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Patterns of Strain in Strength Test Samples

By
W. M. KIRKPATRICK, B.Sc., Pr.D.
{Senior Lecturer in Civil Engincering, University of Strathclyde, Glasgow, Scotland)
AND
J. S. YOUNGER, B.5c., M.S.
{Lecrurer in Civil Engincering, University of Strathclyde, Glasgow, Scottand)

SUMMARY. - The paper presents internal strain data obtained using an X-ray Method from rectangular prismatic
plane strain compression samples eand on cube gnd cylindrical samples tested in triaxial axtension and

compression.
are performed using lubricated platens.

The results show that homogensous strain conditions develop in these samples as long as tests
The use of rough platens should be avoided since the severe

distortions which are produced make the strain data of quastionable valus.

I.- INTRODUCTIDN

Reports by Kirkpatrick & Belshaw (ref.2) and
Kirkpatrick & Younger (ref.3} describe investigatiens
into the distributjons of strain within eylindrical
triaxial compression test samplas in an attempt to
astablish the velue of this teat as s means of
providing reliable stress-strain data. It was
concluded in these reports that for drained sands
at least, relatively uniForm distribution of strain
and hence homogeneous strain states are developed
within the compreseion cylinder as long as adequate
preceutions are taken to reduce end restreints by
providing eatisfactory lubrication at the end pletens.
This condition is important since the usual practice
of estimating streins from displacemsnts measured
ot the sample boundariss is thus valid,. Such
practices cannot however be considered valid in
ceses where platen lubrication is not provided since
the severe distortions induced in these cesss result
in large gradients of strain throughout the sample.

Since the publication of thess reports the work
has been extended end the prasent peper describas
investigations into the conditions within cylindrieal
oxtansion samplas, cubical samples under direct
extension or compraesaion, and rectangular prismatic
samples tested under plane strain deformation.

11.~- EXPERIMENTAL WORK

Internal strains are datermined from displace-
ments of lead shot placed within the semples on s
squarse grid at roughly 25mm spacing obsarved on
radiographs exposed to an X-ray beem directed through
the sample. The principles of the method and tha
experimental procadures heve been described
praviously by Kirkpatrick and Belshaw (ref.?).

a) Cylindricel Samples

Cylindrical Samples where both rough and
lubricated end platens were used wers tested under
conditions of triaxial sextension. Rough sgend paper
discs were inserted at the sample ends to produce
rough platens while end lubrication was achisved
by placing two layers of greased latex over polished
glaese plates placed on top of heavy duralumin platens.

Samples in all cases had a diameter of the order
of 220mm and a length to diameter ratic of 1.
Conventional teste with rough platens are performed
on samples with length to diameter ratios of the order
of 2, For the convenience of testing in the presant
tgsts it was presumed that the strein conditions in
a symmatrical half of such a sample could be re-
produced in a sample with a length to diameter ratio
of 1 tested with a lubricated platen at one end and
a rough platen at the other. The adaquacy of this
simuletion in which the lubricated platen is taken
to represent the mid plane of the convantieonal tough
platenad sample hes been shown for the compression
test by Kirkpetrick and Younger {ef.3).

b) Cube Semples

Both compreassion and extension tests were
perfaormed on samples of cubical form. These samples
had side lengths of approximately 190mm and wera
tested in all ceses betwesn lubricated and platens.

A cube sample set up and ready for a comprassion test
is shown in Fig. l. The symmetry of deformation in
cubs tests was checked by compering the lateral
displacements messured across opposite faces of the
cube with those measured on the diagonal between
opposite corners by taking X-ray observations of lsad
shot placed in both of these planss. This was dona
in two ways. In the first case thes lead shot wase
placed in both planes within the same sample and X-ray
exposures were taken normal to each plane. This
antailed unloading and rotating the sample for each
obsarvation. In the second case the lead shot grids
wera set up separately in peirs of samples, a diagonal
grid being formed in one while the grid across the
faces was set up in the other. Both samples in the
pair wers prepared to have closely comparable initial
porositiass and the X-ray obssrvations were teksn at
the same boundary strain values in each test. Tha
symmetry chocks were thus mede without needing to
unload the samples. Symmotry checks were not made
in the tests on cylindricsl samplss since pravious
observations in this test {Kirkpatrick and Belshaw
ref.? indicated that a high degres of symmstry can be
axpected. X~-ray observations in the cylindrical
tests wers only made thersfore whils the sample uwes
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FIG. 1

CUBE COMPRESSION SAMPLE

in the loaded state.
c) Plane Strain Samples

These samples had breadths of approximately
200mm and length to breadth ratios of 1 or 2
depending whether they were tested with lubricated
or rough end platens. The plane strain condition
€2 = D was obtained by testing the samples between
rigid perspex plates giving a thickness of sample in
the 2 direction of about 75mm. This thickness was
chosen to allow clear radiographs to be obtained with
X-ray equipment available at that time although it
was not considered ideal from the point of view of
stress measurement. A dewble layer of greased latex
was provided between the sample membrane and the
perspex plate to cut down side friction. Although
the side friction cannot be entirely eliminated it
is presumed that the displacements at the centre of
the sample will not be influenced by the side
restraint. Allowance was made for friction for the
calculation of the stresses by assuming that 02 = % x
(91 +93) and taking the valus of 0.1 for the
coefficient of friction between the greased latex
and the perspex plate.

ITI.- SOIL PROPERTIES AND TEST CONDITIONS

The material used in the tests was the proportion
of Leighton Buzzard sand passing No. 14 B.S. sieve
and retained on No. 25 B.S. sievae. The limiting
porosity range for the material is 0.33 to D.44 and
the method of placement as described in Belshaw
(ref.l) gave porosities in the order of 0.36.

The sand was tested in a dry condition and
confining pressures were induced by vacuum applied to
the inside of the samples. This lead to the most
efficient use of X-rays since the outer casing and
cell water used in normal procedures wers no longer
required. The effective confining pressure on all
the samples was of the order of 77 kN/m? (11 p.s.i.)
Vertical axial loads were applied through non tilting
platens. The confining pressure was kept constant
during each test, the axial stress being increased in

@ compression test and decreased in the extension test.
The procedures used initially in preparing the
extension test samples was identical to that used for
compression samples. It was found howsver that the
use of the enlarged platens, required in the case of
the compression tests to allow the lubricated samples
to spread latterally over their ends, were not
satisfactory for the extension tests. Difficulty
was found in preparing the tops of the samples when
these enlarged platens were used since it was not
possible to ensure that gaps did not develop between
the top of the sand and the base of the top platen.
This apparently did not adversely affect the samples
tested in compression but in the extension test the
presence of these gaps seemed to allow the sample to
loosen non-uniformly at the top so that failure
occurred prematurely dus to localised necking which
developed in the sample immediately below the top
platen. In the extension tests the diameter reduces
as the strains increase so that oversized platens are
not necessary. The difficulty with the gaps was
overcome therefore by using slightly undersized platens
which fitted inside the former supporting the sample
during preparation so that the platen could be made
to rest positively on top of the sand.

IV.- RESULTS
a) Cylinder Extension Tests

Figure Nos. 2 and 3 relate to a cylindrical
extension test in which lubricated platens were used
at both ends of the samplea. In this test the peak
stresses occurred at a boundary axial strain of about
8% so that the data presented is for prepeak condit-
ions. In Figure 2 the radial displacements u, for
each row of lead shot are plotted on bases corres-
ponding to the initial vertical position of the row
in the semple as illustrated. A high degree of
symmetry is observed in the upper two thirds of the
sample while in the lower third there is a tendency
for the left side to deform more rapidly than the
right. Also the lateral displacements are slightly
greater at the top than near the bass. Despite this
slight non uniformity it can be said for practical
purposes that a homogeneous state of lateral strain
existed over most of the sample and in view of the
linearity of the relationship between radial
displacement and radial distance, r, from the centre
of the sample the condition of equality betwsen the
radial and tangential strains (€ .(= Bu/ar) =
€s (= u/r) gensrally assumed in the interpretation
of such tests held true.

Fig. 3 shows the axial displacements of the
columns of shot measured in the same test. Only
slight differences in behaviour were observed between
the left side and the right side of the sampls and
—there was little to distinguish between the individual
columns on respective sides, For the sake of clarity
therefore only the right side data is shown. Therse
was a tendency for the axial strain, defined as
€, = 2%/ 97, represented by the slope of the
displacement curves, to be smaller at the base and
larger at the top than the average strain measured
over the platens. The strain over the centre half
to two thirds of this sample was however, approx-
imately equal to the average strain.

Data for a simulated half of a rough ended sample

are shown in figs. 4 and 5 where displacemsnts from
an extension test in which a lubricated top platen
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FIG. 3 CYLINDER EXTENSION LUBRICATED ENDS 1 : 1
AXIAL DISPLACEMENYS TEST 101.

was used in conjunction with a rough platen at the
base. Dbservations were taken at two boundary axial
strain (B.A.S.) values the latter of which was close
to the peak strain which was somewhat smaller than
the peak strain in lubriceted samples.

The radial displacements shown in Fig. 4 are
fairly symmetrical about the geometric centre line
of the sample. A rigid zone in which the dis-
placements are zero or too small to be measured is
seen to have developed near the rough base and as a
result of this a homogeneous state of strain cannot
be claimed to exist in the samplse. This conical
shaped rigid zone has a height equal to about 0.35 x
diameter and is appreciably smaller than that (=0.5 x
dia.) developing near rough platens in the compression

379

LUBRICATION ¢
== -1:(
Ty _._*—_‘:.‘i‘-'-':-t"
[ 3
E - — s
. L MR
z
o
& 2
3 P e S i _‘_i;-;'—":"
e — = 1
5 > ni N MY -____4._—.5-—'::
>
' =
2 — Pl s -
- rd
= L - \5 i
ES il <
% Pl =
b @
sy, - Rieip ZONE B "
-~ ~
- =~
~
o 77
ROUGH 7

'} L 1 L 1 1
100 100 80 0 40 20 , 20 &0
% INITIAL

—— 414% BAS
- 47K Bas.

FIG. 4 CYLINDER EXTENSION - LUBRICATED ROUGH 1 : 1
RADIAL DISPLACEMENTS TEST 1l02.

AX|AL DISPLACEMENT® mm.

6 2 4 6 B8 0 12 {4 o 18
R e i DD Ao (R

TOP fgunmunbzn] z
. )1

= RANGE OF
VALUES

UNIFORM
DISTRIBUTION

UNIFORM
DISTRIBUTION

X vABR QO ®
CENTRE — — — — OUTSIDE
COLUMMN NOTATION

LS VALUES

iNITIAL VERTICAL POSITION - m.m.

4-14% BAS e d47% B.AS.

FIG. 5 CYLINDER EXTENSION LUBRICATED/ROUGH 1 : 1
AXIAL DISPLACEMENTS TEST 102.

test. Although the base angle of the circumscribing
straight sided cone at 359 is on the correct side of
the 459 line compared with the compression test iﬁ is
appreciahly greater than the angle of 27° (450 - /2)
predicted for the feilure plane by the Mohr Coulomb
theory. Within the height of the sample containing
the cones the lateral tangential and radial strains
are not egual since Yr £ 9u/32r.

Lack of uniformity is also evident in the axial
displacements plotted in Fig. 5. This non-uniformity
is most pronounced near the rough base where the data
indicate appreciably larger axial strains for the
columns of lead shot near the outside of the sample
than for those near the centre.

The distortions within samples with rough platens
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in the extension test are much less severe than thosze
of the compression teat over much of the stress strein
curva. Another diesdvantage of the rough platened
axtension test under normal conditions liea in its
tendency to form local necking in the eample at
stresses close to peak. This clouds the accuracy of
the stress detsrminations at thesa stamgea. Nacking
was not detected in the present tests but rather s
reduction in diumeter which was greatest at the
lubricated platen. This difference in bshaviour
compared with that more generally reported for
convaentional rough platened extsneion tests with
length to diameter ratios nearer 2 mey be dus to the
inexact simulation of the mid haight conditione
provided by the lubricated platen in the preasent tests.
The conditions at the rough platene should howaver

be representative.

The strein conditions in the lubricated
cylindrical extension test are in contrast reasonably
uniform and only slightly less ideml than those
already proved for the lubricated compression
cylinder. Thesa conditions are appreciably better
than those provided by samploe tested with rough
platens and the benefite of using pleten lubrication
is therefore readily apparent,

b} Cube Extension Tests
The stress-strain behaviour of the cube samples

in exteneion was veary similar to that of the
cylinders. In Fig. 6 the exial displacement data
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FIG. 6 CUBE EXTENSION AXIAL DISPLACEWENTS TEST 201

for an extension test showe that uniform strains
develop throughout the sample up to high atrain velues.
Lateral displacements measured across a diagonal plane
between opposite corners are shown in Fig. 7. Thase
indicate & high degree of aymmetry sbout the geo-
metric centra line of the eample. The distribute
ione of lateral displecement are lineer from the
centre line outwards. A high degree of homogenaity
is thus seen to exist up to strains beyond the paak
stress conditions which occurred at boundary axial
streins {B.A.S.)} slightly below B%.

The shape of the sides of the ssmple at various
axial strein values are also shown in Fig. 7. The
sides are seen to have moved inward uniformly up to
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boundary exial strains of sbout 6%. Beyond this
stage the base of the sample shows no further movement
while movement has continued st the top. Shear
planes developed st ebout 10% axial strain but no
locelised necking occurred in eny of the ammples.

This slight lack of uniformity siso occurred in the
cylinder extension tests es indicated previously. It
is suspected thet this behsviour has been caused by
the semple having & tendency to coms to feilure first
in the zone near the top where under the elight
gradisnt of body stress due to ths weight of sand the
strees devistor (07) -0 3) will be slightly greater
then at the basa,. The effect which is exaggerated

in the present tests involving large samples at
relatively low confining pressures was not So noticeable
in the more normal type of axtension test perFormed

on 100 mm x 100 mm sized semples at confining pressures
of the order of 420 kN/m2 (6D psi). It is claimed



however that the present tests show highly homogen-
gous strain states mlthough tests performed under
more normal practice would be evan more ideal.
Sinca feilures by localised nacking did not occur
sstimates of seample cro=s section arees to be used
in the calculation of axiel atresees shouvld be
relativaely eccurate.

R comparison of the lateral displacement data
moasursd in diaganal planes betwesn opposita corners
with that measured in the planes normal to opposing
faces mllows a chack on the symmetry of lateral
deformation to be mede. In all caees the straine,
(measured es the slope of the displacemsent curves)
were uniform and equal irrespsctive aof the direction
in which the strain was measursd.

The equelity of the lateral atrains and the
general homogeneity of the atrain state development
in the cube extsnsion test leads to the acceptance of
the method at least from the point of view of atrain
conditions s being equally as goed as the cylind-
rical extension test. Non-uniform strain conditions
due to "eorner effects" have not been detected in
the cube extension tasts end hence such effects
cannot ba the reason, 88 euggeated by Procter &
garden (ref. 4} for the different strengths measured
by some investigators in the cube and cylindrical
extension teet.

c) Cube Compression Teats
In cubical semplee teatad in compression highly

homogenseous strain conditions developed throughout
the sample., Axisl deformationa are plotted in Fig.8
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and show that the dieplacements measured throughout
the entire semple lie close te a uniform distribution.
As in the cese of the cube extension sample latersl
straine were found to be equal irrespective of the
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direction of measurament and corner offacts weare again
absent. 1t is again eeen therefore that accurate

gotimatos of strain can be obteined from displecements
measurasd at the bounderies and that tho lubricated
compreseion cube can bo accapted along with the other
lubricated cubicel and cylindrical extension and
compression triaxial samples as relatively ideal test
farms.

d) Plana Strain Compression Taasts

The influence of the end restraint conditions
provided by rough and lubricated platens cobeerved on
eylindrical triaxial samples uas aleo noted in the
plane strain compreseion tests. Fig. 9 shows the
trigid* wedge shaped zeones identified from lateral
displacement meesursmants, which developed in a plane
strain eample tested with rough pletens.  Thasa
zones extend into the sample to distances of about
0.6 x the width. The wedgea thus occupy 60% of the
height of tha 2:1 length to width ratio aampls tested
and are somewhat more extensive than the rigid cones
developing in the 2:1 length to diemeter ratiec
cylindrical rough ended compreasion samplea. Thees
"rigid" zones develop early in the test and do not
appear to vary as the strain increases.

The severely non homogensous strain conditions
noted from the lateral deformetions are also reflected
in the data shown in Fig. 10. In this figure the
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axial displacements far the lead shot in the various
columns are plotted. The distribution is nearsst
uniform for the columns near the outside adge of the
sapple while the columns near the centre show zero or
neer zero strain at the platens and very high streina
at mid heaight.
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Strain patterns for plane strain tests using
lubricated platens on the other hand were largely
uniform and the advantages of lubricated platens over
rough platens in providing homogeneous strain states
was again illustrated. The lateral and axial
displacement data, not shown, are similar to that
provided by cube compression tests.

V.~CONCLUSIONS

The following remarks summarise the findings
obtained from the tests which were performed under
drained conditions on medium-dense Leighton Buzzard
sand.

The tests show that the use of lubricated end
platens has the desirable feature of producing
homogensous strain states in the cubical and
cylindrical triaxial extension test samples, alse in
the cubical triaxial compression test sample and in
the prismatic plane strain compression test sample.

The use of rough platens on the other hand
results in the development of highly non-uniform
strain states in these tests and should be avoided
in situations where reliable stress-strain informat-
ion is required.

These conclusions are identical to those reached
previously in relation to the use of lubricated and
rough platens in the cylindrical triaxial compress=-
ion sample.

Extension samples behaved well as long as the
end platens were of the same size or slightly smaller
than the initial diemeter of the sample. In these
cases the sides of the sample deformed relatively
uniformly so that a reasonably accurats estimate of
the cross sectional area could be obtained for use
in the calculation of axial stress. The use of
enlarged end platens led to the development of
localised necking failures which resulted in in-
accuracies in the estimation of cross sectional areas
and would give errors in the calculation of stress.
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