbalance. References: 
Hambly E.C. (1969) "A new true triaxial 
apparatus." Ge'otechnique 19:2:307-9; Hambly 
E.C. & Roscoe K.H. (1969) "Observations and 
predictions of stresses and strains during 
plane strain of 'wet' clays." Proc.7th Int. 
Conf.Soil Mech., Mexico 1:173-181; Roscoe K.H. 
(1969), Contribution to discussion Main 
Session 1, Proc.7th.Int.Conf.Soil Mech.,
Mexico 3:

Topic 4. Determination of Strain and/or Stress 
Patterns Within Soils. Di&W.M.Moore, G.Swift 
and L.S.Milberger (Texas A S M  Univ., Coll. 
of Eng., College Station, Texas 77843, U.S.A.) 
Electro-optical Soil Deformation Measurement 
System. A measurement system was designed to 
determine the load-deformation characterist
ics of granular type soils normally used in 
highway flexible beds subjected to both hydro
static and uni-axial dynamically applied com
pressive loadings. Cylindrical test specimens 
(6 in.dia. x 8 in.high) are loaded hydro-
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statically from 10 to 30 psi in a pressure 
chamber (triaxial cell) with transparent walls 
and dynamically along the axis from 0 to 35 
psi. The dynamic load is applied during a 
two-tenths second time interval and is rep
eated every two seconds. Static and dynamic 
deformations are observed at numerous points 
on the specimen to define the radial and 
axial deformations of the cylinder's surface 
(Fig.32) .

Fig.32. Specimen in triaxial cell with targets 
attached for measuring displacements.

Examination of the capabilities and limitations 
of existing motion sensors for this applic
ation indicated the need for a superior non
contracting transducer. The first prototype 
unit of a newly developed electro-optical 
transducer was obtained for use in the system. 
This transducer, an electro-optical displace
ment tracker*, developed by Martin Research 
Associates, Inc., senses the position of a 
small reflective target and resolves motion 
by supplying continuous electrical signals 
proportional to the X and Y components of the 
target displacement. Its resolution, for a
0.30 in. square target at 10 in. working dis
tance, is below .000040 in. over a range of 
.070 in. with response time of the order of
1 microsec. and stability better than .000040 
in./hr.

To observe deformations at several points on 
the specimen, the tracker with its accompany
ing projection lamp is mounted on an X-Y 
measuring stage equipped with micrometer 
screws (Fig.33). The several targets, some 
attached to the surface of the soil specimen 
and others attached to portions of the triax
ial cell, are presented to the tracker, each 
in turn, by manual operation of the screws. 
Dynamic deformations are measured by observ
ing the output signals from the tracker on an 
X-Y oscilloscope. Long term creep is measured

* Patent applied for.

Fig.33. Electro-optical system showing track
er and projection lamp in X-Y 
measuring stage focussed on target 
in triaxial cell, 

directly by the micrometers.

Prof.E.T.Sellg (Dept.of Civ.Eng., State Univ. 
of New York, Buffalo, N.Y. 14214, U.S.A.).
New Developments in Soil Strain Measurement.
A new instrumentation system has been devel
oped for measuring static and dynamic strains 
in soil. The system is battery powered and 
portable so that it can be used in the field 
as well as in the laboratory. The principle 
of operation involves the measurement of the 
electro-magnetic coupling between two coaxial 
coil sensors embedded within the soil. The 
coupling is extremely sensitive to axial 
spacing and hence is directly related to 
strain. Strains much smaller than 1 per cent 
and much larger than 100 per cent have been 
measured and changes taking place in as short 
a time as 0.125 millisecond can be detected. 
The system has excellent long term stability.

The essential elements of the strain gauge 
system are: (1) a pair of rugged disc-shaped 
sensors embedded in the soil in near parallel 
and coaxial orientation separated by a dis
tance over which strain is to be averaged,and
(2) a portable instrument package containing 
driving, amplification, balancing, recording 
and calibration controls. A unique feature 
is that the sensors are free floating in the 
soil to provide minimal interference with the 
soil movements. The accuracy of the readings 
has not been found to be affected by normal 
changes in soil composition or moisture con
tent. The sensor size is selected to provide 
the desired gauge length. To date gauge 
lengths ranging from in. to 16 in. have 
been used.

A pair of coil sensors are calibrated prior to 
use, usually by moving one coil with a micro
meter coaxially with respect to the other 
coil which is fixed. The coils can be placed 
independently, and with relative ease, in the 
soil. The second coil can be centred electri
cally during placement even though the first 
coil is embedded out of sight. The initial 
spacing of the coils can also be determined 
after embedment. To indicate the wide range 
of application of this type of gauge, several 
have been U3ed to record the significantly
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different strains within 6 in. "triaxial" 

samples with fixed ends compared to when they 
have lubricated ends. At the other extreme 
these gauges have been used to record dynamic 
strains as shock waves have been propagated 
through soil specimens.

Prof.H.Aboshi (Dept.of Civ.Eng., Hiroshima Univ. 
Sanchome, Senda-machi, Hiroshima-shi,Hiroshima- 
Pref., Japan.) A Strain Gauge Method of 
Determining Strain and Stress Distribution in 
a Soil Mass.
For several years gauges have been used at 
Hiroshima University to measure strain dist
ributions in soil masses. The strains are de
termined by measuring the change of mutual in
ductance with variation in distance apart of 
two parallel disc type coils embedded in the 
soil. Such coils (about 1 cm.dia. and 1.5 mm 
thick) were placed in pairs to record strains 
at points within the soil beneath a model 
strip foundation (10 cm wide) acting on the 
surface of a saturated clay specimen. Pore 
pressures were also measured at these points.
In Test Series I the clay was preconsolidated 
one dimensionally from a slurry to a stress of 
about 0.6 Kg/cm2 for about 5 months. After 
trimmingr the specimens were placed in a lucite 
sided box 160 x 10 x 34 cm high. The lucite 
plates (smeared with silicone grease) permit
ted the failure planes to be observed by the 
development of breaks in vertical white lines, 
2.5 cm apart, on the sides of the specimens.
In Test Series II the specimens were similar, 
but prior to applying the foundation load 
vertical cardboard wicks were inserted in the 
region under the foundation and this region 
was further preconsolidated to about 1.2 Kg/cm2 
In all tests the foundation loads were applied 
rapidly corresponding to |u = 0 conditions.
In Test Series I the failure planes were log
arithmic (not circular) arcs whereas in Series
II clear failure planes could not be seen.
Full details are given by Aboshi, Yoshikuni
& Uchibayashi (1969) .

To clarify these results, further tests were 
carried out using the coil type strain gauges. 
From the recorded values of the local strains 
the local stresses within the clay were deter
mined by a method which will be illustrated 
by considering points on the axis of the 
foundation where the.principal axes are verti
cal and horizontal. The variation of the pore 
pressure and vertical strain ei with time 
after application of a foundation load are 
known at specific points on this axis. To 
determine the major t>i, and minor o;, stresses 
at such a point and at any instant the follow
ing procedure was adopted. A clay specimen, 
initially identical to that at the start of 
the footing test, was placed in a "triaxial" 
apparatus which was modified to carry out 
plane-strain tests. Identical vertical strain 
rates were imposed on this specimen and the 
cell pressure was altered to maintain the same 
pore pressures as had been observed in the 
clay element in the model test. The observed 
changés of both oi and a 3 in the triaxial sam
ple were identical to those in this element. 
Typical results for the variation of oi down 
the axis of the footing are shown in Fig.34 for 
Series I and II tests. The former approximate 
to an elastic distribution, the latter do not.

IO & S  O 0-3 1-0

VERTICAL 6TRP6S  Kg/ dn *

Fig.34. Vertical stress distribution on axis 
of strip footing at various times 
after applying load.

Reference: Aboshi H., Hoshikuni H. &
Uchibayshi T.(1969) "Stability of soft clay 
foundations underneath embankments consoli
dated by means of dardboard drains." Soils & 
Foundations 9:2:1-14.

Dr R. G. James (Univ.Dept, of Eng., Cambridge, 
U.K.) Strain.and Stress Patterns in Soil 
During Plane Strain Model Tests.
The power of the new Cambridge methods, of 
determining strains Within and stresses on the 
boundaries of soil masses, to enable current 
theories tp be assessed will now be illustra
ted by briefly-indicating some results of 
model wall tests on sand. The wall contains 
24 load cells each indicating the shear, and 
position and magnitude of the normal, force 
on its active face. A typical wall stress 
distribution obtained by James (1965) for a 
wall rotating about its top into the sand mass 
has been given by Roscoe (1967). A typical 
soil strain pattern as the resultant force on 
the wall attains its peak value is shown in 
Fig. 35. In this diagram O is the centre of

Fig.35. Zero extension directions at peak
load on wall OB rotating about top 0 
into dense sand.

rotation of the wall OB and each line repre
sents the direction of zero extension within 
a triangular element of.soil, the corners of 
which are defined by lead shot. A definite 
pafetern can be seen within the region BCD and 
the ultimate failure surface as defined by a 
dark band on the radiograph coincided with 
one of the continuous curves formed by these 
zero extension lines. From data obtained in 
a simple shear apparatus, in which horizontal 
planes are directions of zero extension, 
Arthur, James and Roscoe (1964) have been able 
to obtain the stress field from the observed

532



LA BO RATORY METHODS

strain field within the soil mass at any stage 

of a test. Fig. 36 shows typical radiographs 
obtained by B„ransby (1968) for the classic

Fig.36. Radiograph of failure planes at peak 
load on wall OB rotating about base 0 
into dense sand.

problem of a wall OB rotating about its base 0 
into the sand. The peak resultant load has 
just been attained on the wall. No failure 
plane develops from the base 0, since here the 
strains are relatively small, and the pattern 
of soil failure is significantly different 
from that generally assumed in currently 
accepted theories. The failure surfaces seen 
in Fig.36 again agreed remarkably closely with 
the zero extension trajectories obtained from 
strain patterns computed from measured dis
placements of the lead shot between successive 
increments of wall rotation. These displace
ments are now measured automatically in a 
computer controlled film measuring machine 
(see Fig.37) developed by the writer. With a

Fig.37. Computer controlled film measuring 
machine.

good radiograph these displacements are 
accurate to + 2.5p and if the lead shot are
1 cm apart the error in the strain measuifement 
is + 0.025%. The tape from this machine is 
fed into the Titan computer which automatically 
plots the contours of any desired strain 
pattern.
Similar tests are now being carried out by
B.L.Tennekoon using a model strip foundation 
made up of 30 load cells. The coincidence of 
zero extension lines with planes of rupture

is evident throughout all the tests discussed 
above. Consequently the ratio of the shear 
and normal stresses acting on a rupture sur
face are those across a line of zero exten
sion and not those of maximum obliquity as 
is generally assumed. References: Arthur,» 
J.R.F., James R.G. & Roscoe K.H. (1964)
"The determination of stress fields during 
plane strain of a sand mass." Geotechnique 
14:283-308; Bransby P.L. (1968) "Stress 
and strain in sand caused by rotation of a 
model wall." Ph.D.Thesis, Cambridge Univ.; 
James R.G. (1965) "Stress and strain fields 
in sand.” Ph.D.Thesis, Cambridge Univ.

Prof.A.F.Richards (Centre for Marine Studies 
Lehigh Univ., Bethlehem, Pennsylvania 18015, 
U.S.A.) Some developments in X- & y-ray  
methods of studying soils.
Three techniques relating to the application 
of short-wave radiation methods have been 
developed by the writer and his colleagues 
at Illinois and Lehigh Universities:
(i) The radiography of cylindrical specimens. 
Upon receipt from the field the heterogeneity 
of cylindrical samples are inspected prior to 
extrusion from the tube by taking radiographs. 
The differential attenuation of the X-rays 
due to the circular section of the specimen
is overcome by surrounding the tube with a 
square section box and filling the space 
between with spherical microbeads of silica 
about 5p in diameter. Excellent resolution 
can be obtained at all parts of the sample.
(ii) The use of image lntenslflers. A tech
nique called "solarisatlon" consists of ex
posing radiographs to extremely intense light 
sources to bring out latent images within them 
rather than developing them conventionally.
For some research projects this produces 
images which cannot be seen in any other way 
using standard industrial fine grain X-ray 
film. To save time film methods can be dis
pensed with entirely and the film can be re
placed with another tube called an image in- 
tensifier, see Fig.38. The X-rays impinging

Fig.38. Illinois University X-ray fluoro
scopic system with zoom image intensi- 
fier tube.

on the input are translated into electrons 
which are electrostatically focussed and 
accelerated towards the output phosphors which 
can be viewed with an optical morror train. 
Some resolution is lost but the gross struct-
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ure and orientation of cylindrical specimens 
as large as 10 cm dia. can be seen immediate
ly. Higher resolution can then be obtained by 
reverting to conventional radiographic methods.
(iii) Continuous water content analyses using 
transmitted y-rays. The essential features 
of a machine developed in cooperation with the 
Marathon Oil Corporation, Colorado, for de
termining continuous water content of samples 
within long unopened core tubes are shown in 
Fig.39. A collimated beam of Y-rays (about

Fig.39. Lehigh University nuclear densitometer 
for soil in 11 cm plastic core tubes.

4 mm dia.) is passed from a source (isotope 
137 of Caesium) in the container A, through a 
soil core in a plastic tube (not shown], to a 
detector B connected to a scintillation 
counter. A and B are rigidly connected toget
her and can be moved along the axis of the 
core tube on the rails shown in Fig.39 to 
give a continuous read out of bulk density to 
within an accuracy of 0.015 T/m2 or gm/cc.
These bulk density readings can be converted 
into voids ratio and, if an empirical rela
tionship is known between water content and 
bulk density, the water contents can also be 
found. The range of water content that can 
be readily measured is from very low (where 
the accuracy is only + 10%)to even higher than 
200% of the dry weight.

Dr.J .B.Burland (Building Res.Stn., Garston,
Nr.Watford, U.K.) A prototype model footing 
apparatus for-clays.
While at CambridgeUniversity the writer devel
oped a prototype model footing apparatus for 
applying the non-destructive methods of ob
taining strain and stress patterns, described 
above by Dr.James for sands, to Clays. This 
apparatus has been described briefly by 
Burland (1969) and in greater detail by 
Burland and Roscoe (1969). A reduced photo
graph of a radiograph of a sample containing 
lead shot in its central plane is shown in 
Fig.40 after consolidation from a slurry under 
the base piston P and application of a sur
charge by an oil filled rubber bag Q prior to 
downward displacement of a central footing R 
containing load cells. Some of the samples 
also contained miniature, extremely stiff, 
pore pressure silicone semi-conductor trans
ducers (see A in Fig.41) made by Schaevitz- 
Bytex Inc.Mass. (Model HFD-25). The temp
erature compensator B ean be mounted outside 
the sample. The transducer A can be fitted 
either in the base C of a hypodermic needle 
containing a semicircular trough DE from which 
a cotton wick leads to C, or in a metal tube F 
containing a porous stone G. Each pore 
pressure probe is inserted in the sample with 
Its longer axis perpendicular to the plane of

B B p W L *

Fig.40. Radiograph of clay sample after con
solidation in model footing apparatus.

strain so that id does not cause any disturb
ance in the pattern of strain.

¿t« I 2 ¡ns 3' 4

Fig.41. Miniature pressure transducer A,
temperature compensating module B and 
two typfes of pore pressure probe 
CDE and FG.

An example of the data obtained during initial 
consolidation of a specimen is given in Fig.42.
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Fig.42 (left) 
Comparison 
of pore 
pressure vs. 
time obtain
ed by two 
experimental 
and two 
theoretical 
methods.

Consolidation under the rubber bag was found 
to be less uniform than under the piston. In 
Fig.42 the large black circles represent "pore 
pressure - time" relationships at various 
depths z in a sample of height H as calcu
lated from the strains, obtained from measure
ments of the lead shot displacements, during 
consolidation under a load increment. The 
small open circles show the same relationships 
as measured by the pore pressure transducers; 
the curves show the improvement of the 
Davis and Raymond (1965), compared to the 
Terzaghi, theoretical predictions for a press
ure Increment from 9 to 22.4 psi on a sample
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of initial height 15.2 cms. The excellent 

agreement between both the experimental values 
of pore pressure indicate the accuracy of the 
techniques employed. References: Burland,
J.B. (1969) Contribution to discussion of Main 
Session 2. Proc. 7th Int.Conf.Soil Mech.
Mexico, 3: ; Burland J.B. & Roscoe K.H.
(1969) "Local strains and pore pressures in 
normally consolidated clay layer during one
dimensional consolidation." Geotechnique, 
19:3:335-356; Davis E.H. & Raymond G.P.
(1965) "A non-linear theory of consolidation" 
Geotechnique, 15:2:161-173.

Prof.K.H.Roscoe (Univ.Dept, »of Eng., Cambridge, 
U.K.) divided his contribution into three 
sections:
(i) A load cell for field work. Twelve load 
cells, designed by E.C.Hambly at Cambridge, 
have been installed in-situ in wet Leda Clay 
under an embankment by M.Bozozuk of the NRC, 
Ottawa to measure the shear and normal contact 
stress between the fill and the clay. They 
have now operated satisfactorily for about 
3 years. One is shown dismantled prior to 
fitting the gauges and wire leads in Fig.43.

LABO RATORY

University, to obtain a quantitative measure 
of the orientation of clay particle systems. 
To achieve this he has developed a new 
specimen stage for the microscope which per
mits the cube shaped sample to be translated 
in three orthogonal directions and to be ro
tated about two axes so that any point on 
the five free faces of the sample can be in
spected at magnifications up to x 70,000.
In particular this head permits stereo-pairs 
of photographs to be taken and from these 
the quantitative measure of orientation can 
be determined. A typical micrograph is 
shown in Fig.44 which is of montmorillonite;

METHODS

Fig.44 (left) 
Scanning elec- 
tronmicrograph 
of montmorill- 
onite (xl5,000)

Fig.43. Load cell for measuring shear and
total, or effective, normal stresses 
in the field.

The load cell A is firmly fixed in the contain
er B. They are then covered with a butyl 
rubber sheet and the tops C and D are screwed 
respectively to A and B. The cell is filled 
with silicone oil and a silicone rubber solu
tion is poured into the 0.002 in. gap between 
C and D. After setting, this prevents clay 
from interfering with the action of the cell. 
The recess at the centre of C can either be 
sealed so that the cell measures total 
stresses or can contain a porous stone so that 
only effective stresses are measured. This 
type of cell was really developed for insertion 
in the soil contact surface of structures, such 
as deep bored piles. The troughs in C and D 
can be filled with the same material as the 
structure (e.g. concrete).
(ii) The scanning electron microscope. N.K. 
Tovey (1969), assisted by A.Balodis, has been 
using the scanning electron microscope, deve
loped by Prof.C.W.Oatley’s group at Cambridge

the particles appear to be more like corn 
flakes than detergent powder as previously 
suspected from transmission electronmicro- 
graphs! Reference: Tovey N.K. "Electron 
microscopy of clays." Ph.D.Thesis, Cambridge 
Univ.

(iil) Centrifugal model testing. The exten
sive use of model testing in soil mechanics 
is, almost invariably, only of value to check 
theoretical predictions. If these are 
satisfied at model scale then the theories 
can be used with some measure of confidence 
in solving full scale, prototype, problems.
If however self weight of the soil is a 
significant force then the results of the 
model test must not be scaled up to give the 
prototype solution. The best way of achiev
ing true scale modelling is by the use of a 
centrifuge as shown by Roscoe (1968).

Centrifugal model testing began at Cambridge 
about five years ago and was initially 
mainly the responsibility of Dr.A.N.Schofield 
who in January 1969 moved to Manchester. As 
explained by Avgherinos and Schofield (1969) 
the early work was done on a very small 
centrifuge (ii m. radius, 300g) ; for the past 
two years L.J.Endicott has been working on 
a hired (3m, 60g) centrifuge. One of his 
slope specimens after failure is shown in 
Fig.45. The strain patterns that developed 

■ ■ ■ ■ ■ ■ ■ ■ ■

Fig.45. Clay model slope (15 cm high) failed 
in centrifuge.
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Fig.46. riagram of Manchester centrifuge.

are obtained from the displacement of the 
markers which are photographed with a plate 
camera using a stroboscopic light source.
Mr.P.W.Turner has designed a large (5m, 300g) 
centrifuge for further work at Cambridge. 
References: Avgherinos P.J. & Schofield A.N. 
(1969) "Drawdown failures of centrifuged 
models." Proc.7th Int.Conf.Soil Mech. Mexico 
2:497-505; Rogcoe K,tt. U.9681."Soils & model

^rolfp?w'?ftoweSona&eha?f1&f1£rof?'A^:§cflof leld 
(Univ.of Manchester Inst.of Sci. and Tech., 
P.O.Box 88, Sackville St., Manchester 1, U.K.) 
The Manchester Centrifuge Facility.
A new centtifuge test facility for testing 
models made of soil has been constructed this 
year at UMIST. It is shown diagramatically in 
Fig.46 and with two of the four quadrant 
shaped cover plates removed to expose the 
rotating arm in Fig.47. The pit housing the

Tig. 47. Centrifuge with second sample being 
installed.
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centrifuge is 6 m. dia., below which is a 

tunnel containing the hydraulic motor. The 

steel drive shaft is being fitted with slip 
rings for inout and output signals including 
closed circuit television. The specimen con
tainers are 70 cm dia.; one is being placed 
in position by crane in Fig.47. These ean be 
subjected to a radial acceleration of 160g. 
The central bearing at the top of the centri
fuge has an opening of 52.5 cm. dia. down 
which stationary cameras and flash equipment 
can be lowered to photograph the inner free 
surface of the specimen, which is at a 
radius of about 1.5 m., while the centrifuge 
is running. This free surface can be con
toured to form a three dimensional model of 
a construction site or landscape. Italian 
(Santoni-Galileo) |>hotogrammetric cameras 
can be used and the stereoscopic photographs

of the model site can then be examined in a 
Wild A.8 plotting machine. The surface deform
ations prior to, and during, failure can be 
studied in this way. Pore pressures within the 
soil can also be recorded. It is hoped that 
this three dimensional modelling will be 
complementary to the continuing development 
of the plane section centrifuge work at 
Cambridge.

Chairman's Closing Remarks.
The Chairman thanked all participants, 
especially the contributors, for their co
operation and prompt response to his requests. 
He asked for summaries of contributions.
From these, and the tape recording, he has 
prepared the above summary of the proceedings 
at this session. He hopes the contributors' 
opinions have been expressed correctly.
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