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ABSTRACT

A great deal of testing with vane shear
equipment in homogeneous clay soils has been re-
ported throughout the world. This thesis deals
with the results of vane shear tests in the varved
clay deposits of glacial Lake Agassiz in Manitoba.

The soil shearing resistance determined
by a vane was compared, in most cases, to one-half
of the unconfined compression test result for tube
samples., The vane results from one test hole were
compared to one-half the deviator stress as deter-
mined from triaxial tests.

-~ In addition to the determination of the
reliability of vane test results in varved clays,
the suitability of the vane test equipment was al-
so studied.

The test results indicate that the vane
shear test will in general yield shear strengths
in excess of those determined by unconfined com-
pression tests on tube samples. On the basis of
the test data presented in this thesis, the vane
shear test appears to be a suitable means of deter-
mining the shear strength of varved clays although
some refinements may be necessary in the testing
equipment. ‘



PREFACE

This thesis is an 1nvestigation
of the suitability and reliability
of the vane shear test in. Lake |

Agaésiz varved clays.
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CHAPTER T

INTRODUECT ION

The main purpose of this thesis was to determine
the reliability of shear strength values obtained by the
use of vane shear apparatus in the'varved clays deposited
in Manitoba by glaeial Lake AgasSiz. ‘This thesis presents
the results of vane shear tests in Manitoba and a compari=-

son with the results of unconfined compression and triaxial

teets_performed in the laboratory on samples obtained from

the same locationlasAthe vane tests.

The determination of in-situ shearing strength
of soil has been a subject of coneiderable intereet for
many years. Although several pleces of apparatus and meth-
ods of test‘have been used to determine thls'strength, there
are‘prcbably only three basiC‘types of tests presently in
use. These are Penetration Tests, Pull Shear Tests and the
Vane Shear Tests. The mest‘popular‘of these has been the
latter whlch essentially, consists of driv1ng a vane, usu-
ally having four blades, into the ground and measuring the
torque requlred to rotate the vane and shear a cylinder of

SOilo

Since the shearing strength of a s0il is so im-
portant to the E nglneer in the de51gn of dams, highway em-

bankments, brldge dnd bulldlng foundations, etc., it is
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essential that this value be doternined asiaccnrately_as
possible.' The accuracy and reliability of future testing
"methods may enable the deglgner to reduce safety factors
which would reduce cost of many structures. Due to the‘
Icomplex nature of soil 1t_1s essential to investigate
thordughly any proposed,foundation/Site; Depending uponj._ |
the type and purpose of the foundation,vdozens of test holes
nmay be necessary.' The vane tests provide a‘relative1Y-qnick
'method of stfength determinétion and therefore oan'be used
to supplement infbrmation obtained by sampling and 1éboratory
testing of the soil,,witn little additional ﬁime consnmption |

or expense.

Many papers hdve been publlshed presenting data
related to the vane-shear test, whlch is in limited use
throughout the world. The dats. 1n@icates that this method
, of strength determination may be more réliable for certain

applications than those heretofore generally accepted.

Because the Lake Agassiz ciév deposits are #arved
~a good correlatlon of the vane test results versus unconfined
compression test results and the vane test results versus
triaxial test results may not beApossible. ‘The varves con=-
sist of different soil types in varying thicknesses. Not
only does the type of soilkchange‘distinctly from'onénlayer
~to.another'but the moisture content can also vary~¢onéider—

ab ly o'



.......

This investigation was carried out to determine
‘whether a correlation similar‘to that obtained elsewhere
on non-varved-clays.WQS'evident in the glacial Lake Agas-

siz varved deposits. |

It was also the purpose of this investigation
to evaluate the suitability of the vane apparatus developed
by the Manitoba Highways Branch.



CHAPTER II

A HiStory of,thefvane ShearsTegg

1 First: recorded experiments with vane teetin? were
,'performed by J. Olsson in bweden in 1928 1, There is a
© German patent dated 1929 on this subject 1, At‘ﬁhe‘Third»v

: - Internationel congress for Applied Mechanics, which was

‘held in Stockholm in 1930 C. Forssel demonstrated a vane
testerl SR |
In Canada in 19hl a vane . apparatus was used by A.W.

"‘McLoughlin on the 5nvestigations fbr the Welland Canal.
e‘It was used extensively in studies of slides on the
p}Beauharnois Canal in 1942 and again in Sault Ste. Marie -

in 1943 2, | - |
d In England the Army developed a vane in 19hh for
testing the bearing capacity of soft ground in connection
~with tenk mobility studies 3. Work on the development of
p“,practical field equipment began in Sweden in 1947 under

- the Royal Swedish Geo—technicel oociety 1 and in hngland

. :in 19#8 under Bishop3 A peper describing tests and re-

lsults of vane shear tests performed in Ohicago glacial
clays was published in 1949 h

Foundation Gompany of . Canada, in 1950-51, developed
a strese-strain device fbr use with a vane. 2, Information

' supplied by Geocon Linited, describing this latter device,

e

was used in the construction of the equipment which was j

B '
i .
- -l‘,-
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used ﬁo obtain the data'for this thesis.

Testsvwith a vane in the foundation investigation
for a fill across an arm of Lake Pend ' Oreille near
Sand Point, Idaho,uwere undertaken»in the early 1950's 2.
We Jo Eden and J. J. Hamilton used a field vane’appafa-
tus in détermining-shear}streﬁgth in Leda clay deposits
" in Eastern Canada 6. The results of these latter field
‘tests were coﬁpared with those found by the laboratory
testing of tube sémplés.

" The WOrk'of Eden and Hamilton © waé(presenﬁed at the.
fifty-ninth annual’meeting of the American Soéiety‘for \
Testing Materials,‘at Atlantic City, N. J., on June 22nd,
1956. Work done by the Bureau of Reclamation, Denver,
Colbrado, was feported by Harold J. Gibbs 6'at‘the‘séme
méeting. A report by Carl W. Fenské on deep vane tests
in the Gulf of Mexico and a description of a vane shear
- device developed by the Oregon State Highway Department,
by William C., Hill also were presenfed at the 1956 meet-
ing. | | | ‘1 |

At the present time many provincaal, federal, and
state departments as weil as‘conSulfing firms, are using

vane shear information to supplement their regular soil

. test data.



'CHAPTER III

GEOTEGHNICAL‘PROPERTIBS.OF SOILS TESTED

The geology of the Lake Agassiz area in Mani-
toba is of special interest because dynamic geological
processes have been responsible for marked textural var-

afions in the parent materlal of the soil. As the re~
sult of glac1at10n during‘the Pleistocene period, a
great deal‘of'theuarea was covered byhglacial driftlor
boulder till. The toulder‘till deposits'ranged in
'Vthickness from less than 20 to over 200 feet (.

' From the beginning of the Pleistocene period
when the ice began to melt, to the beginning of” the
.formation of the existing soil, the glacial till was
modified'by’geolosical agencies other than ice. In the
 Lake Agassiz ba51n, the original till was modified by
the waters of the lake, and in addition, detritus from
the higher lying regions was carrled into the lowlands
as a result of er051on and stream transportation.

When gla01al Lake Agassiz was at its greatest
| hei"ht the water in the vic1nlty of Winnipeg nust have
‘been between 550 to 600 feet in depth 8, The waves of
the lake caused the - eros1on of the drift ‘and till along
the shore lines and:in»the shallows. The finer materials
_ removed by the water were trensported,and deposited to
the deeper sections of the lake'botton. The accumulation

of these . sediments resulted in stratiflcatlon of the

.‘.Y6 -



-7 -

lacustrine deposits_in»many sections of the”baein,-
and varves of colloidal clay here occur with thin
layers of coarse clay and Silt.er very fiﬁevsand.
As the lake receded‘and its depth decreaéed the mat-
‘erials stirred and transported were the finer frac-
'tions-consisting‘mainly ef finevsahd, silt and clay.
When the lake had receded to the central lowlends,
very fine naterials were brought in by streams and
tributary lagoons and deposited in the. qulet ‘waters
of the lake ba31n.

Asethe lake reached:its final stages, it
began to receive alluvial sediments., These sediments
are iound spread over 1arge areas of fhe lake bed. The
thlcknees of the se water-lald sedlments differs gredtly.’
The euperfloial deltaic and lacustrlne materials in the
. central lowlands range up to 60 or more feet thlck. The
’fine sand and 51lty layers outside qf the central basin
range in thickness from several 1nches to more than ten -
Peet and rest elther on unassorted till or upon earlier
lake deposits whloh are usually finer in texture than the
surface deposits. = .

When the beaehes were being formed along the
‘western and southern shorelines of Lake Agasoiz, glacial
ice formed 1ts eastern and northern bounaarles. This ice
sheet was not continuously retreating but rather oscillated
backward and forwards In'eome cases as the iee advanced in-

to Lake Agassiz the varved clays at the bottom of the lake
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were foliated and distorted 8, This helps to explain why
although the varvesvare generally_found to be horizontal
they are occésionally found in a vertical direction or at
some angle between vertical and horizontal.

Figure 1 shows the approximate position and size .
of glacial Lake Agassiz. The area within which all the tests
| contained in this thesis were dbne is shown in Figure 2. This
area is feferred to as the Red_Hiver plain and represents only
a small portion of the Laké Agassiz basin 9.

The Lake Agassiz clays generally fall into the
classification of A;7~6vor‘A~7—5 clay soils and generally
have a gfoup index of 0. However, occasionally the soil
" encountered will have a group index siightly lower d@e to
the presence of a highér percentage of silt than hormally
encountered., u |
| With increasing depth the\soil color generally
Varies from brown to olive or grey. The dépth of the layers
varies ‘considerably. Because.of the method of deﬁosition of
these various soil‘layers'there'is very little uniformity of
layer thickness or soil type. The soil making up these dif-
.ferent éolored layers generally varies from silt'of silty clay
to clay mdth the silt fraction decreasing with increasing
depth 10.v | |

The‘varves.themse1§és.vary in thickness from 1/4 inch
to as little as 1/64 of. an inch. The varves generally consist |
of clay:layérs with intérmediate silt or silty clay layers. It

has been determined in other areas'that'considefable variations
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in moisture'cOntent’are*possible within very small_depth
changes in varved clays. The dry density of the varved7

clays generally varies between 50 and 100 lbs. per cubic

" foot. The moisture content of the soil has. been found to

‘.vary from 27% to 63% based on the dry weight of the soil
i.sample. The degree of saturation of most of the Lake Aga- -
ssiz varved clay ranges between 86 and 100%., Unconfined .
compression tests on a large number of varved clays in the
v1c1nity of‘Winnipeg ‘have yielded strengths averaging 2100h.

.v lbs. per square foot approximately 11,

The liquid limit of these clays generally varies
between 37 and 117 with plasticity indexes ranging from 20
fft0’88. The clay is generally found to. have low permeability,
'f'between 10'9 and 10~ =11 cm.,per second. Because of the low
permeability, ground water conditions have been very diffi-:
cult to determine., However, the soil below a depth of 6 to |

12 feet is generally found to be saturated 11,

The . soil below this saturation level at the greater'

depths, is said to be normally consolidated or slightly over
| consolidated. That is, the soil has not ‘been subject to
greater over-burden pressures than those which presently
exist. The. upper layer of soil is generally considered to
" have been pre-compressed. This pre-compre581on of the soil

~ is the effect of desiccation,,f'



'CHAPTER IV

THEORETICAL CONSIDERATIONS OF TEST METHODS

~ The elementS'of shear Strength are considerably
more complicated in cohesive 50113 'such as clays than in
-cohesionless soils such as sands, because of the more com-
.‘~plex nature of cohesive soils. Cohesionless soils are
composed of particles which,lbecanse'of their size and shape,
have a small specific'surfece: that is, ratio of surface
‘area to mass. The mass forces euch as gravity,'control '
‘their>behaviour’rather than surface forces. Particles of
a cohesive soil, however,_are’fiaky giving a large specific
eurface} - Their behaviour is therefore inflnenced more by

‘surface forces.

| The shear strength of a cohesive 8011 may be consid-
ered to consist of a frlctlon component, as in a cohesionless
‘soil and a cohesion component which is all the strength not
" due to frlctlon. - The exact nature ‘of cohe31on forces is not
anown, but is con81dered to be due to the natural attraction
of solid particles to other SOlld partlcles, the presence of
capillary forces, and the tenaclty of the adsorbed water
films. It is considered by some that cohesion is also & .
function: of the inter—grenular‘stresses‘in the soil. The
 term "cohesion" is often used loosely for the shear. strength
-of a cohesive.eoii nhen'teSted with no lateral load applied

to the specimen.

- 12 -
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» The portion of a load applied to a cohesive soil
whlch ig- carrled by the soil structure depends on the .degree
to which the pore water is- permitted to drain and thus release
its hydrostatic excess pressures. Since the load carried by
water is not able to mobilize friction between s0il particles,
the “hear otrength of a clay 1s hlgher if drainage occurs than
if it is prevented.. There are therefore two extreme possible
éhear values_whichvcould be obtained for the éame soil. The\
first would be‘determined'if‘complete pore Watef drainage was
allowed duriﬁg thé test. Therecohd value would be obtained
: if no drainage of the soil was permitteds The first type of
test is referred to as a slow sheéf.test, and the secoﬁd is
referred to as an uhdrained or quick shear;‘ Intérmediate

values depend on the percent drainage which has taken place.

There are also two poésible shear values which may
be obtained for a soil depending upon Whethér it is undisturbed
or remoulded before testing. The Lake Agassiy clays exhibit a‘
sensitivity of 2 2,12, Tho sensitiv1ty is the ratio between
.undlsturbed and remoulded strength of the soil. This means
'that an undlsturbed sample would have double the shear strength

found for a remoulded sample.

The shear strength_of‘a‘soi1 is usually determined
in the labdratory ffom sanpleS‘taken from different dypths in
the ground. The laboratory 1nvest1gdt10ns are 5enerallv car-
‘rled out by means of unconflned conpre331on tests 13, The re-
sults of these tests,_ as 1ndlcated by calculations based on

land slides that havé occurred,lare often smaller than the real
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strength of the soil lh;?}In thewunconfined compression test
the natural unequal vertical and horizontal'state of stress
in the soil structure andhthe'important natural restraintd
conditionsvare renoved by taking a sample from the ground,
;and are only partially replaced by a uniform- state of stress
of lower but indeterminate magnitude. The new stress con-
ditions are due to capillaryvforces'whlch have been brought
~into action by some‘slight expansion of the clay soil accom-

" panying, relief of stress.

For saturated normal]y consolidated clay 50113, the
capillary forces are probablv only slightly changed when the -
goil is removed from the ground and these forces would be
'eliminated as soon as_the‘sOil'was:loaded in the test, due
to the build up of pore water pressures caused b§ the preven-
tion of drainage‘of the sample. Drainage is prevented due to
. the 1ow permeability of the soil and the fast rate of testing.
- In the case of a pre-compressed 3011 removal from the ‘natural
restraint of the surrounding 3011 causes the sample to swell
land creates negative pore. pressures in the soil. Because the

soil is unsaturated, cons1derable load must be applied to the

‘sample before pore pressures are increased and’ become pos1t1ve.

As well as changes in conflning pressure, most com-
mon means of extracting a. soil sample exert normal pressures
‘and frictional stresses on the sample.: These tend to cause a
reorientation of the 3011 particles._ It 1s well known that
when soils are dlsturbed and remoulded a con51derable loss in}

strength results.-
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| If the clay is saturated, the quick shear)values
ars'independeﬁt of the normal pressure on the clay. On the
other hand, if the soii is not saturated the shearing resis-
tance increases with increasing normal stress. The relation
between these two values can be expressed approxlmately by
the equation, |
8=C + Ptan §

where S equals the shearing resistance,:C is the cohesion and
: P is the hormal stress, ¢ is the angle'of internal fr;ctien. o
The cohesion depends,On the initial consistency of the clay

and § on the cOmpressibilityvahd air content. For a complete=-
ly saturated clay ¢ equais 0; and-for a fairly dry clay.Q is
" about 300 15, '

For a saturated cohesive soil in undrained
loading the shearing re51stance of the soil is generally con-
sidered equal to one-half of the unconflned compressive
strength. It can be seen from the abéve:formulavthat for
- a saturated‘SOilithe:nnconfined COmpressiVe strength would
 be dependent‘entirely‘upon EOhesion whereas for an un-
saturated soil the normal stress or'ioad‘applded to the

sample would-affect’the unconfined COmpressive strength,
.This latter could lead to incorrect conclu31ons being drawn
concerning the strength of a so0il in-situ should that soil

be in an unsaturated condltlon.m%This possible incorrect

conclusion could be drawn regardless of the type of test
_being performed on the soil. ‘ |
The laboratory test which at present prévides the

best'meanslfor determining,soil strehgth iS“&he.triaxial CONe
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pression test. This}test ‘consists of,compréSsihg the sample
to failure, in the same manner as the:unconfinéd compression
test, but doing so while-maintgihing a confining pressure
around the samble. The,cohfining preséure used rmay be equal
to the calculaied pressure which wOuld have been exerted_had
the sample remained in-situ.: Several confining pressures'may
be used on sets of samples and by means of Mohr's theory en-
able one to calculate the soil. strength parameter5° i.e.,

the angle of.ipternalbfriction and the cohesion of the‘soil.16’17

However both thé triaXialland unconfinedlcompression
tests require that samples be obtained from the soil mass and
transported to a laboratory. Indeed this is a‘neceséity>for

all laboratory test methods. )

- The vane shear test‘islperformed iq the field by

~ forcing a four-bladed vane into the layer of‘soilvto be
tested. The vane is then rotated'hntil a~cylinder-of soil
is sheafed from the main body of soil -and the torque re-
quired_is'fecorded. The torque is then translated into 1lbs,
per square foot of area sheared, A'similar'testldan'be run

in the laboratory on a small sdale. 18

| The field vane shear test does not require the soil
to be removed from'the in-situ éonfihement. However soil is
removed from above the test area by means. of an auger. This

. may result in some change in conflnement. /
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The penetration of the vane into the soil, due to
the resulting disturbanee, could also have an effect on the
strength value obtained. However it has been determinedAby'
several authorities that the results of vane shear tests in-’
dicated strengths very close to those calculated from slide ‘

6

analyses

In calculating the shear strength, it is generally
assumed that the cylindfical surface failed has a'diaqeter s, ‘
and height equal te that of the‘vahe.'anis was shoWn.to be
. true by Swedish experiments made on sand and clay by care- .
fully cﬁtting away'the soil helfwadeQWn the vane aﬁdfoﬁse;-
ving the failure surface 1., It iS'assumed that the shear
‘stress is uniformly distributed'on the cylindrical surfade

and on the ends of the cylinder 6,

Theg#ane-test basically measures shear strength in a
vertical direction; no correction is possib1e to correct
for intefference;of stones, and extreme care must be'exer- '
cised to redﬁce the amount of disturbance whenvthe»vane‘
‘ehters the test'area._.The vane test measures the undrained
shear strength under 1n-s1tu condltions of moisture and

existing stresses due to the weight of the overburden.



CHAPTER V

' DESCRIPTION OF TEST APPARATUS

The vane teSt apparatus consisted of a vane;
a series of torque rods, a torque wrench dnd adapter, and
the stress-strain device. . This apperatus was designed

and built by the Manitcba Highways Branch.

The vane had four‘steel blades, each 1" by L
by 1/8" thick mounted on a 6/8" diemeter steel rod. The
"rod and fillet welds Jjoining it to the vane blades, were
tepered tOWurd the bottom end of the vane. " The rod and
welds were tapered to minimize the area ratio of the vane
} while maintaining strength. The area ratio, which is de-
" fined as the ratio of the average crossgsectional area of
the vane to the crdss-seetionallarea of the cylinder sheared,’
is 29 percent. lThe bottom and‘outSide edges of the_vane -
blades are'bevelled é't‘h5° The ends of the Yane blades
are square ‘with the sides. It was'not‘neeeesary to have
a conical p01nt as the vane dimensions were small enough
in relation to the hole diameter that there would be little
or no catching on the casing or the sides of the hole. The

vane is illustrated in Figure 3.-_

An gn sleeve fits over the 5/8" rod. The con-
. tact surface between the rod and sleeve ‘were kept lubri-
cated to eliminate friction~as the vane and rod are ro-

tated. Since the;vane iSadriven‘8“ belowlthe'bOttOm of

- 18 -



, torque rod of 1 inch
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FIGURE 3. The dimensions of the vane.




the hole, the oiééve enaoles one'to‘neglect the effect of |
‘rod friction. : - |

The upper end of the rod was threaded to suit
a nut welded into one end of the first torque rod section.
‘ The.other end of this'torque rod was fitted with a steel
-~ plug. The plug-was riveted in place and projectod about
one}inch. The frec end‘Of the plug‘had a'hole through
which a 3/16"}pin could be,placed. Each of the remaining
shaft lengths was‘open at one end and plugged at the other,
‘Both ends of the shaft were drilled for pin connection. The
torque shafts were 5'-0" in length and were fabricated from

standard 1" I.D. steel plpe.

Bor use with the torque wrench a special short
sectlon was constructed to fit onto the male shaft end.
This short section had a wrench socket at the other end
and a loose sleeve by which the shaft could be held while

the wrench was rotated.

- Figure 4 Jllustrateo the stress-strain device as
1n1t1ally constructed. Thlb device was similar in design
“and 1dentica1 in operation to that developed by Foundation

Engineering Company 2.

| The device-COhsisted of a steel pipe Suppoft, a
steel mounting for_the‘main steel torsion disc, an aluminum
box beam to}suppoft thc dolley, winch, and-pulleys, and an
aluminum‘recording disc‘driven by a choin connected to the

torsion disc,
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crank | 1/4"x2'-0" diam. steel .
‘ disc grooved for cables

cable arum

‘ 2'-0" diam,
| ~ steel cable ' aluminum disec
///_.pulley
“——— o) o) O
/pulley \\‘
dolley : Z{ ' SEAAN
calibrated pulley
tension " i q
spring racing ro .
lat t
//f-pencil athe type chuék
g (7 ---_:_--4."4--_“
[ - ;]; ’ LY
' :)kbearings
P ¢
aluminumAbok beam _
bearings

chain drive
' steel pipe -

FIGURE 4. Details of the original
stress - straln device used in
the vane shear tests,:
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The torquevshaft was clamped to the centre of the
1'-0“ radiué torsion disc by means of a four-jaw lathé type
chu§k. When the cable was tensioned by the winch the vane
tended to’ rotate and shear the soil. The tension in the
cable extended the calibrated spring and meved the dolley
along its‘track. The tracing‘?odvand pencil recorded tﬁe
movement~on the paper on the recording dise. As the Seil
deférmed, the strain was also recorded(sinde the two discs

were connected by a chain and sprocket system.,

Bécause of the excessive weight and size of the
stress-strain device, it;was,véry difficult to handle. Fig-
ure 5 shows the revised apparatus. Most of the steel was
removed and the loading disc,‘now made of aluminum, was
attached diréctly to the recording disc. The operation re-

mained the same as for the original device.

The uncbnfined comﬁression tests were performed on

a motorized testing machine which employed a double proving
ring and dial indicators to'register:stress and strain applied
tthhe sbil sample;\ The load was transmitted directly to the
- sample by means of gears and chain driVe rather than through

a hydraulic system.

The triaxial testing was carried out on a motorized
machine similar infoperatibn to the unconfined compression
test apparatus but employing 6n1y a‘singlé proving ring to
register the épplied load, Compressed air was used to apply

confining pressures onto the samples.
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1/8v"x 2'.0" dia, aluminum disc
bolted to a 1/4"x 2'-0" dia. alum.
crank . grooved loading disc

cable drum-
steel cable

-calibrated
tension
- spring

- pulley

tracing rod

' aluminum box beam

1

dolle uidef/// | ': E o |
and s%og - o _ - ball bearings

" FIGURE §. The details of the revised
stress -.strain device.»




 CHAPTER VI
METHOD OF TEST

~ When the vene was first put'intovoperation~the

,donly loading device-was'a‘torQue.wrench:With a range of

0 to 100 foot-pounds. This equipment wes'ﬁeed in sdmetthirty
tests involving eleven test hoiessof'depths dp to 41.5 feet.

| The procedure implemented consisted of weﬁ drilling
‘the hole to a depth of 3 to 5 feet and forcing the vane
into the soil below the hole bottem;‘ The vane was then

- rotated untll the soil sheared usually within from 30 to

90 seconds. The maximum torque was recorded. The vane was
then turned through fonr complete revolutions,Aallewed-to |
rest for one minute and the test‘repeated."The value obtained

"by‘this latter test‘wesireferred to as the remoulded strength.

The hole was then bored deeper, to remove the‘soil
disturbed by the vane, and a she‘lby' tube sample was taken.
In some cases a vane test was taken both above and below the

tube sample.

The stress-strain device~was'u8ed to load the vane
in the same manner as the torque wrench but was also usedf

in several holes which were drilled by means of a hand auger.

2k -
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With the stress—strain device, once the torque rod
was clamped in place, the winch was turned at a steady rate.
The time required for the test was generally about three
minutes, which approximates the time involved for the per-
formance of an unconfined compression test. This was im-
rportant since the vane pest results were compared to those

obtained from:unconfined compression tests.

4 To perform the remoulded‘teet, the chuck was loos
’ened, the torque rod rotated by means of a pipe wrench, the

chuck tightened again‘and the test repeated; :

The location of each test hole was recorded on the
plotting paper and each curve was ‘identified as to depth and

whether it was an undisturbed test or a remoulded test.

The vane was generally advanced into the soil manu-
A'ally, either by means of a plank on the top of the torque
shaft. or by using twojpipe wrenches. In relatively few cases
it was necessary to use the hydraulic head-of the drilling |
rig to advance the vane, lThe vane was usually retracted manu-

ally using.two pipe'wrenches to grip}the shaft.

Two men, in general were required in the operation
of the vane and.. the torque devices. The most difficult oper-
_eations were the advancing of the vane in very stiff clay and
phe retracting of the vane. A cable hoist and tripod were
found_useful:in retracting thevvane although they were not
eesential@.‘A deVice for‘advancing the vane_ie being devel-

_oped by the Highways Branch, Province of Manitoba.,
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The samples for unconfined compression and triaxial
‘tests. were obtained by means of thinnwalled steel Shelby tube
ing. The tubes were either forced into the soil using the
hydraulic head of the drilling rig, or were driven by means
of a thirty pound weight dropping 3 feet.

The tubes‘cut'e sample 2n in diameter. Thexends;ef‘
the. tube wereé cleaned and filled with melted paraffin to pre=-

vent loss of moisture.

When the tubee‘erriVed-at the laboratory the seil.
sample.was;pushed out of the tube_by e'hydraulic ram. The
samples were'thenjcut_inﬁe four-inch lengths. - Only one tube
was emptied at a time and the sampleS'obtained were either
tested-immediately}or wrapped, sealed end peld in a humidity

Cébinet .

The 2-inch diameter by L-inch long sample was ﬁleeed
in the ﬁnconfined compression machine. The sample dimensions 
have a length to diameter fatio within ﬁhe_fecommendedflpf_te'
3.0,jand ha&e the advantage of requiring»no trimming upon re-

MOVal_from the tubes

~ The dials on the machine were set to zero and load-

‘ ‘ihg waeecommeneed;f A constant rate of strain of .058 inches
pef4minuﬁe, 1. h5% of‘the‘sample 1ength was. maintained. The -
recommended rate of strain is between 1/2% to 2.0% per minute.l3
Readings of the stress, or load, were taken at every .0l inch
of vertical deflectiOn:s The sample was loeded until the stress

began to fall off and the failure cracks were visible.
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'Immediately after‘failure, thejsample was weighed and‘

placed in an oven at 230° F and dried over night. The next

’ 'day the sample was again weighed and the moisture content,

in percent of dry weight, was determined.

Generally sufficient soil was left over after the Py
by h“ semple was obtained, for the Atterberg limit tests. The
liquid and plastic limits of the soil. were determined the
plasticity index was calculated and the grain size distri-
bution determined by the hydrometer method 19 This information
was then used to clas31fy the soil by the U.S. Bureau of
Public Roads System.20

The triaxial tests were carried out in much the same
manner as the unconfined compression tests.l3 However, in
order to provide the three sets of test data required to

determine the 5011 strength parameters, it was’necessary to
obtain three test specimens from each tube; Each specimen
- was tested in compre351on while supported by a confining
pressure applied through an enclos1ng rubber membrane. The
pressures used were 10 20 and 30 pounds per square inch.
The Mohr's circles of stress. were plotted and the cohesion

- value and angle of internal friction were determined.



CHAPTER VII

'-CALCULATiONs‘,, S

In order to translate torque into shear stress it is

necessary to determine the vane constant. This constant depends

upon the size and,shape_of the vane.

. The dimensions of the vane are‘es follows :

S
~f.3125n

D = d’iamete'r‘ of the vane = Z inches
| : Ry = radius ofvthe‘vanef::f'lffﬁoh e

Ry= radius of the shaft = .3125 inches
L = length of the vane = A inches

~The torque applied to the vane-shaft,
assumlng there is no friction along the
shaft, must equal the sum of the moments

of the soml shear strength times the end

— "

and side areas of the cylindrical surface-

‘Y

'ESheared by the vane.

- Let Mi = moment'of;Shear force on cylinder'Side;-
| ;Mzi;:vnonent‘of’sheen'foroe on5071inder botton}'
M3;;:'moment of shear‘fofoezon cylinder top |
S ::;shear stress in thetsoil_
‘»Ml_'—'.m)xanxs_ , e
31416 x 2 % b x 1 x s o
25.1328 8 “

- 28
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To determine the moment of the shear force on the bottom

of the cylinder, we must consider the shear force on the element

~ shown.

Area of the element = QA
Shear force on area = S dA

S dr r‘ae't' _.

il

The moment of S DA about the

center = r? S Jdrodw

' Therefore 3

- Total moment — M2
r=R ro=2m
= r? 8 drdx
r=0- =0~

2
':211‘5_1— S
' 3

- =2/3 Ry AS .
=2/3 x 3.1416 8
My = 2,094k S

To determine the moment of the shear force on the top of the
cylinder, consider the shear force on the element shown in the

figure on page 30.



-30 -

Area of the element — JA

Shear force on erea - Sb,A -

Sor roox -
The moment of S oA about the
center = r2 S drdoc
'Therefore : 

~ Total moment = M3 ‘

: .rr:Rbg o<.:0

= 2/37rm1 - Rz ) S
‘ -( 2/3 R]_A - 2/3 RgA]_) S

. Wﬁere A‘ = area of cylinder bottom
and A= area of shaft. ‘ |
My=( 2. 09kl - 0961 ) s .
= 1. 9983 s
Therefore : e

Total moment for entire cylinder = M Ml ¥ M2 + M3

M= ( 25. 1328 + 2.091#» + 1 9983 ) s
7 = 29.2255 8
o M | p
8 = 29.2255 where M is in inch - poun s

- and 8 is in pounds per square

Cinche
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When thé'tordue, T, is<expreSSed in foot - ponnds and S in
pounds per square foot, the_eqnation becomes
T x 12 ' -
8 = = x 1lk4 = 59.1 pounds per square foot
29.2255 S 4
Therefore a torque of 1 foot - pound represents,a shear
stress of 59.1 pounds per square foot.
When the torsional force is applied by means of the torque ,

WrenCh,.the reading in foot'; pounds may be converted to shear

}strength simply by multiplying'by 59.1 .

When the torsional force is applied by means of the stress-
strain device, a tension of one pound in the cqble is equal to a

shear strength of 59.1 pounds per square foot in the goil, The

,mechanical arrangement of the pulleys, however, causes the

- calibrated spring to be loaded to double the cable tension.

Since the springs ‘were designed and~calibrated to extend one

inch per unit of ten31on ( 5 lbs._and lO lbs. );the torsional

load as plotted on the recording disc must be halved. p



" CHAPTER VIII

CALIBRATION OF THE VANE APPARATUS

In'order to determine the relation between cable
- tension and epring exteneion the stress~strain device was

set up exactly as it would be in the field with the excep- :
tion that the cable was carried around the loading disc

and over a pulley_instead of being fastened to the loading
disc, ,The}CalibretiOn weignts were then fastened to the

~ free end of the cable. | o

_ . As weights were added, the Cable tension increased,
" rotating the loeding'discﬁend extending the spring. The pen-
cil plotted the spring extension on the recording disc. Thﬁeg
as the spring was calibrated, the values were. automatically
‘compensated for any frictional resistance in the apparatus.
The information made it possible to draw the concentric cir-
cles on the recording greph as shown in Figure No. 6.

The springs were found to be fairly aCCurane. That
is, the extension per unit of load remained similar regardless
of the initial extension, particularly in the range within
‘which most of the vane résults were determined. No value was
attributed to each concentric circle on the graph because it
' was frequently necessary to use different springs and combin-:
ations of springe. Calibrations were done at various temper-
atures but, since no_appreciable difference was discovered
this factor was neglécted. This data is presented in the

Appendix. . . | | \

- 32 -
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Figure 6., -Typical'recérding graph,




-3 -

‘So that comparlsons of the stress—strain rela-
,tionship of the vane shear test and the unconfined com-
- pression test could be made, the strain in the torque rods
Waé determined; This was accompllshed by setting up the
f device in the normal manner for calibrating but with a torque
rod fastened in the chuck. By preventing the free end of
the rod from turning it was possible to obtain a graph
showing the stress—strain curve simply by operating the
winch. Since all rods were identical it could be assumed
that they would each strain an equal amount under the same

| load,

vThe information fegarding the strain in the tOrqﬁe
rods Was,never'used because, as is explaiﬁed in a Subsequent'
chapter, the stressfstrainldevice does not maintain a con-

stant rate of strain. Since the unconfined compréssioh test
~ does maintain a constant rate of strain, a comparison of the

two stress-strain curves would not be applicable.



CHAPTER IX

TEST RESULTS

The results of vane shear tests and the
_.Shelb§ fube'samples'for test holes no. 1, 2, and 3

were obtained‘frqm_the Bridge Office, Highways'Branch,,'
Province of Manitoba. The labOratcrybﬁesté were per-
formed on the tube samples, By the Highwéys:Testing
Laboratory. _Test-hoie no. 1 was drilled on the Perim-
-eter Highway‘at ihe C.P.R. overpass nqrth of Winnipeg.
Hole no. 2 was located on Highway no. 4 near Gladstone.
Hole no. 3‘was located on the Morden~Sprague Road near

Letellier.

The vane tests in the above test holes were
perfofmed by the drilllérew and_utilized a torque wrench

to0 measure the-torque fequired to shear the' soil.

Test hole no. 4 was located on the upper bank
of the Red'River near lot 68, Turnbull Drive, south of
St. Norbert. The hole was drilled by éhe same crew,as
the previous holes;but'the_author performed the vane
tests, }The'stresssstrain device was empidyed to measﬁre

the shearing resistance of the soil.

-'35 -
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Hole no. 5 was drilled by hand and was located
near St. Mary's Road north of St. Adolphe. The Water Con-
trol and Conservatien Branch of the Department of Agricul-
ture, Province of Manitoba, provided‘personnel and equip-
" ment fof obtaining Shelby tube samples manually. A drbp
hammer was used to drive the tubes and a‘winch and tri-
pod were used to withdraw the tubes. The author performed
the vane shear tests implementing the Stress-etrain device

to measure shearing resistance.

Test holes no. 6 and 7 were drilled manually at
1760 Pembina Highway in Fort Garry. The devices used in
hole no. 5 were again used to drive and withdraw the Shel=
by tubes. 'The author performed the vane shear tests using

the stress-strain device to measure shearing resistance,

All the laboratory tests were performed'in the
Highways Testing Laboratory. The tests were performed by
the laboratory staff and the author, '

~ The results of the undisturbed~vane tests, the
remoulded vane tests and the unconfined tests were plotted

for each test hole.

Figure 7 shdetthevreSQIts‘of tests in hole no.
1. 1At'the five-foot depth the unconfined cbmpression value
of shear strength is equal to about two—thlrds of the un-
dlsturbed vane strength and about double the remoulded vane
strength. At the ten. and fifteen-foot depths the unconflned-

compre381on strengths are only slightly higher than the re-
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moulded vane strengths and equal to only about one-half

of the undisturbed vane test results.

Although there was a soil change between ten
and fifteen feet, there was little'chahge in the'stfength‘
values. A considerable decrease in strength was indicated
by ﬁhe Vane for the>silty clay encountered at eighteen
feet. Although a Shelby tube sample was obtained, it was
ih}such a loose state that it waé impossible to pefform

an unconfined compression test.

All the samples tested vere saturated and had
moisture contents in excess of the plastic limit. The
~soils, with the exception of the silty clay, were varved .

clays.

The results of tests in hole no. 2 are illus;
trated in Figure 8, The unconfined compression test values
are of the same order as the remoulded vane values with the
exception of the shear sﬁrength of the clay loam which is
only about two-thirds of the remoulded vane strength. The
undisturbed vane sirength at thirtyefive fqot depth is
roughly three times as great as«the.uncdnfined compression
value. The average uthnfined'¢ompression value for the
- samples from forty and fbrty-two_foot depths equals roughly

one-half of the undisturbed vane shear strength,

The sample from ﬁhirty~five feet'was.98;7%'sat~
urated ahd the other two were 100% saturated. The change
in soil type at forty-two foot depth resulted in an uncon-

fined compressive strength drop of 50%. The vane tests did
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not indicate any reduction in strength.

Figure 9 shows the results of tests performed
in hole no. 3. At depths of fifteen and twenty-five feét
the unconfined compression teét shear strength values |
equal the remoulded vane strength and are roughly equél
to 40% of the undisthrbed vane strength. The soil at
fifteen feet was an unsaturated siity clay and the soil

at twenty-five feet was saturated clay. Both samples

were varved.

At the twenty-foot depth the unconfined come
pression shear value decreased from that at fifteen feet
while the moisture content increased. The degree of sat- ;
uration remained the same and the soil type changed from

silty clay to clay.

From twenty-five to thirty-five feet, the un=-
confined compression test strength decreased from 1100
pes.f. to about 600 pPe.S.f., and the moisture content in-
creased fromn51.3%'to 57.6%. The three samples were, to

all intents and purposes, in a saturated condition.

- The four samples of clay consistently showed

higher strengths for lower moisture contents.

| The vane results_indicated a sensitivity of 2,2
Vfor‘each test depth. The undisturbed,vane test values were
in excess of double the unconfined compression values at

the same depths,
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For the soils tested in holes no. 1, 2, and
3, the vane results in undisturbed soil were higher than
the unconfined compression test shear strength values
with only'one'exceptioh. Aléo, with the exception of the
~ value at five foot depth in hole no. 1, the uncoﬁfined
- compression test results wefe of the same order as the.
remoulded vane strength, The average sensitivity of the
A-7-5(20) clay was about 2 and that of the A-7-6(14-15)

.

silty clay was about 2.5,

Figure 10 shows the comparison between the un-
disturbed vane test results and the results of ﬁncOnfihed :
compression tests, related to hole no. 4. The remoulded '
vane shear values were all smaller thanvthe unconfined
compression test shear stremgth. The soil sensitivity as

determined by the vane was abeut 4 at every level,

The average unconfimed compression test.shear
strength values at five, ten and fifteen foot depths, are
roughly equal to one-half of the undistufbed vane shear
strengths., At the twenty foot level the average shearv
strength of the tube sample was equal to about twb-thirds
of the undisturbed vane shear strength taken above the
tube sample and very nearly equal to the value obtained
Just below the tube sample. At each test level, the sample
“which had the‘higher mdisture content exhibited the lower
shear strehgth,Aregardless of the degree of saturation.

All samples had moisture contents in excess of their plastic
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limits and all were varved clay soils.

The shear strengths obtained with the undis-
turbed vane test were all of the same order of magnitude
with the ekception of the value below the twenty foot
depth. The decrease in strength at this latter%depth
may have been due to a sudden changelih moisturé content
or soil type. A similar strength decrease was feéorded
at the deepest level in holes no. 1 and 3. The strengﬁh
loss may also have been due to disturbance of the soil
by the sampiing tube. In hole no. 1 at depths of five,l
and ten feet theré was an appreciable decrease in vané
shear vaiue a foot below thevdepth from which the sample
was obtaihed. This same effect was recorded at a depth

of thirty-six feet in hole no. 3.

The results of tests in hole no. 5 are plotted
in Figure 11, The shear strength value determined by the
unconfined compression test on a Shelby tube sample from
a depth of eight feet, exceeded both the undisturbed and
remoulded vane strengths which were determined at a depth
of ten feet. The soil sensitivity as determined by the
vane tests varied from 3.0 at ten feet to 1.5 at ele%en_

feet.

At a depth of fourteen feet the soil sensi-
| tivity as determined by the vane tests was.slightly

greater than 3 as was the case at the nineteen fodt depth.
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The unconfined compression test shear value was approxi-
'mately equal to the undisturbed vane shear etrength at

| both the fourteen and nineteen foot levels.

| At a depth of twenty-four feet the undi sturbed
vane strength was greater than the unconfined compression

value by about fifty percent.

None of the eemples"tested "wag saturated butg
all were similer varved cley soils. The increase in
moisture content at the twenty-four foot level may account
for the decrease in both undisturbed vane shear strength |

and the value obtalned by the unconfined compression test.

Figure 12 shows the results of tests in hole
no. ‘6. At a depth of five feet the’ unconfined compression‘
test value was roughly three times the shear strength from
the undisturbed vane test. ‘At a ten foot depth the undis-
turbed vane velue was equal toitwo-thirds of the unconfined
compression test shear strength value. At fifteen feet the
unconfined compression test value was greater than double ,

the undisturbed vane strength.

© At a depth of tWenty feet the undisturbed vane .
Strength.was greater than'the unconfined test value by
fifty percent. | | |

The increasing moisture content with increased'
depth was accompanied by‘decreeeing unconfined compressiOn
trength. Although the undisturbed vane strength also de-}'

creased from the ten to fifteen foot 1evels, this strength
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value increased slightly from the five to ten foot levels
and increased ovér thréé times its}magnitude from the

fifteen to the twenty foot levels.

The soil sensitivity as determined by ﬁhe vane
tests'was, approximately, 2.5 at the'five foot depth,
3 at ten feet, L at fifteen feet, and 4 at the twenty
foot, level. The soils tested were all unsaturated varved
clays and, with the exception of the sample at the five
foot level, had moisture contents in excess 6f the plas=-
tic limit., |

The results of several tests performed by the
Bridge Office, Highways Branch, Province of Manitdba, wére
not plotted sihce only one or two tests in any one of the
.holes were performed in varved clay soil., However this
information was>plotted in Figures 13, 14 and 18 and ﬁas

used in compiling Tables No., 1, 2 .and 3.

}Figure 13 illustrates the relationship between
uncoﬁfined compression test values for shear strength and
those obtained by the undisturbed vane test where the vane
tests employed a torque wrench to measure the soil shear
stréngth. The soil types are coded and the depth‘at whibh
each test was performed ié noteds The saturated soils are

also differentiated from those which were unsaturated.

In only one case the unconfined compression test
value was found to be equal to the undisturbed vane test

value. All other results from these’tests show the undis-
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 FIGURE 13. Comparison of the results of undisturbed

vane shear tests using the torque wrench,
with the related shear strehgths from uncon-
fined compression tests on tube samples.
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turbed vane test values to be greater,

/

Figure 14 shows a comparison between re-
moulded vane test results and the unconfined compres-
sion test values. The torque wrench was employed to

‘determine the remoulded vane shear strength.

The majority‘of the remoulded vane shear
‘strength values exceeded the uncdnfined compression
test results. 'Whether,the soil was in a saturatéd
condition or not appears-ﬁo have little effect on the

test results.

Figuré 15 shows the comparison of undisturbed
Qane test results versus unéonfined compreSSion test.
values for shear streng;h in buff clay and olive clay.
vThe’soils tested were varved but only three samples were
saturated. The load reqﬁired'to shear the soil with the

vane was measured by means of the stress-strain device.

~ The unconfined compression test values for
the olive clay appear to“be independent of depth'or
degree of saturatipn. However the unconfined test
values for the unsaturated buff clayvgenerally are lower
for greater depths. None of the olive clay samples ex-
}hibited vane shear strengths lower than those obtained
from the unconfined_compressibn test. Four of the vane
test values for the buff clay were greater than the un=-

confined test result and four values were lower.
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Thé results of remoulded vane shear tests
versus unconfined compression test values are shown
in Figure 16. The stress-strain device was used in
these tests to determine the load required for the

vane to shear the remoulded soil.

In every case the unconfined test value ex-
ceeded the remoulded vane shear strength. The uncon-
fined test values were generally higher for the buff

soil)l than for the olive soil.

In order to evaluate the test results in the
bfoadest terms, all the shear strength values available
were used to compile Table No. 1. No distinction was
made as to soil type, moisture content or degree of
saturation. The data was recorded for each depth at
whiéh tests were taken and average values were used
where more than one test‘holé was involved. Because
it was apparent that the unéonfined compresSion test
values of shear’sﬁrength were cdnsiderably higher in
relation to vane shearlstreﬁgths in cases where the
A‘stress-strain device was used ﬂo measure vane shear
values, theée'reSults were regorded separate from the .

results of tests employing the torque wrench,

The remoulded vane test shear strengths meas-
ured by}means of the torque wrench were considerably
highér than those where the étreés-strain device was

used with the vane. The aVerage undisturbed vane test

1
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Apparatus Depth Average Average Average. Average % UsCo
Used to Remoulded Undisturbed Sensitivity Unconfined is of
Load the feet Vane Shear Vane Shear Compression | Undist.

Vane Strength Strength Test Shear Vane
(P.S.F.) (P.S.F.} Strength
(P.S.F.)
5 600 1800 3.0 1375 76
10 900 2400 2.7 950 50
15 1020 2025 2.0 973 L8
Torque 20 900 1500 1.8 737 49
25 1200 1800 1.5 881 49
Wrench 30 1200 1800 1.5 1217 67
' 35 780 1700 2.2 618 36
40 500 1000 2,0 584 58
Average 887 1753 2.0 917 52
st 5 170 1753 3.7 2238 127
Strain 10 457 1612 3.5 1593 99
Device 15 L8l 1568 3.3 1189 76
. v 20 L72 | 1654 3.5 1274 77
Average. L71 1647 3.5 1573 96
Average from Doth) 679 1700 2,7 1215 h

TABLE NO. 1 - Average strength results

" obtained for all tests.

_gg«-.




- 56 -

strengths were in close agreement for both measuring
devices. The soil sensitivity determined by the vane
and torque wrench.combination"averaged 2.0 while the
vane and stress-sprain device combination indicated an

| average sensitivity of 3.5.

The average sheér strength.of all the soils
tested, as determined bj the undisturbed vane test, was
1700 pounds per square foot. Lea and Benedict determined
the sensitivity of the clay in.the_Winnipeg area to be
2.0 and the shear strength to be 1900 pounds per square
foot. The values obtained by Lea and Benedict were de-
terminediby using a stress-strain device with a vane of

different shape to that used by the author.

The unconfined compression test results which
were obtained for samples taken from the test holes in
 which vane strengths were measured by the torque wrench
are notlceably lower than the results for the other test
holes. The latter results averaged 96% of the undisturbed
vane strengths while the former test results éveraged only

529 of the undistufbed vane strength.

Table No. 2 was compiledvfrom most of the test
results. The test depth, undls;urbed vane strengths, un-
confined compression test shear strengths, moisture content,
degree of saturation and soil type, were tabulated.. The

method of detenmining-thé vane shear strength, whether by
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-Depth| Soil | Undisturbed Unconfined Moisture | Degree of
( ) Vane Shear - Compression | Content Saturation
Ft. Type Strength Shear Strength _

P (P.S.F.) (P.S.F.) (%) (%)
5 |A-7-5 | 1843 §* 1194 40.3 93
5 | A-7-5 1843 S AYS 40 o L 96
5 | A=7=6 1590 38 4,802 27.3 84
5 1A-7-6 no test .. 2585 L3 .2 91
5 |A-7-5 | 1800 T* 1375 41.2 100
10 | A-7-5 1785 8 885 52.3 100
10 | A-7-5 1785 8 1231 L7 .96
10 | A-T7-6 1680 s 2462 L6.5 79
10 | A-7=5 2,00 T 950 50.8 100
15 | A-7-5 2073 ) 1209 ' 49.2 96
15 | A=7=5 2160 8 828 Shaly 95
15 [A-7-6 1650 8 16314 4562 90
15 | A-7-6 390 S 1087 49,3 90
15 | A-7-6 1800 T 1055 L5.1 100
15 | A-7-61% 2,00 T 929 31.5 96
15 | A-7-5 2100 T 897 36.6 100
20 | A-7-5 2042 8 1440 L5.7 | 100
20 A-T7=5 1410 S 1150 46,2 100
20 | A=7-6 1485 8 921 50,2 86
20 1 A-7-5 600 T 597 58.1 94
20 | A-T7-5 600 T 375 - 68.9 95
20 | A-7-5 2,00 T 1123 43¢5 98
20 [ A=7-5 2,00 T 856 52,2 86
25 | A-7-6 1440 S 904 50.0 89
25 |A=7-5 | 1800 T 1008 57.7 98
25 | A=7~5 1800 T 754 52.0 96
30 | A=-T7=5 1800 T 1030 53.8 81,
30 [ A=T7=5 1800 T 1404 49.2 98
35 |A=7-6! 1500 T 561 41.9 99
35 | A=7=5 2,00 T 871 52.9 100
35 | A=-T7=5 2,00 T 626 57.6 99

[T

-~ Group index equals 1l5.
All other samples have group index of 20.

%* - Vane shear values measured by stress-strain
device.
% « Vane shear values measured by torque wrench.

TABLE NO. 2. - Shear strength values, moisture
contents and degree of saturation
obtained from vane tests and
laboratory tests on tube samples.
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means of the torque wrench or the stress-strain device,

was also noted.

Depth, moisture content and degree of satur=-
ation individually had no apparent effect on the shear
strengﬁhs. However it may be seen in several cases thaf
at the same depth and similar moisture content, an increase
in degree of saturation was associated with a decrease in
shear strength. One such case occurred at thevfive, ten,

fifteen and twenty-five foot levels.

Also in many cases at depths of fifteen and
twenty feet for a similar degree of saturation and the
same depth, a decrease in shear strength was generally

associated with an increase in m01sture content.~

Table No. 3 shows the typical analysis of'the
soils tested. It may be seen from the table that although
- the so0ils were classifled simllarly there were considerable

differences in their make-up.

A comparison of shear strehgth versus moisture
content for several of the samples tested is shown in
Figure 17. The shear strengths were obtained for tube

samples b& means of the unconfined compression test.

Both soils shiow a trend of decreasing shear
strength with increasing moisture content. The figure

~ indicates that for A-7-6(20) soil, very small increases



C}A° C.S5.} F.8, | 3ilt (Clay !L.L. {P.L. |[P.I. Class Type
0 0 6 29 | 65 61 25 36 A=7-6 (20) clay
0 0 b 49 L7 L8 20 28 A-7-6 (17) clay

0 0 1 g8 |91 77 31 36 A-7-5 (20] clay
0 0 1 0 99 1104 37 67 A=7-5 (20) clay
0 0 1 6 93 115 | 35 | 80 A=7-5 (20) clay

Legend: CosA. = coarse aggregate - % retained on a no. 10 sieve.

C.3. = coarse sand - % passing no. 10, retained on no. 40 sieve.
F.S. - fine sand - % passing no., 40, retained on no. 200 sieve.
S8ilt - particle size from 074 mm to 005 mm,

Clay - particle size finer than .005 mm,

Lel. - Liquid Limit - percent moisture.

P.L. = Plastic Limit - percent moisture,

P,I, - Plasticity Index - percent moisture,

Class - U.S. Bureau of Public Roads Classification, the

number in parenthesis denotes Group Index,

Table No. 3 = Typical analyseé of the
soils tested.

=65 =
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in moisture cbntent'result in a considerable loss in
strength. The A-7-5(20) soil behaved in a similar man-
ner but}required a greater increase in moisture content
to achieve the same loss in shear strength observed for
the A-7-6(20) soil. - |
’ Whether the A-7-5 soil was saturated or not
has littie apparént effect on the shear strength - mois-
turé content relationship. | |
Figure 18 shows a plot of undisturbed vane
shear test strengths‘versus mdisture coﬁtent of tube
samples obtained at approximately the same depth as the
vane sheafvvalues. " There is no appérent‘relationship
‘between the vane shear values and moisture content re-
gardless of degree of saturation of.the soil teéted.
Figure 17 did show a decrease in shear strength
with increase in moisture content. This relationship did
~ not appear in Figure 18, possibly due to the fact that
the moisture contents were not determined for the actual

- 8011 tested with theée vane,

-The average vaiues obtained at each depth are
recorded in Table No. he The values of shear strength
obtained with the vane remained comparativel& unifcrm.

The maximum variation from the'average vane shear strength

was 298 pounds per square foot.

The average values from unconfined compression

tests were, except at the five-foot level, lower than the
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: Average Average ' Average Average
Depth Undisturbed Unconfined | Moisture | Degree of
Vane Shear Compression Content | Saturation
(Ft.) Strength Shear Strength | _
(P.S.F.) (P.S.F.) (%) - (%)
5 1769 | 2134 38.5 | 93
10 1912 1382 4L8.6 94
15 1796 1091 1 bhes 95
20 1562 923 52,1 94
25 - 1680 888 ] 53.2 9L
30 1800 1217 5145 91
35 2100 686 50.8 99
Average 1802 1188 L8.4 9%,

TABLE NO. 4 Average values of shear strength,
moisture content and degree of saturation
from all test holes,

-Eg-
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average vane shear strengthé., Thefe was one particular
test result which éontributed to the high average shear
strength value at the five-foot depth. If this high
value was excluded fromvthe averages the comparison would
change cbnsiderably. The average vane shear sﬁrength
would be 1828 p.s.f., the unconfined compression test
value would be 1468 p.s.f., the average moisture content
would be 41.3 percent’and the average degree‘of SQtur-

ation would be 95 percent.

' The average shear strengths determined by the
unqonfined cdmpression test véry coﬁsiderably. The maxi-
mum variation from thé avefage of the values shown‘in
Table No. 4 was 946 p.s.f. The vane shear values appear
to be much moreVCOnsistent than those obtained from the

unconfined compression test.

The results of the tests on tube samples,ob-‘
tained from holes no. 5 and 6ﬁare shown in Table Nb. 5.
Theré are no apparent trends in any of the.test_resulps
except that the‘unébnfined compféssion stréngth decreased

The results of tests in hole no. 7 are shown in
Figure 19 and Téble No. 6. The data recorded in Table No.
6 indicaﬁed incfeasing density with increasing depth and
in géneral there was an accompanying increase in moisture

content. The #ane shear strength increased with depth



Hole | Depth | Unconfined Shear Moisture | Void Deg. Dry Wet Vane
No, Compression | Strength { Content | Ratio] of Density | Density Shear
(Ft.) | Strength (P.S.F.) (%) Sat, | (P.C.F.) | (P.C.F.) ! Strength
(P.S.F.) (%) , (P.S.F.)
5 5170 2585 44,6 |1.323] 90.7 72}3 104.5 | no test
5 3586 1793 43.2 | 1.289} 90.5| 73.6 105.4 | 1200
5 ] 14 3269 1634 45.2 {1.315) 92.3] 72.3 '105.1 1650
5 18 3168 1584 40.9 1,191 92,94 77.0 108.5 1680
5 | 24 1814 907 50,0 11,5081 89,51 67,1 100.7 | 1440
6| 5 9605 4802 | 27.3 |0.883]83.8| 89.9 | 114.5 | 1590
6 | 10 4925 2462 46.5 |1.604] 78.8| 71.9 105.4 | 1680
6 | 15 2174 1087 49.3 11.482] 90.2| 68,2 101.8 | 390
6 20 1843 921 50.3 1.575| 86.5| 65.8 98.9 1485

-69 -

. TABLE No. 5 - Results of tests on tube samples

from Holes no. 5 and 6.
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FIGURE 19. Results of vane shear tests performed
in Hole no. 7 using the stress-strain
device, and results of quick undrained
triaxial tests on tube samples,
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Moisture

Void

 Depth | Angle of | Cohesion Deg. Dry Wet Vane Shear
- (Ft.) | Internal Content | Ratio| of | Density {Density |Strength Sensitivity
Friction | (P.S.F.) (%) | Sat. | (P.8.F.)| (P.S.F.)|(P.S.F.)
(Degrees)
10 O 1267 Ll')-l'ol 10383 86.6 61.0 8706 ‘ 990 2068
15 o 1281 46,0 | 1.457] 85.2 | 68.6 100.1 937 k.20
20 0 1036 51.6 1.452] 96.5 69.1 104.7 1162 .2.98
22 0 1008 49.7 | 1407 95.7 | 70,2 105.1 1162 2,96
Avg. 0 1148 L7.8 l.425§ 91,0 | 67.2 99.2 1063 3,35

TABLE NO. 6 - Results of consolidated quick
(undrained) triaxial tests on the tube
samples from test hole No. 7.

= L9 -,
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while the cohesion value of the soil decreased. The
confining pressures used to determine the soil strength
parameters in the quick undrained triaxial test were

10, 20 and 30 pounds per square inch.

The cohesion value averaged 1148 pounds per
square foot and the shear strength from the vane test
averaged 1063 pounds per square foot. The cohesion

value exceeded the vane shear strength by only 8 percent.

The soils tested in hole no. 7 were unsaturated
A-7-5(20) varved clays. The sensitivity of these soils
as determined by the vane tests averaged 3.35. The values

of the sensitivity are shown in Table No. 6.



CHAPTER X

'DISCUSSION OF RESULTS

It is obvious ffom.the test results that
the shear strengths obtained with the vane were fairly
consistent whether measured by means of the torque wrench
or the stress-strain device. This may be seen in Téble
No. 1. However, the variation‘in strength results was

greater when the torque wrench was used.

The torque wrench has the advantage of being
readily‘obtaégable, economical, simple to operate and
easy to handle. There are the disadvantages that the
rates of étress and strain are dependent upon the oper-
ator and there can be some difficulty in rotating the
wrench and reading the torque at the same time. The
" wrench used in tﬁese tests could be read only to the
nearest five foot pounds of torque which limited.the
accuracy of the test results to within 300 pounds per

square foot.

The stress-strain device yielded fairly uni-
form results and enabled the operator to maintain
feasonably consistent rates of strain regardless of the
soil strength. Since the spring extension was plotted
on a graph, the tOrSional load was measured with a |
ruler. This measurement could be done very accurately.

- Also, becausehof the design and operation of the appar-

- 69 -
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atus, the‘spring load was equal to twice the cable ten-
sion. This méans that if, for exémple,‘the spring ex-
tension was‘only accurate within plus or minus 1/4 inch
or 2.5 péunds for the 1arger spring, the calculated shear
.3trength would be accurate'within plus or minus 75 pounds
per square foqt; The'calibratibh of the spriﬁg»as shown'
in Appendix I indicates that the aééuracy WOuld be within

a smaller range than the 75 pounds per square foot.

The disadvantages of the stress-strain device
are its weight and large size and the fact that the op-
erator must be well trained in its use because of the

somewhat complicated nature of the equipment.

The vane itself waé relatively‘simple and its
operation was straight-forward. In general thefe was little
difficuity in,driving the vane or in retractihg it; however
mechaﬁical equipment which could perform these operations
wbuid.greatlj reduce the ph&sicél effort presently required.
The vane was foﬁnd<to be capable of withstanding load under

test conditions and .could withstand fough usage.

The torsion rods were sufficienﬁiy strong but
the type of cpnnection betweén'the rods should be revised.
The joints Wefe flexible to a degree and allowed the tor=-
sion rods to flex. In some casés; while driving the vane,
the rods flexed ehoqgh to come in contact with the walls

of the hole. It'is:impbssible to determine the effect on

the results, of the friction between the rods and the hole.
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The author would reeommend that the torsion rods be re-
vised to consist of an inner rod and an outer tube., The
rod would pass through frictionless bearings inside the
tube and be connected to the vane. ‘The outer tube could
be equipped with a shield into which the vane could be
retracted during the.driving operation. This type of vane
eduipment has been used in Norway and Sweden with a great

deal of success. 6

By far the greatest nariation in test results
‘was achieved in unconfined compression tests on samples
obtained bj means of Shelby tubing. ;The strengths varied
considerably, not only from hole to~hoie and from one depth
to another,but also from one end of a tube to the other,
- This change in strength in a tube sample"Was also inconsis-
tent"in“that'the top of one may hane yielded'the higher're-
sult whereas in another case the bottom may yield the high-

er strength.‘ These variations were independent of soil type.

In Table No. 2 there is some- evidence that the
shear strength ‘of the 5011 tested was dependent to some
dégree, on moisture content and degree of saturation. An
attempt was made to determlne whether there was a relation
between shear strength and the ratio between m01sture con-
tent and degree of saturatlon. No relationship was found
| and there was'insufflcient data available to establish

‘whether the introduction of ‘a constant would have yielded

-a relationship between these values.,
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It was the intention of this thesis to compare
the results of'vane'Shéar tests in Lake Agassiz clays with
the resulté of unconfined compression tests on tube sampies
obtained from the same locatioh.‘ It is apparent that, due
to the variation in unconfined compressioh test results,

no direct comparison is poésible;

Tube samples, such as fhose<used in unconfined
compression ahd}triaxial tests, are widely refefred to as
undisturbedisaﬁﬁles. The‘authdr has carefully avoided
this términology for ﬁany'réasohs; The soil is disturbed
by advancing'tﬁe tubé 20 and therefore the soil must again
be disturbed upon the‘removal of the sample from the tube.
It is impossiblé‘to handle‘all}pubes and the samples they
contain in exactly tﬁé:séme'&énner, which introduces the
.pbssibilitj’éfVSOmé sémples beiﬁg disturbed more than others,
The samples’are aisbbremoiéd from overburden loads and the
inherenﬁ‘étre$ses"ih=thezsoil ére,feleased. Presently'
accepted ﬁheérf,aé o&tlingd in Chapter IV,indicates that
' for a saturated soil; the undrained shear strength is in-
dependehtfof cohfining pfeSsure. However, the shear
'strength of an unsé£urated.soi1 is dependent upon the con-

finement.

The-unconfinéd compression test does not incor-
pdrate any means of artificially replacing-thé«nétural con-

ditions under which an'in—situ‘soil would be loaded. The
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triaxial test is "used to s1mulate confined conditlons
but is performed on at least a partially disturbed tube
sample. The size and shape of the sample, the method

of loading aﬁd the restriCtion of the end bearing plates,
cause most goils to fail along a definite shear plane. |
In the soil mass, however,‘conditiOnS'may cause the soil
.. to fall along certain planes of weakness entirely divorced

from the failure plane of a small sample.

The results of all the unconflned compression tests
showed cons1derable varlatlon in shear strength values.
‘Figures 17 and 18 reveal that, for saturated varved clays,
the range of values from unconfined compression tests is
- no broader than the range of ‘values determined with the
vane although the latter values»are-of a greater magnitude.
This relationship is also true of‘the unsaturated varved
" clays but does not appear‘tb hold for the silty clays.

The silty clays exhlblted extremely high unconfined |
:compre851on shear strengths in some cases, possibly due to
the effect of the sample drylng sllghtly before or during the
test. Small chdnges in m01sture content affect the shear
strength of silty soils to a much greater degree than for
clay soils.

The vane shear test yielded average shear strengths
in excess of ‘the average from ‘unconfined compre531on tests
as shown in Table No. 1. This relationship agrees ‘with the
findings of several authorities.laz’}shg556913g21 However,
tests reported~by Bjerruﬁ 22'indicste:that.wheh the greatest

possible care is taken in thaining, preparing and testing



' - 71" = .
samples, it is possible to obtain‘shear strengths from
the unconfined test, in excess of'the vane test values.
This méy exﬁlain>the_results of tests in hole no. 6 as

shown in Figure 12.

fhe average shear strength obtained with the vane

“and torque wrench was 106 pounds péf square foot greater
than‘the average value obtained with the vane and stress-
étrain device. The vane tests using the torque wrench

were generally performed in less than two minutes while

the vane and'stress-strain‘device'tests generally required
from two to three minutes. It is generallj accepted that
higher rates of strain reéult in greatér'shear strengths
which could account}fqr the difference ih the average
values for the above vané tests. 1» 6 This reasoning

could also be appliedfto thé results of the ﬁnconfined
compfession tests as compafed to the results of the vane
tests. Since the type of loading to determine shear
strength is different for the vane and unconflned compres-
sion tests it is difficult to compare their respective.
rates of strain. In the triaxial and uncdnfined compression
tests allvapplied stresses are normal, and the complete
state of stress is known; in the vane test the applied shear
stress is knowﬁ and the complete state of stress is unknown.
In the vane test the strain‘ié ahgular in nature while the
triaxial and unconfined compression tests subject the

sample to axial strains.
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" The time required to perform an unconfined come

pression test was roughly the same.as the time required

to perférm an undisturbedavane tést using the stress-strain
device. The rate of strain in the unconfined compréssion
test remained cénstant‘tthughout the test., This was not
the case when the vane and stress-strain’device were opers
-ated. When the stress-strain device had been set up and the
operator beganvto turn the winch, the cable tightened.  As
the winch continued to turn, the cable tended to rotate the
discs. As the cable tension increased and the soil bégan
to resist the rotation of the vane, the spring began to
extend. It was possible to continue winding the cable

onto the drum as the spring extended, without appreciable
rotation of the disc. At this point the rate of strain
aﬁproached zero. The torsional force built up in the torque
rods causing them to strain, until the torque was great
enough to shear the soil. At tﬁe point of failure thefe
was a suddeh releasé of load'and an extremely high rate of .
strain. The aétuél réte of»strain in the soil could not be
measured using the_stress-stfain device. The dévice only
‘measured the sprihg‘éxtensioh and the rotation of the disc.
| The'stréin in ﬁhe tdfque rods and that ih the soil was not
meésured.A For these reasons it was not possible to compare
- the curves plotted by the stress-strain device with those
which could be plotted‘from the results of unconfined cbm-

pression tests,.
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The variable nature of the rotation of the load-
ing disc on the stress-strain devicé.may have produced an
effective rate of strain greater than that of the uncon-
fined compression test and possibly equal to that of the
vane.test using the torque wrehch. ‘This could explain the
similarity in vane fest'results even though ihe‘torque
wrench tests required only about two-thirds the time re-
quired by the stress~strain deVice. The difference in
rate of strain for the unconfiﬁed compression test as com-
pared to the vane tests is also a possible explanation for

the lower results obtained from the unconfined test.

The fact that the two sets of unconfined com-
pression test results shown in Table No. 1 are dissimilar'
cannot be feadily explained.’ Identical Shelby tubes were
used to obtain the samples for testing. The first set,
which yielded an averagé sheaf’strength of 917 pounds per
square foot, Wés obtained from tubes which were forced into
the soil by ﬁfdraulic méané which provided a slow and steady
tube penetration. The second set, with the exception of
hole no..h; was‘obtained using a drop hammer and yielded
an average‘shear strength of 1573 pounds per square foot.
The use of twb different sampiing techniques could have
had some effect on the result. The results in hole‘no. L
indicate that the hydraulic driving oi the Shelby tubes
may result in values from the unconfined compression test
of lowef magnitude than those from the vane tést. The

values of shear strength for the tube samples showed a
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marked increase fbr the tests which implemented the drop

~ hammer for the driving of the. tubes.

Je D Parsons”presented a paper'tO'the Second

‘ International Conference on Soil Mechanics and Foundation

'Engineering which dealt with sampling disturbance. 20 How-

ever this paper did not describe the effects of different |

.'methods of driving the same type of sampling tube. Photo-

- graphs accompanying the paper clearly illustrate that Shel-
'by tubes do disturb'the'soil sample on its peripheral sur~
faces. The Shelby tubes were driven by a steady, control=- -

" led force which, according to Parsons disturbs the soil to

a lesser degree than the. hammer method. When a tube sample

is to be tested in a laboratory it is generally trimmed be=.

fore testing to remove the disturbed soil. ‘This procedure :

“has not been adOpted by the‘Manitoba Highways Testing Lab-‘

'oratory and since some of the data collected had origi- ,

" nated in this laboratory the author decided to maintain

the same ‘laboratory. test procedures. This may have intro-

-duced some errors but does not explain the difference in

the values obtained by the two methods of driving the tubes.

Anothervfactor.which may hayé had some effect on
the samples which exhibited the'lower‘strengths, with the
exception of those from. hole no. 4, is the fact that in
general these tubes were handled more often and were trans-
ported a greater distance than those which yielded higher

trengths., | |

The,varves of'alldthe samples-testediwere_approx-‘
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- -imately horizontal. The shiCkness~and composition of -‘
varves were not determined although,from visual observation,
the lighter colored varves were of a more silty soil. In

a soil with varves with a § value the apparent shear values
would be too high; However, it is believed the soils tested
have varves-with'® = 0. Therefore, the shear values are
valid. The moisture content, which in varved clays has
been found to vary cohsiderably within Very small depth

changes, may_have had some effect on the strength results.?3,2k

The triaxial test results yielded shear strengths of
the same order as the vane shear strengths. This indicates
that, in so far as unsaturated varved cleys.are concerned,
the confinement of the soil results in higher strength
., values. The introduction of the vane into the soil, the
removal of the column of 3011 above the vare and the fact
" that the soil failure is dlrected by the vane rotation
would appear to balance the dlsturbance of the soil by tube
sampling. However on the basis’of area ratios, 11% for |
Shelby tubes, and 29% for the vane, the converse wouid
~appear true. The results of the few triaxial tests which
were performed cannot be used to form any conclusions. No
tests were performed in locations where shear strengths
could be determined theoretically, such as in the vicinity
of a landsllde, but it has been found that for non-varved
clays the vane results do agree closely ‘with the shear
strengths calculated in such cases. 6 |

There were a‘large-number of variables in the tests
‘performed which could influence the results. There were

two methods of measuring vane shear strength and two ‘methods
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of driving Shelby tubes. Although the soils tested were
generally A~7-5(20) varved clays,’other soil types were
encountered. Moisture content and degree of saturation
were both.variable. Depending upon the level of the water
table at each test site, the soil could have'been normally
consolidated or pre- -compressed by desiccation. The thick-
ness and composition of the varves may also have varied.
‘Another important factor whlch should be considered is the
performance of the vane testvat levels above or below the
. depth from which Shelby tube samp;es were obtained. The
vane used in these tests was in the development stage and
had not been used extensively nrevious'to‘the'tests,reported

herein, and therefore experience in its operation was limited.

The purpOSe of this thesis was the determination
of the reliabillty of shear strength values obtained by'tke
"use of vane shear apparatus in the varved clays deposited
in Manitoba by Glac1al Lake Agassiz. The test results
indicate that the vane shear test can yield con51stent
results in excess of those determined by unconfined compres-
- sion tests and roughly equal to the results of triaxial tests
for varved clay soils. It is possible to obtain satisfactory
vane shear results using a simple torque ‘wrench for the
strength measurement. However, it must be stressed that

variations 1n technique can have a marked effect. For

o example the test results of ‘unconfined compre331on tests

‘ performed by the author and those by others show a differ-
. ence, the author s results belng con51stently higher., No

~comparlson of calculated shear strengths in landslide areas

 with vane shear strengths ‘was made due to a lack of in-
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formation concerning-landslides in the test area.

Although the vane test is widely used, further
researéh is required, particularly concerning varved
soils. The author would recommend that, although thevun-
confined compression test is generally accepted as a
means to determine soil shear strength, future research
should implément the triaxial test for comparison with
the vane shear test. The triaxial test would, to some
* degree ,because of confining action, simulate field

conditions.

The vane}test, as it is normally performed, is an
undrained test and thus is strictly applicéble only in
cases where the undrained strength is represéntative of
the soil strength under the actua} condition of loading.
Interpretation and use of vane shear test results must
also cdnsider whether the soil tested is precompressed or

normally consolidated.

The test results were presented in an effort to
evaluate the vane shear test in Lake Agassiz varved clays,
using an accepted test, the unconfined compression test,
Yas a yardstick'or standard. It is indicated that a simi-
lar relatidnship'betweeh véne shear strength values and
shear strengths determined by the unconfined cémpreSsion
test mav exist for local vafved clays as well as for non-
' varved_cla&s. ‘However, due to’the'scatter of the results,

- it may be necessary to employ a-higher saféty factor when
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using'vane shear,test strength:values.\'

The author would re commend thatkfuture work be directed

-toward the determination of the effect'on shear strength of

samples obtained by different types of samplers and methods
of'sampling.n The pertinent factors to be investigated'in-
'ciude area ratio,‘size of uane and its shape and variations

in stress;strain measurement. Once the influence of these
factors has been determined,'a Studytof the results of lab~
oratory tests on varved clays could.be.mede so that the most
suitable test could be chosen for the evaluation of vane

shear test results. The influence of moisture content, depth, .
degree'ofrsaturation<and the soil type could each become the
»topic for future reSearch}projects. ‘The thickness of varves,
their individuai composition andttheir‘effect on soil
behavidur are also extremely important and deserving of some‘
study.u Future vane shear tests could‘be perforned in holes
~adjacent to those from-whichdtube samples are obtained to' ‘ il
determine the effect of samnling”disturbance by Shelby tubes
on the vane shear results;‘The performance of laboratoryi

vane tests and. comparlson with unconflned compression tests

could yield useful 1nformat10n.’ |

It is essential to studies of this nature that sampllng

and testing techniques and equipment emiployed are carefully
controlled to énsure the reprOducibility of results. The
'author would also suggest that future vanes used should have

‘ area ratios of the order of the area ratio of a Shelby tube.

As more data 1s'collected a proper statlstlcal analysis could
be performed and sorie conclu31ons could be drawn as to the com-

“parison between vane and unconfined compres31on tests.



Spring Calibration Data

APPENDIX

, Error in

Applied Spring | Calculated Error in | Vane Shear

Tem Load | Extension Load Calc. Load| 8trength

(°F§ {(1bs.) (ins,) (1bs,.) (percent) (psf)

72 10 0.93 9.3 7.0 -21
72 20 2011 21,1 65 #33
72 LO 3.80 38,0 5.0 ~-60
72 60 576 5746 3.0 -T2
72 80 7.68 76.8 4.0 -96
21 10 0.94 Quly 6.0 -18
21, 20 2,03 20.3 1.5 £ 9
24 40 3.98 39.8 0.5 - 6
P2 60 595 59.5 0.8 -15
2L 80 7.82 78,2 0.2 -5
16 10 0.96 9.6 4,0 -12
16 20 2,05 20.5 25 #15
16 40 L.05 LO.5 1.2 {15
16 60 5e97 5947 045 9
16 80 7.87 78,7 1.6 -39
-10 10 0.89 8.9 11.0 -33
'-10 20 l 091 19 ol l{'. 5 -27
~10 Lo 3.86 " 38.6 1.0 -42
=10 60 5.80 - 58,0 3.0 -60
-10 80 7a72 T7 2 3.0 -8l
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