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_,,]': _ ABSTRACT

.\ LS8 ) )
1

. An 1nvestigation has _been carried out on the

, shear strength properties of crushed quartz sand in the. //////'W

/’
N laboratory using - drained‘triaxial compression tests and
. * . ___\ ’ 1
,-conventional direct shear box tests. The tests have been

ZF: : carried out at difﬁerent relative densitries and nogﬁal

.
vl

‘stresses. Ké tests have been: performed for various

densities. .\ ]

Relationsbips between shear displacements and ¥$'—

shear stresses have been established for _very dense to

e
-

rd

o .
medium dense sand andtnormal stnesSes varying from 8 psi

-~ prl

to 120 psi. s

Varjgtionswin the value of the angle of interﬁﬂll'

. ~;/j/ friction wiﬁh{%ormal stresses and relative densities aze

}' ' ’_ . Jf . ‘-.. . - \
! presented. " 5 - < - P
o0 ;. . . R -

- The results of the triaxial tests ‘have been
',“ .). o ,f (

- ﬁiven in the form of stress paths for various densities

ST %

| _'J___# . —r—te c e
. of the*sand fand s&ress ranFes o L |
\" Nt - L T \ . ' -
N f. Strain contours have been drawn to pr ct
. . strains for gi' 1ensities'and stress{qo idns v

“;',l . \
4 '[

For‘Ko te ts, comparisons hdve" been made, W with
- L s - : \ v
'a.solutions presented’by Jaky and Hendron as'reporteecb§_
) A SERERE | \

G ~ Bauer (1969). L - ' N
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Plastic component of axial strain.
Reiaﬁive'density.

Void Fatio.

Secant modulus.

Coefficient of frietion.

{ .
Pd}osity.

jNormal force.

Shear .force as used by Rowe (1962) in §1iding

wedge model.

" Force normal to the direction’ of P.

Normal stress to cause yielding.

Shear strength of the adhered junction in sand.
o

Maximum shéar force. i }

., Original volume of tHé,saﬁple in direct shear.

Volume of thekéamp}e.

/ - - !

Packing property of\hpé_spheres.
\ - ' )
Direction of “the interﬁerticle sliding relative

to ‘the major principad.
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" Major principal stress. “‘ . - o
. . ) - l ) ‘ .
Intermedianerprinpipal stress.

Minor principal.
L . ) o

Normal stress in direct gheér. S

N,

Shear stress required‘jj/zggyiﬂé eﬁerg§ fbr-expansion._

T

o

Axtal strain at ‘failure.

r
i

Axial strainin major principalhiifection.

" Majof principal comPresﬁivelsEfEiQiel due to inter-
/ . . X .

particle slip.

r

.Strain increment in'major‘p;inqiédi‘direction..
Sﬁraiq increment in mwinor principal direction.-

Volumetric strain in direct shear. .
4

4 . .
Transverse displacement in direct shear.

1

Shear strain. ) S
Angle of internal friction..

Angle of friction of the p;fticlés.

Corrected angle of friction (Rowe)

Value of Coulomﬁ;¢,A¢f or ¢, at critical void =

ratio state.

Corrected angle of friction (BishoP);

Angle of fridt?oq:determiﬂe& from,&rained'teq;s.
dilatancy effect is deducted. .

. Angle of friction“ﬁfter

Angle of friction in direct shear.

R
Angle .of friction in plane stwain.

[

Volumetric strain at failure. .

"Poisson's ratio. o _ '
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| . CHAPTER 1. N
" INTRODUCTION *
N ’
’ R °
1.1 Preamble - ~
. A programme of study concerning the ultimate

-
bearing capacity of ‘model footings on sand has been started

at the University of Ottawa. : ' :- i : “ T
-« .

wn

The'footing tests will be carried out in a'tigid

steel box measuring about 48 ft x 6 ft\x 7 £t high. The

[4]

e
i
e

Each component alternately'can be used as test

- bin. After the test has been carried out, the.sand will be

.3
depQSited in the other compartment ‘at the required uniform

-density«ﬁor the next test, Sixtf’tons of sand will have to
. . _' oA o . . ) -
- be redeposited for each test.

A spreading device for depositing the sand at a
fpredetermined degsity is nounted'on a pair of rails,

independent-ffom the sand box. ” The sand spreading. device

is_similar'fn principle to the one -described end'used by

Walker ‘and Whitaker (1967).

- The density of the depositedssand is controlled
by adjusting the speed of rotation of the‘drum, the gap,
the angle of the deflector blade and the speed of trans-

-lation of the raindng device its&Qf. o

sand box 1s divided into two equal components of 24 ft eth.

v
.,



In situ densities 4in the sand box will be measured

,.hy using:ealibrated cylinders, Menard'?ressuremeter and ™
\ : T , '

*
static cone penetrometers.
’ s

As shown in Fig. 1.1-(after Meyerhof;;lgoﬂ), it is

‘evident that therbearing capacity faetors jincrease rapidly

-

at higher densities or higher 0] values

)

The study reported in this thesis pertains to- the

measurement of the physical prOperties of!the sand that

"will be used in the sand box, particularly the determination

of the shear strength parameters of the sand by laboratory

[

tests, simulating the conditipns of_placement, density and’

"L confining pressure etexffexisting in. the sand'box.

g o

P

Tests in the sand box Q111 bé'carried out under
plane.strain'conditions;.ideally the'lahoratorv tests
should be performed under the same eonditidns.\

.Since shear strengthsparageterslin the 1aboratory
are generally determinedﬁby triaxial compression and/or
direct she%rnhox tests,.these tests were used. It ha\\been
shown (Corn%o;th .1964) that the ¢ values ohtained from tri— C

axial COmpression tests can. differ by several degrees as -

compared to tests run on a'plane strain device Therefore

a comparison of ¢ values obtained from triaxial test and

plane strain tests are made based on_ studies by Lee (1970)
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2.2 Statement of the Problem‘J . ' -

. : Lo b -

. t‘ﬁ?—:—)p’rototype sand bo:\t.-

nesults are‘closer to footing failure conditions than'tri-
' . : ’ { - . ' b

LEL -,

The problem involved was the de;ermination of ﬁ

Ky
e

strength parameters of the sand at densities, placement con-

ditions and confining preesures as would be encountered in

v
.

'. ,- ;-

The basic comsideration in this rest programme was

to use comWon 1aboratory techniques such as triaxial com~

preEsion, ana‘direct shear box testsﬁ‘ Elimination of sources

'-tests, ‘hence 1t was considered &dvisable to encompass as

'fJ‘.

wide a fleld of stresscs and densities as possible in order
to cover the possible densitiesrand'pressure ranges

’ D .
eventually encountered in the sand boxl. It was decidedwto”“

jrun %rained ttiaxial coﬁorggsion’testa,at relative densi—‘

',_4
___,.——'

ties o£c90”75 ‘and 60 per tent and at confining pressure
. { . . AN

of 5, 25, 50 and 80 psif

Some researchers believe that direct-shear test

- axt test resdlts. Hence, it was décided to run direct e

shear box teste\under comparable ‘normal stresses’ ane den-

sitles, in oraer to COmpare the results from direct shear

tests with triaxial. compression tests.

1

*With a footing 2 ft wid% at a depth of 2 ft and a @' of
420 it is- estimated thav’&, will be of the- order of 40 psi.
. : K ‘ ‘

Iy LIRS ’
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1.3 _Objéctives aﬁd Scobe of Study a , S

TN

. "7 In order to find Poisson'é ratio for Hifferédt

relative densities, Kobtests had to be perfoigﬁg .
’ . ? . A . . - -, ’

- . o u o

. . . " " ’ . ‘ ..“ . )
7 ' The main objective of this study was to determine

accurately the value of ¢ fOr;differept rglati#e dénsitiéd

' . __.;;

under various normal stresses in order to cover a fairly -

jtwo.values for the same‘deqsity and confining pregspre

pared with one anothér.

wide range :of condi;ibns that could be gnqpunteredzin the.

sand box.  However, the study was ‘concentrated on very,. .

.dense,Zdense and médium‘dense samples, since these densi-

e
[

ties wer% of . primary interest for/f/e pr0posed foot£h§

tests. E . i \\\\// S J‘g; S
?; ¢ 3 O ’ '

} The effect of soil structure on the streq%th of
4

b

sand was‘also evaluated. This was accomplished by cO@pacting

&5 .
samples by’ different methods' as for example by hand cgm~
q‘/
pactionwand by using the. 3pecia1 sand raining devic’ The/'

/ - r
l
e,

. \“"‘\

i ‘ , S i _ : 3
were “¢ompared. That 'the soil structure has.an effect on ;
) '8 B . ) . . .

. ) . . L . L o - ) . \‘;'{‘# 0

the strength of gand has been established, by Feda (1969¥f
B 6 ' H - [ - . . ‘.

- _g." ) . . . Lo o : .- A

for example. -~ S N : ' c

St

"VYalues of ¢ were cobtalned from triaxial com- '
. I . ‘ . ;
pression tests, and ‘direct shear box test$ and were com-

-

. P . [ > - -

KoibUszewski (1958) recoﬁﬁehds the dete&minaﬁion

of sphericity and ;oundneSs to define the physical proper— \\

. 4,‘ \
ties of a ‘sand. - Hence these were determined by the nethods

-
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pr0pgsedgbyJ§ittenhouse (1943) and Krumbein (1941).

[N o . 4

. SR o
\‘ . 1.4 Qutline of ghe Thesis L
Lf o SRR Chapter 1 > a general introduction to the pre—'
- i - R
s sent Work,is given;; Gﬁapter 2 presents a general treatment
SN / Va - -

f;,ffffﬂ‘of the . theoretical behavior of sand in drained shear.

- ~ . . . ' g
e . P . T
a cedures. L}t describes the experimental Set - up for the tri-

Chapter"3 deals with the laboratory tests and‘é;o;.'l5~:

4

axial compression tests. ‘It al

‘discusses the factors
Soo- ..

and- the steps taken to

uhich iJfluence the test resul

2

ah

remedy the sourceg fof errors.

roperties of the sand
L v\

particles used in the test like rain size distrjbution,

maximum and minimum densities, Sphericity and roundness,

o v . Co : .
‘etc., are also presented ih Chapter 3. & — '

. In Chapter 4, the experimental test results have
been presented for drained triaxial compression tests, and

direct shear tests. Ko-test results are also presented.

Y -

e Chapter 5 discuss and compares the results
. . oo ~ e

of the triaxial comﬁrésbion”te&ts and direct'shear fests.

Comparisons between?experimental'test.results and

P
. i

theoretical behavior as discussed in Chapter "2 are made.

-~

" The - findings of this study are also” compared to the
S results of other researchers. = - , ' .
. i . ‘ ‘f . R

';L‘. Summary and,conclusiops.are,giveh in Chapter 6.

r

In the appendjces a .list of references, the structural‘

Lt ; . . . R —

by
~



presénted.

~

. \

details of the frictionless end platens, a diagrém'df

T

the sample former, details of the piston load trans-

ducer and factors’affegting_direct'shearibox tests are
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. . CHAPTER 2 - .

THEORETICAL BEHAVIOUR OF SAND IN DRAINED SHEAR

>

2.1 Cohesfonless Soil-

acohesionless.soilyis a granular medium-consisting

~ "

" of discref@ particles. They are . WOt bonded together—in the

way eryswals of a metal are; and hence the parJieles are

-

relatf:'ly free to move . with respect to each other. Their:

.relative movements also are not as free as those of the :
- ’ ;\\\ - - ) -
elements in a fluid.- Thius cohesionless soils are inherently

a particulate system. Sand 1isa cohesionless soil with no

cementation and is made up, of solid particles :and voids
) L
These voilds may be filled by a liquid and/or a gas.

" The state of density of the sand is expressed in
L

terms $f the void ratio, dry density or relative density

e In this work the cohesionless soil is an air

©

- dried sand. Complete drainage(was allowed,by“allowing air
to enter or 1eave the sample during the tests. ?he pro-
perties of the sand will be discussed in detail in Chapter 3.

- . - . -
N .

2.2 Nature of Soil Deformation -

o

Te

';sﬁx Oonsider a box filled with dry sand and a rigid

A

plate through which 1oad could be applied to- the sand -as .-,
shown in Eig.:Z.l; The sand is compresfed and contaet forces
would -develop between adjacent sand particles. The fqrces

can be resolved in- directions normal and tangentdal to the‘

\ WA, & -
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‘FIG. 2.1

SCHEMATIC REPRESENTATION OF FORCE TRANSMISSION ‘
THROUGH SOIL. (a) Cross section of box filled
with soil. (b) Enlargement through portions
of cross section showing forces at two pf the
contact -points (after Lambe and\Whitman, 1969).
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contact surfaces. The individual particlee:will deform
elastically as a result of these contact forces Perticle
rushing tmn take place thds enlarging the contact area and

bri@ging the particles closer to one-another as shown i

e

Fig. 2.2(a). If platelike particles are‘preEent, these-nill

A : . ' . M N ’ N
bend, allowing relative movements between particles; as sekn
: ' S

in‘Fig. 2.2(b); In addition once the.shear forces at the
. / ! . ' : :

contact points become larger than the shearvresistance at
¢ - o . ’ o o
' ‘the contacts, there will be‘relative/sliding, rolling oY a

/

'combination of the two between the particles (Fig. 2. 2(c))
- —— { I

‘The overall deformation will thus\consist of elastic deforma—
h -
tion of the individuel particles and relative translocation.
. 5 . ’ B T . .

However, it will be seen'later that the largest contribution'
to soil deformation comes from interparticle movement
NN - " If the box 1n Fig 2.1 has. rigid sides, the “soil -

L <

will decrease in'volume, as thé load is increased._ The voids

in the eoil will also decrease. The volume decreases becaoie/f‘
the particles are packed closer and closer together - There

\ will be shear,failures at many contact points, but there'vill ;fl

be no overall shear failure.' The load coold;oégincreesed

A - - -

-~

without limit . oL T / T

.Y
If the applied load is now removed the,soil would

~ -increase in- volume but will not regain its original volume
a

\ The elastic deformation of the particles’is considered to be_

e

L

a reversible proceg;« " The traneiocation of the individual




FIG.

2.2

Contact
area - ’
(a) g

Position after 1oading

-

-

CAUSES OF RELATIVE MOTIONS AMONG SOILYPARTICLES. e
(a) Motions of particles due to deformation of contacts.
Solid lines show surfaces of particles after loading
(the lowgr particle was assumed nét to move) ! dashed
1ines show surfaces before loading. (b) Relative

“motions of particles due to bending of platelike particles

(¢) Relative motions of particles due to inter-particle
gliding (from Lambe and Whitman, 1969)

T



- particles is 1rreyersible. This results in overall deforma-
. .', » *

#

tion of £he1;oil. ‘ b T ’ ’
Oﬁ the étﬁer péﬁd,ifAthe box had flexible side

walls; an overall shear failure could také place. The vepLi—

cal load atvﬁhich‘thé failure could occur is.relate& to the

shear strength of the soil.

2.3 Mechanism of Shear Resistance

;
! The shear resistance be;ﬁeen particles'is ‘the force

. g : ' "
that must be applied to cause a relative movement between the

particles.” This shear resistance between particles' is made

. v '
up of at least two components:

(a) 'One whose magnitude is égntrolled by the

-

frictional'nagure of the partiCIgs, namely_¢n;'and |

[}

. (b} a second component whose magnitude is related

f
[

. ‘to the degree of interlocking.

" Two alternate-ways! of expressing frictional
: .- R . :
‘resistance are in common use. One is to use the coefficient

-

of friction f£. Thus.if N is the normal force across a surface
th% maximdm-shear force is T ax = N.f (Lambe and Whitman,

1969). | -

i

s

The other is tq_use.h friction angle ¢u'defined

‘such that - e T

tan ¢, ='f | : - (2.1)

3

The following statements offer an explanation. of
. . o ‘
, . R o
the frictional behaviour of materials. o \
) L . S 7

[
—
~
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~On a submicroscopic scale most sdéraces, even

earefﬁlly‘polished ones, are actually rough. Hence two solids

will be in contact only where the high points (asperites):

touch one another. That is, the actual contact areaz is a

small fraction of the apparent contact area. The}actual

. contact area. Ac, is given-by the‘expressiqp
- Ac = N/qu L . . 2.2

"
_'Jl B

where N is the normal load and qu is the normal stress to '

eause ylelding (plastic flow). Since qu is fixed in magni-
"tude an increase in total normal load must;mean an increase

-in~the actual area of contac; This increase results from
. . p-, '
the plastic flow of the asperites. The high co?tact stresses

-cause the two surfaces to adhere at the points “of actual
contact. Shear strength is provided by the adhesive strength

of these points. Thus the ‘maximum shear force is given as
R . N . ‘ . . ‘ '.. tr
Tmax = $.Ac : _ S - (2. 3)

. . |-..O
Lt A
! - )

where § = sﬁeaéistrength of the adhered junction. Combining
EQuation (2.2ipapq (2.3) éne gers, Toax = N.quu ;1ﬁ_§_.;%Pe.
term S/qu_is'theﬁproperty:pf‘the‘material and is.denoted byr
?tan ¢u given bp Equation (2.1).

This friction factor ¢u is found to be iﬁdependent
of normdl-load. Rowe (1962) showed that the friction angle
’ LN
¢ﬁ.£3 affected by‘the‘size of the particles {nvolved in the. -
test as shown in Fig. 2.3. '

"From the foregoing it would appear that ¢ would
_apply to cases where the soil particles are sliding over a

v

smooth surface.
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FIG. 2.3 FRICTION ANGLE OF QUARTZ SAND AS A mmcrxou OF GRAIN SIZE
(AFTER ROVE, 1962). g |
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' However in actual so0ll this is not the case. Soil

particles are in contact with other soil particles and planes’

throqgh the contact points are inclined.to the horizontal.

In order to brihg about a shear failure between particles,
41 \ ' . .o
it is not only necessary to overcome the mineral to mineral

frictional resistance, ¢u of the soil particles, it is, in

e
addition necessary to make particles move up and .over one
) . s _ .

J

anothéf{} N )
The.in%fgy reqﬁired by the particles to Figerone

over the other will be the greaﬁest in cases where the degree

of interlocking between the particleé would be the greatest.

JThis is another factor contributing to the strength of the

soil. It may be visualized that the 4nterlocking between

%’n-a

- N ' ’""-
particles woéuld be the greatest-when they are densely. packed

and when they a;;‘angﬁlar{ The number of confact pointé will
be highest for ahgﬁlgi'and densglf packed pafticles;for the.
saﬁe mineral composition and grain si;e. ~Hence in_of&er for
éhe soil té fa&l in shear thé amou;t\ofrenergy required will
rba the greatest for the greatest dégrée of inteilocking. Thé
soil will thus exhibit hfgh stréngth‘in this case. .Howeveé;
if-the packing of the particles ‘is loose and the number of
contact points small, the soil will exhibit a low strengtﬁ
Rolling ié\not considered an important factor for stg@ngth in

(‘?

cochesionless soils.

Q
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'2.4 Mobilization of Shear Resistance

oy " In a mass sf soil, the shear resistance is not
mobilized all at once, but is a function of displacement

anq level of stress,.

!
—

In a cohesio?lesﬁtsoil which is made up of dise

. erete solid particles there exists a stability.of the
indiﬁidual particles and a stability of the soil element as
a whole The stability of the soil sample as a whole is

governed by the average property of the soil

i
. . v

4

"R Although the soil sample as a whole can be in a
stable esuilibrium, all the individual particles “frHthes suil
may not necessarily be in a stable equilibrium. At any
stress level there_may be a few particles in critical
eéu}librium but that does not violateTthe overalllst;biliry
of. the aaterial. The number cf particles at limiting eqdi—'
librium increases as the stresg 1eve1’is-increased. At the
aaximum'stress the majcriry 055\

the barticles is at, critical

equilibrium and the systenm will become unstable ypon further

‘increase of Sstress so the system fails. 7
| Thus .1t can be seenlghat mobilizatien of scear is
a progressive process and is associated with increase in
_strain. Any typical stress-— strain curve for cohesionless
soil makks this apparent. For any mass of;sand this stress~
strain,curve.is dependenc'oa the void rati§.or the density.

of the sand;,and to a smaller extent on the angularity of
. . ™ . -

-’
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the/grains, the grain size and the minéral contgnt of

the sample. _ v v

2.5 Brief Review of Previous Work
_ h N ,
The shear strength of .sand appears to have been

first_defined'by Coulomb by the equation S = o, tan ¢;

where ¢ . § = shear, strength of sand; pstk.
11:: _ o = normal stress, psf. .
EE L ¢ = angle of intermnal friction.

/ S _This equation has formed the basis for most of

. i =] '
the work done.on''the subject since it was first proposed.

£

' ' However, the drained and undrained behaviour of.

sand has necessitated a more fundamental understanding of’

‘the factors contributing to }he strength of sand.

Lt As reported by Lee et al (1967), the earliestﬁ

" aaa
A .~

demonstration of volume changes was made by Reynolds in 1885L

who showed experimentally'that dense sands dilate when sheared.

_7Casegrande (1940) demonstrated the full ‘extent' of

the dependence of the angle'ofufriction ¢ mhx of a sand on the
void ratio and the associated volume changes’ during shear.

Casagrande showed that whereas dense sand dilated during

shear and exhibited a high angle of friction, loose sand

R
S

IS

compressed during shear and developed a much lower angle‘of L

friction. He defined a critical'void ratio to'describe the

particular state of demsity atﬁwhicn-é'sspd will shear with

no volume changes. He further demonstrated that the critical

>

vaid rarin decreasas as the confinine oréssure acting on the

a-y -]

AR SIS, T L o M Sl S S
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sand was increased. Similar ohsef‘ tions were m%de by

1‘

Holubec (1966). B -

-1

In order ta explain the inflﬁenEe of“the‘void ratio

on the ahgle'of3friction of sand, Taylor (1948) suggested

,
I 5\

that part’ of the shear stress required to causevfailure of a

- . _-{

dense sand was used up in providing the energy required to

permit the ‘sand to expand against the confining p%essure

The shearing-strength waS'thenefore the comhined_Jesult of

- -

two factors —'fric?ion,and a volnne_ghangé‘EOmponent (which

he called interlocking).u - 2 : ' i

T

T
e

In order to determine,the’”olume change component

po _;r

!
__.--’
e

- RIS

. —"/
e A . T

A B /_‘

in a direct shear test he derived the exgifiiignafffefr

. Co P
v . S ' .. a

C = dhm.xﬂf"f‘”” o

e______\...-—-— . (2-4) T

= shear stress required to provide energy for - )

e

. ,__.»-——."' . el
Jp— - . -

expansion _gwe,fi””“.. - T g

i \ . . .
e v . - - o ee—
___f———'" . . L . .
. . N

[

dx = increment ofﬁshear deformation‘ } e

[y

, dh = eorresponding increment in thickness\of the

2

Y

In order to determine the portlon of applied

~ - LT

‘\ Bample. ) . ;7 ‘- ' . I \ ) ‘~_\\:-_ L.

o a,

l -

deviator stress in a triaxial compression test which must be

'applied to provide the energy for sample expansion Bishop

(1954) derived a corresponding expression

*-\ e X T .

l
dv . . |
o, = 03 Ve, .. - . | _(235)
. RN | IR

P S L R
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CheL e ’“_,,ff*QQQ\; SR o T ' _ i
\*\\ N RN ‘ - S o
. where ce = eh%irtstress required to -provide the energy
: SR : N e ,
————— e — l:\‘\ . \\\:i-‘_"_ .\':;\_i- ’ - . ’ N T -
. ™, RS for eXpansion, in psi.

NG T T N o -
RN L c finin Nar in pst. -
| X\\”& 3 on \;\gﬁissurer" ’p c#ﬁf‘j?'-
RN ‘o

: ™~ .
. dV = incgemental ‘imcrease volume in &c¢ .-

/ ~ N
1’_\__ _FH :'f\:olume‘uIQSample in ceu”

e AN g : ‘
.; S _ \ 'Elﬂk\i remental\increase“io axial strain._ : B
D02 L By deaueYagrhe_atiucancs nangs’
o ’T N y deduct gvthg diiateocy oTr the volume change
_“:;;;#cb;ponent of shear resi ¢ence‘¥ro;\the total stresses the
jfﬁi.\ | ehear reeistance due to otwer strengtﬂ\mobilizing factors
' could*fhereby be determined < _”'£~" ‘\“\d
‘/ﬁ;:i%/%/jT . If thd\angle of friction\of a sand d\termined from
=7 . the total applied stresses at failure\in a drained\test‘is
designated as ¢d,‘end the ;ngle of, friction computed efter
e %mﬁte dilateecyecjf;onent 15 deducted is termed ¢d then

(2.6)

: o and _ _
NS Eang4s + iﬁ"_—}). - (2.7)
o T |
3 ~ ,/fot tri//ial test conditions,

“r. _
- = »

_::l,;/4///‘J ' ¢ But Rowe‘(1962) has shown in his stress- dilatancy

Q
theory that even this is not quite correct. The value of byr

{\. ) after applying the Taylor Bishop correction still exceeded ¢u,
.ﬁiﬁﬁ\r the angle of friction of the particles comprising a granular

T

\\.ﬂi,um. g | - e
: hq\m“‘ﬂeazterefore derived an alternate expression for
S : -t 1' - ] _ '



]
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R
—‘n / 'f T

,after‘dilatancy effects vere deducted; of as follows

.
. y
N . . - . -
’ o oot

%1 . 1

R R e
\ - — - 31 4+ Ve o *f : .
obtained from a’ knowi@dge of the stress,-strain and the K
volume change conditions at, failure
o Stre dilatancy theory as propdsed by Rowe in ',ibf

1962 is- fundamental to ‘the understanding of shear behav1ovr

r

of sand it would therefore be preferable to’ dgal with . -
certain aspects of the theory in greater detail G the’ o <;
’ .- . . . 4 K N

following section. ' ) t e IR ) \\

‘r& hanv researchers, such;as Lee (1966) have con—--' ;ﬂ,/
firmed ‘the applicability of ‘the abpve theory to the stress—//
_ ¢ A
strain behaviour of cohesionless soils. ‘".l ' _ . <
2.% Stress-Dilatancy Theorl . | k, " u

| Stress diiatancy theory as proposed by Rowe in 1962

o &

_gives a relationshfp between stress ratio and dilatancy

pekpreége =88 1 dV/de, where dv is the unit volumetric strain

positive when decreasing, and‘da is the axial strain ;

s

Rowe neglected the elastic strains and examined the }//

~st;Lits and geometry of au ideal °system of spherﬁﬁ ﬁnd‘nods, /
in which a mechanism of deformationﬁwas assumed. :
Figure 2. 4 shows ah idealized element of ‘a cohesion- "

'l

less soil. Iterparticle aliding occursddn a- direttion B ‘from ~

M‘\. —_ - I

Sy . p
N .

the direction of the applied shear- force ?/ °Resolving forces‘_
. p N "' N ) ., -
in the/horizontal direc*ion we’ have S ) : i

]
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resultant %, . .

' f

'

&
A
L)
' e
ol
4



P =“Q.tén(¢#+ﬁ) _ o . f2.9)'“ﬂi

. - ) - , . ;} .
vhére Q is ﬁbe force normal to the.directiéi of P.
Consider, for example, the casé-of ﬁhiform-spheres

in rhombic packing‘under'trfaxial compression, Fig. 2.5. 1In .

”

- this packing the side of a sphere has" three contact points in

1

direction 1 and two contact points in direction 3. Using

‘Equafiqq (2;9) *

L./L, = 2 tan (¢ +B) ’ ,(2.io)

» 1773 7 2 u , IR
where‘Li a1l'1d.‘L.3 = }oads per SPE%TE X
L = angle’of friction ,
B"? diréc;ipp of moyémeﬁt of the péitiéles .

f: i f O a 'the.éliding_contact relagivé tg,thevﬁj51“"j—-
: m:}or.principal direction.#*;> |

|2

‘If_N1 is the number of spheres per unit area in

-~

plan and N, the number of alternate rows per unit area in

3.

elevation, then from the packing gedmetff of spheres

Ny _ 2ad _ 2ad _
N3 be 3c

d "3
a can be seen to bE'Ehe packing property of the spheres.

-

tana S (2.11)

From EquationS'(Z.IOD;andle.ll) we can wqite , | ~
WIi 3 Ny ' S o
E;,’ 2 ﬁ; tan(¢u+8) = tanatan(¢ﬁ+8)
~ -

EAVENY
[y

The strain incremeﬂl,éel andae3ware related by

the deformation mechanism and this is expressed®as
" 8e, . L
3 o1 tanatans =

661' 2
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\ B T
P

< ey T -7 R B
N o0 The/ene gy ratio is the ratio of work done per';_:‘l"
L P ' o ' - '
unir\volume on Qf assembly by the ﬁ/;;r principal stress
to th worg\done Dﬁ ‘the minor principal stress by the assembly
- L \ . //
ring an- incrEment\of expﬁ;sion 1is expréssed as )
. \u N ’ ‘
7 oy8e) };a;:Eh¢s) g
T T-x 5ot N ;pl- - - An
Sy 375 f N E y/ehyy :
- /" o .t '\'\ 1 - ) "-1

< ~, : . .
thing t%at this expre ion is frée of the
N - .

N

parameter a, Rowe suggested that in- \\

5T . 'nl.be“developed at each stage of-the

iy i ' : T

eformation histary. 'Hinimizing ﬁﬁﬁation (2 {4) with respect

to B leads t@»a B value of (45~ ¢u/2) and substitution in

ﬂrquation (2.14)H1eads to o B H\f\&k
- _ \(i e an?@stheg) @as)
LT -0, (dvp)[(del) ] '

. referred to as| the stress-dilatancy equation for Tgom-
Yy PR ) - . .
" 1 \ o ) ’

“.pression.

-

\ | . . - v
The sa\e\results as in Equation §2.15) are gobtained

1 with different types of packings' such as uniform spheres in
i " I !
\T'ﬁ- face\centred cubic pack ngs and for'any regular packings.

"In the light of experimental observations itrwes

considered inevitable to substitute ¢\\w th ¢f in Equation ;

p (2 15) so that Equation ( -15)- ‘row bec mes T*L' b
L= ,,nlf’“ —— = tan® (45%+¢; /2) (2.16) = =
Tog,[1-0avP) /(e P - |

37 1 o \
,wﬁere;?f’veried-from ¢u f9“¢cw- : o | .
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" The reasons for substituting'Qﬁ with ¢¢ will be

explained in section 2.8.

'2.7 Components of Shear Strength

. Application of the exPressionngiven by Equation
)

(2.16) to a seriles of_§trengrh tests conducted at different

vodd ratios. led Rowe to the following observations.
. T

For dense sands the dilatanéy effects reduced the

angle of friction ¢f to a\yalue equal to that for sliding of.
tﬁe mineral grains. For‘higher.yold'ratios, the angle of

friction after deduction of &1lataucy effects still exceeded=

i

txam of the mineral grains Aceerdingly Rowe concluded that

v

- throughout most of the range of void ratios there were three

_——

components Qf strengths of granular materials.
o, 1. The strength mobilized by frictional resistance.
- 2. The strength develeped.by energy required to

rearrange and reorient soil particles; and’ , -

~

3. ’'The strength deveIOped by energy tequired to

cause expausion,or &iletion of the material.

In a detailed analysis of tﬁe factors coutributing

to the strength of granular soils, Rowe, Barden and Lee (1964)

proposed that the energy required to cause dilation can be,

e

further subdivided into

5

1. Energy required to do external work during

. : : - v
volume changes.' , Ut _ .

o

2. Energy abSorBed in friction as .the mass dilates.



N

The' Taylor~Bishop expression .takes into account.
the former comoonent only -Hence the component of shear
. strength due to dilation will be somewhat underestimated by

LA “their expressions. Hence Iaylor—Bishop s ¢erill always be

4
>

' N grei;g{w;han Rowe's ¢f. . o
| [ ' - I R
I i In “the next section appropriate expressions for B r

d - v . bA . .:‘/
L .
y .

- various strength components for shear strength parameters

for direct shear, triaxial and plane strain teét will be

J e presented,‘

2.8 Direct Shear.Tests _- -

Referring again to Fig. 2.4 where the ﬁertiele moves

o, — .-
..,a

through an incremental distance 6x 1in the directlon of the
shearing force P,Lee (1968) has given the expression
‘ . LM

. 'Vo Sv S 17
_tanq: = tan¢ + Ao bx : (2.17)

where ¢, = corrected angle_;f snearing resfetancé in the
. - drained test taking into aecount external work-
g | done due to.dilatancy.
¢d = measured drained ¢
Vo = original volume of the sample.
§v = the'change‘in volume-per unit volume which 15

positive for all decreasing volumetrio‘strain.

§x = transvetse diSplacement.

-~ -
,’// ) In order to relate ¢ with ¢u one would use the
expression ) : <.\“"" :
tang 'n.tan¢“ +.tan¢' Vo Sv te:;\\\\\\;' (2.18)
- r LS d Ao 6x 1 e .
' ’ ) : : : —

. . - .
— .

o S - - T
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- e
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Equation;{?:fB) Yoee not take into account. the

additional energy component absorbed within the sample because

slides in a natural soil do not necesserily oLbef in directions

associated with the minimum energy state. This :ondition .

p

could be numerically expressed by replacing ¢ with ¢f

Equation (2.18) such that -

— . e \ '-. i

Ve rand. - Vo S¥i . S
tang; ' tan¢f+.i‘. 0. Ko sx TARE L (2.19)

O

where tan¢f = —;—‘;153 ‘ ' o li'AZEZO)

S

zwx

i

Zin|o

and ;‘ 8 = shear force L
K = normal force
6v*= volnmetric sq:&in; _“.,‘ 2
Sy = shéar strain ?

"The difference between ¢f. and ¢r givee the com-

" ponent of strength absorbed by the sample.

2.9 Triaxial Compression Tests
The Taylor Bishop expression for the angle of
shearing.resistence corrected for dilatenpy as giyen by Lee’

(1968) may be written as

%

'oan2145¥¢f/2) =3 + %%— . (2.21)
3 : ‘ : .

where §v and GEl are volumetric and axial strein; §v is

positive if there is - a decrease in volume.

The corresponding expression by Rowe is given as

T R ~,

T LA
“



",strain conditions will influence the value of ¢f.

s o '.“'l - 28 - . . _ o~

cgp2(45+$f/2) - 1 %1 = - (2.22)
: | o4(1 ~ 5v/651) . el

-Here the difference between Equation (2.21) and
Equation (2.22) 1is nothing but the energy absorbed within the
sampie as a result of reorientation” of the particles.

1]

2.10 'Relationship Between the Shear Strength Parameters of

. .Sand from Triaxial Compression, Plane Strain and Direct

&
. Shear Box Tests

N

; Rowe (1969) expressed the stress~dilatancy equation

i

R = Dk ‘ ‘ ‘ S (2.23) °

as
where R = 01103 . '

D'm 1 - dv fde_
-] 1s

j. v = volume decrease per unir volume
€15 Jajor“princdpal compreSSive srrain El in a
compression-test' due todinterparticle slip
(denoted by subscript s)
K = tan? (45 +¢f/2)

- The value of ¢f depends on the relative density,

the pressure range and stress path. It varies between a

lower value ¢, the angle of-friction between mineral

particles and an upper'value $oy ‘@t the critical state.

In the case of plane strain compression writing
' . K .
dsz = daz = 0, Equation (2 23) applies,_although boundary

a *



Rowe (1969) quoting,works by Horne said «wthat in

e a triaxial compression test the maximum value of Dln 2.

- - . o o
< Hencé . ) e _ | . ‘

1<D<2’ . o (2.24)

It mayibe noted that Equationm (2.23) is derived
o AN _ , |
from the equation

G . ‘/ . '
5= = tanotan (¢,+B) j . o (2.12)
3 . } - v » . : ) .

ere a is the .packing parameter given by the expression

gy L dv /2 , r
B—-(l—'a—é'"— " o, (2.25)

" tan a =
- 3 l .

- The Equation (2 12) was also independently derived

7/

by Leussink and Wittke (1963)
Rowe further reported that tano ‘'was not independenb

of ¢u, whereas the dilatancy rate D was independent of ¢u and k.

1 The experimental relation betueen ¢H and ¢ as

shown in Eig. 2.6 was in agreement with the theoretical pre-

“diction by Horme as eﬁbﬁh by”Rowe (1969).

S 2.10.1 StrengtﬁJLimits id'TriaxieirCompreésion Tests

Based on the WOrks of Wightman, Horne and others,
Rowe (1969) suggests taking the upper dilataney ‘rate of D = 2
cv

and using Equation (2. 23), and the’ relationship ¢u < ¢f < ¢

the stress ratio of a sand in the densest state is given by

01/03 e‘2tan (45 +¢ﬁ/2? "g L - (2.26)

"~ Taking D =1 and ;heirelatibnshig P ¢y foT the

loosest state : - T o
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responding -value of ¢ma

T T

2 (o} .
01/03 = Fan (45 +¢.,/2)

(2.27)

?

2.10.2. Strength Limité,in.?lane‘Strain Compression Test

In plane - strain éompfession for any packing

cv’ . -

T

Therefore, for the 'dénse state

-

2, e R
01/03 = 2tan (4§f¢cv/2) -~ (2.?8)
and'for_the loose state

0,/05 = tan2(45+¢é§/2) - (2.29)

The maximum dilatancy rate of 2 1s not necessarily
reached by dense packings. . An increase of mean principal
stress'for;example-leads to crushing and a reduction of the

dilatancy rate to such an extent that at very high pressure.

!

the dilatancy rate 1s unity, f ' _" /

In order to relate a measured value of ¢max for

one_san& in one state (loosest or densest) and the mean
printipal stress at fai%ure in the triaxial test, the cor-

x in plane'strqin may be deducederqm

é plo£ bf.the limiting values of ¢ﬁ and ¢cv' For this purpose
¢ﬁ may be determined during a reloadin% stress path 1in the
triaxial test using free ends and‘large\strains or as éhggested.

b& Lee and Seed (1967) for ¢cv'using the :elatignship
o 15 tand S
R . 2. -

- w810 L " To+3tand | (2.30)

% u

where ¢ﬁ'is the value suggested by ‘Bishop (1954).
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2.10.3 Relation

ip between Direct Shear and Plane Strain Tes

As reporte\\b~ Rowe (1969) several researchers

—~

have reported direct measurbuents of normal and shear stresses

) . . \ - 7
on the boundary of an element 6£\§end'in the centre of the

Lambridge Simple Shear apparatue Mkﬁ. Assuming uniformity

i

of strain throughout,théﬁelenentr it has been shown that-the
direction of principal stress and principal strain coincide

during small incremental stress relations

o

Based on the above observation Rowe derived the

o

t

follawing exﬁreesibn

i
E “ o~

.;:L.‘ - - ! . ) i | C ‘
tan¢ds tan¢ps Cos écv { ) (2.31) .

n | ' ' &
relating ¢ds wffh ¢PS where ¢ds is -the value of ¢ for

direct shear teets and ¢p8 is‘the value of $ for the plane
R ! N
. \ . .

strain tests.

. _a,:“‘; ' , - . ‘ . . . '
,,Figube:Z.? s%ehe%rhe rela_tionof.tt:ds with ¢ps
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\ e LABORATORY TESTS AND PROCEDURES

Description o%.thh'Sand Tested

} 1 . ’ L i ' s
" The sand u5ed'was»faét€ry crushed quartz desighated
: . V. A

as Silica—ZQ; was sharp and angular with an, uniformity
—
coefficient of about 2.1. Hence it Tan-b classified as

Auni orm sand From the grain size distribution curveg,,

. 3.L,itﬂwouldnappear that it was a fine to.medium ;;;ET\\"“‘—h

. . a
Al . :

‘Pour tests were conducted for. graln size determination.' Only

! P4

£

‘ o ‘ : ) .
the coarsest and finest gradation curves are shoun.
. v

The maximum and minimum den51ties using A.S. T. M.
-‘.\
procedures were 103 3 and 77 9 lbs/cft These values were

t\ 1 " 4]

the average of two maximum densities of 103. 6 -and lGBil lbs/
cft ‘and two minimum densities of 78. 1 and 11 7 lbs/cft The

' ) € . l 3 ? . N
specific gravity of the particles was found to he 2 66. The .

‘minimum and maximum'void'ratiOS were 0.61 and 1.13 and the .

corre5ponding porOSities were 0. 38 and 0.53 respectively

L _ In order to describe the sand fully, procednres
Qnﬁiinedﬂby RKrumbein (1941} and Rittenhouse (1943) were used

to deternine“the sphericity of. the grains.? This procedure
.)." [ .. -
_had been used by several other investigators, for instance,

I+

‘Walker -and Whitaker (1967) and Kolbuszewski (1958). A new

roundness scale was used to determine the roundness of the

o

particles as described by Powers (1953). o e

u -
- Figure 3.2 shows the shape ‘of the particles as

.

e

viewed under % microscope and drawn on paper. .The particles
. N t g ~ Cl . -

werc'picked‘uo in aarandom wvay. Based_on_charts,3yalues_of

k3
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Mean sphericity - 068
rounclness O’|7

R -

/‘i-r V

FIG 3.2 TYPICAL EXAMPLE OF MEAN SPHERICITY AND
ROUNDNESS, ESTIMATED FOR_ CRUSHED QUARTZ
- SAND (MAGNIFIED, 15 TIMES) BY MEANS OF ’ I

. . STANDARD CHARTS. e / o
- . . ' SN ]




PLATE 3.1 PHOTOGRAPH OF CRUSHED QUARTZ PARTICLES. (MACNIFIED 30
USED IN THE TEST. 3 ,
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2

roundness and Sphericity were then assigned to them. Plate

e~

— 3 1 shows a photograph of the particles maganied 30 times.

— . _
According to Krwmbein (1941), the shape of the "7

j il |
p&fticles is its form} entirely independently of whether the

-

—e@geﬁibr corners. are sharp_or'round. Fundamentally the shape
/// . ¥ “. . . .
,/,/”/'.is the measure of the ratio: of the surface area of a particle

_to its volume.. For a sphere this ratio is a minimum, and for

all other forms it is larger. Hence the ratio of Surface“ﬁfea?E'

. R .

. ) \ . ‘ - . . .
to volume-indicatés how -closely or remotely the particle.

approaches a - -sphere infform{ For practic%l purposes this
. 3 . ‘.—’3 - ]
ratio is difficult to measure, and- the actual measurement is

-expreésed infhefmsrof the E&E}p(of.the volume of the particle.
to Ehe volume of its cifcumscribing‘sphere. -The cube root
of this ratio- is called the sphericity of the particles.

-

"The roundness - of a particle is

asure of the

curvature of the corners and edges ‘expressed as a ratio to the

average curvature“ﬂ?‘fﬁ@fparticle as a\whole, independent of
] "\ oW .' )
' its form. For practical purposes the ‘average curvature is ®
. -+ ] \ N . .
expressed in terms of the inscribed‘cirole drawn on a pro-
’ ’ \ RN v

N

\I
\

", -jection of the particle in a plane.”
Thus roundneso.dependé«upon the éharpﬁess of the

. . (L] /- ' ’ ) ;
'éﬁg;;,and corners and.is independent of shape.

./'-

~ s o ///erig 3.2 it can be inferred that basically the
_ | grq/ns’%ere oblong and thaf/nhe particles ‘were angular to ‘
’////1///very angular. S " ‘ _ . o -

3.2 Some Triaxial Testing Techniques . ////“f - o W

- The importance of\free ends in triaxial testing

-
O

has been pointed out by many 1 ves;igators, like Rowe
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and Barden (1964), Lee and Seed (1964) aund Lee (1968)..

Figure 3.3 shows the importance of using free ends -
in-iiigg;ai testing. In using frictionless end platens.the

L

distribution of axial strain becomes more ﬁf‘féss uniform

=

thrbughout the sagﬁlé. As a reéult'the‘shgér-strgng;h is
fﬁobilized throughout the whole sample, and is not .restricted
to the cent?al portion. only as would“bé.the éaseiwith fixed
end platens. | |
;; ; In this work frictionless end platens similar to
thdse-described by Barden and M;dermot5(1965) have been‘used.
Thé’details of the platens are given'ih Appendix c.
Bishop andAh£éenL(1965).havé_compargd the effects
of usingalﬂngtﬁ;fo diameter ratio of i to 2 anq the influence.
of ﬁsihg opé‘or more than one meabrane‘inVSetweeﬁ ghe saﬁple
and the'toﬁ aﬁd fhe ﬁbftpm friétionless platens.
Their findings indicate that with a Iengtﬁ.to?diametér
ratiﬁ-of 2 af the sample and uqing one lubricated nub#er-

membrane,.the results became very consistent as can be seen

from the Fig. 3.4.

Heﬁce in this work¥8-inch ﬁigh by 4-in. diameter.

‘ . T A4 T A ‘- .
samples were used. One lubricated membrane at eafh platen
-was'empioyed. Silicone_g:eaée was used as the 1uﬁricating

medium.‘ Itsteffectiveneés has also been poihted'out by -

several investigators.
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'$.3% Sources of Error in Triaxial Testing

Since_it*is easier to eliminate §ources of errors

in Esiaxiel testing, drained triaxial compression tests were

: : - sl : ' '
chosen as the major testing programme. Considerations were

given to the elimination of - errors that could have ‘a bearing

on thentest resultsq.‘Some of the factors as pointed out by

P

Bishop andiﬂenkel‘(1962) are summarized. as follows.

1. The friction on the loading ram.

- 2. The expansion cf the cell on appliCation of the
. cell pressure and the effects of creep on the measurement of
: . A S
volume changes: . : . .

3. Deformation of the.sample duringjtesting.and
dete;mination of effective area during each stage of deforma-
tion.. o _ 5 ' o )

T T : \ t‘\

et

//%e sample on application of O

‘movement of the fam.

4. Calibration of the pressure gauge.

=t

5. Calibration of the ppoviﬁgﬁring.
‘6. Measurement of volume changes.

l B - .
7. ZLozvecticnc t: the volume changes due to
- ’ ' : ! . - .
S it - to
//,,_—8 Corrections due to penetraé&on of memssane into
L L
3T _ -

-These corrections will be discussed in some detail

in sectidn" 375,
e



3.4 Preparation ofVSamplee

314.1. Generel‘ ' . ‘ . LT
As pointed out eariier the factors governing the
strength of sand are.the state of density of thereand and the
peeking factor or theﬁe{;ueture; other iactors such as grain
size, minerel‘compoeitio . angularity of the greine, confining
' pressure, etc. "remeining cdnStent |
Feda (1969) defined the rstructure of.a sample of
u
cohesionless soils as  the veriation of local porosities com—'

pared to the overall porosity of the sample.

The pfeparation of a samplé may be considered to- -

[\]

_consist of stages when a sample of sand passes from.a random

collection of particles to -a shape ‘'when it is ready to be

. sheared’in-a particular test set up. S

Regardless of the'extent of care exercised in the
deposition of sand into the sampie former using a spoon or'
dropping it through a funnel keeping the height of fall con-
'stant tamping and vibration, etc.;- there is no guarantee that
the structure of the sand will be the same throughout the body

of the sanple. The behaviour of the sand during shear would
thus tendgto be erratic : S :,é‘

Further in order to get worthwhile resutts from
ri:boratory tests 1t would appear imperative to use techniques
that would produce specimens for test having the same densities
and structures'as are likely torbe encountered in the sandi

*box.



~

The'preﬁlems of.reproducingjdensities and structure
were overcome by using a miniature type of sand deposition -
device. "  The design of rhis apparatus was.similariro that
’described by Walker and WhiEaker i1967)|and.has been success-

fully used by a number of other }esearehers;. This device was‘
to simulate the.depesirion of sand in the sand box.

The bed of sani\in the sand box and the samples for

‘trfaxial compression and direct shear box tests in the':

.{

1aboratory are prepared iu a serles of thin 1ayers by a rain

of sand falling from a hopper. Sand is drawn outi of the
: ; =S .

[y
] L.

hepper as the.érum rotates. The whole assembly passes:forwards
and backwards, building a bed of sand. The details af the
;epper are shown in Plate 3}2. 'The hopper has the dimensions
of 11 ins. p§'9 ins. and a ﬁeignr of 11 ins. with a Eapaeirp
of 40 Ips of sand. It is made of.plexigaass and 1s neunted
on wheels so that it can be moved ‘on rails (2). The intensity
-of_flow of sand 1s regulated by the sﬂze of the opening of
the hopper, and the speed of the révolving d;um (4). The
sizedof the opening can be adjusted b& a pla;e (3). The drum
is rotated by a unit consisting of a motor (D.C. H.f.'l/SO
1,725 r.p.m. ), a variac (1 Amp. Max. ) and a reduction gear\
This system was designed to produce Speeds from 5> to 200 rlp m.
by choosing suitable gears. -

The curtain of sand, flowing.over the drum,bis

regulated by a deflection plate (6) ,Fer uniform deposition

of sand the curtain of sand that flows down should have a



. " o

PLATE 3.2 SAND SPREADING DEVICE (FROM ASHTAKALA, 1968) -

¥




uniform thickness. The deflection plete can be rotated to
any angle and it can be moved in vertical or hprizontal
directions for-prcpergsettingr This® arrangement is shown by

the unit indicated as item 7 in Plate 3.2, The‘hopper can

~

be moved. back and forth manually, maintaining a constanc
speed of movement. By varying the drum speed and the gap
opening the desired density can be.obtained

o

During the preparation of ‘the sampde in the labora—

‘tory a height of fall of about 3 ft. from:the centre of the

Co.

sample former to the centre .of the rotating drum was, maintadned.

It was noted that an increase in height beyond 2.5 ft. did not

materially influence the density of the deposited. sand

-

Initially the sand was deposited in a calibrated

5,

'perspex cylinder with knife edges measuring 4 ins. in diamcter

and having an inside height of 4.6 ins The volume'of thei-g
cylinder was 57.25 in.}.when stru k even with the top ' The -
density in pounds per cubic feet could then be obtained{

'From the relationship
: Y I R T SR - o
p = d max _ d - d min L . (3.1)
B Yd ) Y4 max Y4 . min _ .

the re}ative density was_calculated.
For the sake of quick reference a plot of relative
B . "

density versus unit weight was ‘made as given “in Fig. 3.5.

A difference “of about 4 ins. in the height of fall

of the sand ‘did not have any significant difference on the

e N ——

"density of the sample. Simi13r~ebseryations were‘/ﬁge/by
vattons were T

Walker and Whitaker (196?) # , R l }///’

+ IR ‘ . ,;f,/ -

e ~
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' moved'elOwly and ‘gently wicﬁ;the
', The top plifen along with a greas

placed in- position - It was then

- 48 -

. T The sand depositing“device used for the prepara-

tior,oﬁ thc samples has heen previously used and was des<

~ e

._cribed by Ashtakala (1968)

' oA . -
From 4 repeﬁitive tests on 3 different densities-

v

it was found that Tcr a giren )quantity of sand falling per

ﬁnitbofntime per hnit of area, the'veriation in relative

v

density was in the order of 2 percent _which.couldbbe con-

$idered acceptable Hence it mlght be said that the d15tur~

bance due to air current Wag negligible

oo A "/’“\f-.

3.4.2 Preparatiqn of Triaxial Test Samples

¢

four:inch”@iﬁpeter and eight inch high samples were

used. The airrdrainﬁge from the-base of the frictionlcSS
« . -:" \I : ’ .

platen was provided by uéin§“§%f/2:inch‘diameter-porccé disc

. xYecessed in the bottom platen:ifA gmall circulirr right

~.

cylinder with berelled top, as-.-described in AppendiX'Bﬂ was

-~
]

provided to !prevent the-eccentric [lecading cf.thegéémple during
: . . , i - 84l ;

Essting. The sampIE was then preﬁarea by depositing a curtain
of SQQd into the fqrmer Eaving'a Aollar with?a knife edge.

. . ) : N + P .‘
Su:};@n between the membrane and Iormer was provided. tq make °

thé sample diameter uniform. After the formerﬂﬂ‘e full of

_sand, the raining of the sand_was‘stopped; the sides -and the

"top of the former were cleaned and any dxcess sand was te-.

eer of a small.Lairtbrush.

ed rubber membranc was

given a small rotation in
either direction-to ensure a berﬂect”seating. Two rubher
e i . - . | ' ) o

O-rings were uged t0'$eal the saﬂplc; ~Suction was then applied.

[

o |



. K—-"T;.-

I3

- -,“' . . . — ‘49'-.‘.

by mouth and the "Klinger" valve was closed. , o

. - ) /

b

The former was then removed. The sample stayed.

L : . [~ .
" upright. This suctionrw!; removed only after a confining

. pressure was applied to the sample as detailed in section 3.6,

L . - " . v B
The diameter of the sample was measured’by a micro-~

meter screw gauge at a. total of six different places located

T

A

at mid hcight of the sample ‘and one inch below the top and.

one inch above-the bottom of the sample. ) T

e . e 1
: IS A

A set of three diameter readlngs were taken in one

L —

position. The sample vas then turned through 90 degrees and

- . - -

ancther set of'three diameter readings were taken.

Ca

3.4.3 .Direct Shear Bon TestSampleN}repafation ' ~1_ ©

~ R . A

oonventional way using serrated plates at‘topiand bottom of
N e - . . o E
the Sample.l The samples wvere prepared by directly.depositing

\

the sand from rhe sand" raining device into the shear box.

S

Care was taken to see that the thickness of thiz bed produced

3

v was® uniform throughout and that the thickness of the sample

was sufficient and adequate. The top of the” sample vas then,

.

lightly pressed with a weQden block before placing the top
serrated plate into place. The total compression beyonﬂ the
ten pound hangar loed'wﬂs considered in calculating the

initial voldme of the sample .

T
K ~.

The tests were rur with the 1ifcing screws in “the lowered

position. The influence of thése on the test results is i

discussed in Appendix D.

.. _ \\Eié/inch by two inch samples with ra helight of about' ,
1.§§i252 we used in the Direct Shear‘Box tests run in the~



p ‘ ' -

{ . .
3.5 Triaxial Compression Test Procedures L

+ X [

After the sanmple was. prepared sealed and a

vacuum applied to it, the cell was assembled and transferred

on to the triaxial machiner The cell was filled nearly to

/'-»—

the top with distilled wate . Tbe top 1/4 inch was

lled

with paraffin oil to prevent\@eakage dur‘ the test taking
\/ - B N . . . -
_care’nqt to‘entrap any air by The ioading ram was'

.loyereé and brought 1 'snug contact with theJtOp of the
platen. The ce pressure was then cpplied and the drainage

valve opened.. This cell pressure‘was maintained for about

'half an hour before starting shearing of the sample Thie

l_ - LY/

initial volume change of the sample on application of the ceil

-pressure was measured with the help of the volume measuring

device only. This volume change was a maximumhéor the maxi-

mum cell pres'ufeuwhich was applied. h ;0
e ///Z/;irain rate of 0. 015 inches per minute was
adoptedi According to Bishop and Henkel (1962) a shearing

3

‘time of on§%§93:~-s ccnsid:rcd sdequ:te for drained test
: .- / - ’
I cant dee '

’on.sand - in the/present cdse about 100 minutes would be

)
Lk
e A

required for an axial compression of 1. 5 inches °

Rotating bushings were used to elimiﬁate friction
\
Rt

. I
in the I dding ram in all triaxial tests. _ \ \\ ®
\ .

"A,Volume change measurements in the sample wewé .

made with the help of a volume measuring device, describe
e \.

i

Iby Bishop and Henkel (1962), by noting\}he quantity of water n;_

entering and leaving the cell.. .The volume was corrected

for cell expanazon and the movement of -the loading ram.



PERLELN

.

Volume change was also noted by measuring the amount of

air entering or leaving the sample Ihe-two-volume changes

~ ¢

.were compared and tk?’average was takén. The maximum dif-

.ference in the value of the two. fgadings was 2 cc, or about .4%.

10,000 and 3 000 Ib% proving rings were used which were cali-

b

brated against other proﬁing rings for their rellability

Plate/Z/g shows the details of the experimental

. -

-set up for the drained triaxigi compression test on sand.

i '

The numbers in Plate 3.3 refer to the different components .
and are explained below. o
No. 1. .iho 5 toortriaxial maooine: ;
, 2. -The triaxial cell with'rotating
‘boshing arrangehent'
3. 'froving ring with oiallgauges'
4. Motor for running the‘rotating
ﬁushing deoice ! i‘

5. Volume measuring device; measures

. .o ' the ‘amount of water entering or
» | leaving the cell : o

. 6. Burettes measuring the amount /of

air expelled or absorbed into . the
.;: : .

samples

7. Hercury pressure pot -system.

s



' +PLATE 3.3 . TRIAXIAL. TEST SET UP
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ang

were corrected for cell'expaniion.

- 53

' ’L:A_\ o \\__-‘
t ‘ .\ R ' ) |
Figure 3 6 gives a diagrammatic layout\ff the & - R
. .
triaxial compression test set up. o . \\\
. A .‘ .. A-. . . . . .' / B
3.5.1 Calibration of Pressure Gauges : \ Sl S

. - - vl
The préssure gauges.'were calibrated by measufing —

- i L -
\

the actual height of columps of water and mercury as ﬁuggested

'
v

by Bishop and Henkel (1962) page5'45 47 A curve shpw1ng \ EEREA
\
gauge pressure correction versus gauge pressure ‘was plotted

7
R

based on results of the calibratiﬂn test as shown in Fig 3.?7‘A

The spning eopstant for the self“tompensating

' mercury pot system was found to be 0.56 incheS/lb.

Forglow pressure range a mercury manometcr was

used for rea{;ng the pressure; 5 2 cms of Mg belng equal to = "\
1.0 p.s.i. e o S 5
- _ e ‘ ) ' y
T : . : e ) PRl ] \
3.5.2 Calibration of Cell for-Expansion - ‘ : \
' R __,_..——-f"'"- " . . g R

: . : v o L L
Figure 3.8 gives the calibration for cell- expansion, N

.

Including the volume change of the preséure line. The cell -
‘expansion-almost'ceased entirely after thirty minutes of

application cf the cell! pressure. . . . ‘ B TN

...; [

The points .on the curve denote eﬁ¥ansion.of the

\\\““ =Lﬁll afEér thirty minutes. ' ) | ’ . e

Fl
o - . L.
oo

Voiumejchange asuréments in the trlaxial tests

The ram correctlnn was

of the rae///\“‘ . FV;,

/,_ T b

The amount of correction to_he applied to the
: 2
. e . \ o

Xt ST 0
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¢

, deviator stress for the 4-inch diameter sample'was found to

be small and about 0.35 lbs/in.2 for 'a membrane thickness of
about 0.012 in.; as detérmined experimentally using the
lmethod suggested by Bishop and Henkel (1962) at 10 percent

axial strain. A o

R

L

purs)

" 3,5.4 Correction due to Pénetration of Membrane into &

. ‘ .
thhe Sample :

Using the: methods suggested by Frydman, ,Zeitlen .

and Alpan (1973), the volume changes due to penetrdtion of

the membrane into the sample was found to be around S‘em3
- at a confining pressure of- 50 p S. i Considering Ehe volune
of the sample which was about 1, 600 qm3. ‘This volume.change' :

effect was considered negligible and- was not taken into

account in the analysis.

3.5.5 Elimination of Piston Friction

Piston |friction has a pronounced effect on the

results of triax[ai testing wheérever conﬁentional proving

—--rings are ‘'used to determine the-losds,i According to Bishop

i

and Henkel (1965) the.simplestlsatisfaoﬁory way of reddcing
piston friction is provided by 4 rotating bushing built into
‘the tr1axia1 cell. This was eventually used in this test
sefiesj : . o " ‘ ._- lﬂ ‘ l

Efforts were made to rghd the. loads by designing a

' load transducer fixed on the loading ram aitd placed inside

_-—-J

- )/thefcell. Details of'this transducer are giyen in Appendlx C.
1 ) ‘ L - - - .

g



The load transducer was not used in the'long run because the

reasons for improper functioning of the load cell coﬁ}d not

be ascertalned

Other researchers like Bishop and Green (i965) have

measured loads by placing the proving ring inside the cell

and therefore eliminated the piston friction entirely.

3.6 Dircct Shear Box Test Procedures

Direct shear Box tests Qefé performed on 2 in’ b;
2 in. b& 1.5 in, hkigh samples_prepared by saﬁd raininésdevice:
ss de9cribed in seciion.3;4.3. These tests were carried out

at a strain rate of 0.016 in. per minute:, The normal stresses

¥

‘used in‘these_tests were 8, 40, 80 and:lZQ_p.s.i., which

roughly corresponded to 5; 25,"50-and 80 p.s.i. of confining

pressure'in triaxialrtesp as evidenced by Table 4.2-1.

I o) o
Relative densities of 60, 75 and 907 were generally used for

these tests.

.

The type of tests carried out were conventional in
A :

nature with“the exceptienfthat the lifting screws were left’

in the lowered nosition (see Appendix D). A 400 1bs capacity

-pr0v1ng ring was used to read the shear\force

The value of ¢ for particular tests vere determined

from the maximum netio,qf T/o_ expressed . as
) 3 .

tand = T/G

pC

'-.whefe ¢ is’ the angle of s%earing resistance T 1is the -shear

3

streSs'and'Gn'is-the normal stress,.

w



-

-

-

R o

3?7 Ko Test Procedures

'

Ko tests were performed on 4 in. diamecter and’
8 in. high dry samples at.relative densities of~90.0, 73.3,

6?.& and 58 percent. The:sémples were prepared: exactly'in

BN

tﬁg>same way as in the. case of samples for the triaxiai

3

.compression tests. The initial suction, given to the sample

RS

was released at abour 5 p.s.i. of 0y

i .
The rate of axial strain was choseén to be 0.004
in/minutg. As the load was applded to the sample, the cell
S S i B ‘ "
pressure was continuously adjusted to give a zero lateral .
. R A :
yield as indicated on the lateral strain indicator. At the

start of the test The gauge pressure was set at about 0.5

v
p.s.1i. ‘ '- : <
. 1 . .

N

Tﬂe 1ate¢al strain indicator used was exactly the
same as detailed by Bishop.and'Henkel (1262) in -Part I1 and
Section 4. Plate 3.4 shows.fhe sémple with lateral strain

indicator.
1 ,r‘\'-"-}
S

-~
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. e -

: PLATE 3.4 (4 inch x 8 inch) ‘SAMPLE WITH LATERAL sTRA}}L_, INDICATOR
- r-“‘. o "Q . '



CHAPTER 4

e ‘ EXPERIMENTAL TEST RESULTS
,QLI " General- _ ' /; : o ; ' '?'f -
. . ’ “ . . s . '_‘ __-(/

The &est results for consolidated drasned tri-m=

A -

. 1 R . ~ . .
axial cdmpression tests on sand conducted on 4 inch diameter -
. ‘,-f Noe— .-

.bij.inch high Samples having free ends are presented 15
tﬁe fqrm of customary stress—strain curves. Tﬁe results@

are aled'presented in tabular form. The table includes the

[
1

“pertinent information like method ef-preearatioﬁ of the.

“Baﬁples, relatiuemdengity, coafiuing pressure, deviator
_striess, major principal stress the stress”fatie;"the strain’

Y

_J
at failure, the void rafio, the ‘potosity, HHhE“volumetric

strain at failure, the angle of ifternal frictiou?_tge\ n”*a/

T

-

normal stress and the shear'stresa3at failure.

For the direct sheam box tests, shear stress and

ratic of -shear stress to normal stress versus shear dis-~ .
. by
placement plots were danm The variation of volumetric

- strain was also shown on the plots. The results were also

v

: presented ‘in the tabular form. The tabulated results
-included information on the relative density, .the ;oid ratio,_-ﬂ
N -
Athe‘porbsity, ‘the aormal~stress, the eorrected normal stress
atffailure‘ tae makimum shear force, the ghear stres;;.the‘
‘,ratio of shear stress to normal stress the shear i}splace—'"

ment, the volumetric strain at failure the angle of shearfhg’

SR - Y
‘resistance, etc., - ) ST =



'\;"

N

\L‘

- Y '
-\“‘ Q : ;‘ Pt V
The" Ko tests were also presented in the conven~
: ~‘& \\
tio al form that. is the major princ1pa1 stress was plotted

. agafins't the minor prancipal stgess. -Individual tests are

< el

presented. o T R . .
. S & A

2 Consolidated Drained Triaxial Compression Tests .

These tests were conducted on samples isotropicaily

-.,__\.

consolidated at the requ1red\£onfining pressure. The inltlal

) relative densities and void ratios of the-sample are the'

:they yielded the same results for drained tests on sand

relative’ densities and void ratiosat the end of the conSoli—

dation on application of the confining pressure.' The

deviator stress was applied to thg sample half an hour after

-

the application of the’ confining pressurerso as ‘to allow-
ol S -

H

time for the cell to expand and reach a state where further QTU

I

, N L s ({(

.expansion of t/ﬁ'tell with time was neg}igible. A strain

o

: .
rate of 0. 015 inch per minute was adopted as. explaéfed in

GChapter 3 under Section 3.5.

g All the tests Conducted were drained tests._

:

'l.

Y -

Either the maximum devdator -stress <Y the maximum stress
I,

ratio could be considered as the failure criterion because

.

——

ﬂhe maximum deviator stress»mas used as the failure criterion

D

because this yielded a more. pronounced peak value and is
9 U . -

v

also the most common approach adopted by odher researchers‘-

iy
LS

. w ! & ':. ) oy e e
" and therefore simplified the comparison with_other works. )
Kl ‘._/--...___ f B .. T . ] -, . .- .’ ) ) ot ‘
(o T e ’ o
I e s
- . ' L&";‘ N . "" -:.‘ .‘ "
P el R e ,



_ In Fig. 4.2:1 to 4.2.4, typical results ane;shown ‘
N o : A : .

of_the consolidated-drained triaxisl compression tests,:sub—

sequently referred to as triaxial tests only, for very &ense

e sand -samples. 'In'Fig. 4.2.1 thetsend-sample.had en initiEi

relative’ density of 92 4 per cent and a confESponding .

initiai void ratiop of O.GAk/ The samples, the results of

'uhich are.shown.in Figs 4.2. 2 Lo 4.2.4, had: relativei

£
v o A e

densities of 97.6 per cent, 92 9 per”ment and 94. 7 per‘centgﬁ !

. 4:;

A

£ T f

reSpectively The corresponding void ratios Mere 0.65, 0.65

and 0. 64 Thewconfining pressures for the_tesxg shoun in

Figs. 4 2. l to 4.2.4 were 5,25 50.and 80 psi respectively.
i .

; Figures~ﬁ 2. 5 to 4.2, 8 shou the stress- strain

_ o

curves for the dense sand samples The relatiVe deqsity
was 70:J'per cent,, 70 4 per cent 73.3-perlcent end,75.3
rper.cent;.respectivel;aE The corresponding void ratios were

H

0.?75.0.7?, 0.75 and U T4, The tests were run-at confining_ T
”pressireiégﬁ 5,25 —50 and 80 p51, reSpectively » e
| . Figuggs 4 2 9 to 4.2. 12 have been drawn for the

o ,,,«w'“" Ao 0 : g , ) -
- medium dense sagpd samples < Cy o IS
. _‘ BITRAE T : .

s - Figure 4. 2 %3 shows the variation ‘of deviator
stress with straln for various confining pressure and- \

exhibits the general nature of the stress strain curves\'or -

B : : , oo \;\.\ o
‘triaxial tests '_ ' I ™

‘\ .
Tablc 4 2. 1 summarizes the results of allttri-.

-'”/KT;;:;I tests_om the_sand. .: o ‘,—f - .

. . . . * ! . l
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14,3 - Direct Shear Box Tests -
:E

N 15%2 Direct shear box stsuwere conduz{EEgon 2 inch

by 2 1noh by approximately l 5 inch high samples ! The'rate}

~

o

of shear displacement was chapen as 0 016 inch per minute,

A

This rate of straln was compatible with: tHe rate for the:

‘triaxial tests. Y
- o :

L}

-

Cr

‘ -;\‘ Figures 4.3.1 to 4.3.4lrepresent plots of shear

L —

[

displacement in inches-.vérsus shear stress, ratio of shear

Kl - - '

to normal stress and volumerric straim per cent for the

+

“direct shear box tests carried out on very deénse sand

e ., 2 ;‘\.
samplgs. : s

4

rd

, These teéts‘were‘run at normalustresses of“8 40,

T
~

80 and 169“5'psi The corresponding ‘vold. ratios were 0. 64

>

0.67, 0.65 and 0 65 respecvively

-

. . "\J
N
'\‘ o »

< SN

Figures 4. 3 5 to 4. 3 8 represent similar graphs

o

for the directqshear box tests carried out on- densc sand

specimeqs.’ﬁ‘ S Y

These testr:were rarried out at normal stresses

%o

of 8, 40;’80 and'fO%.S;bsiq' The:corresponding void ratios

were 0.70, 0.74, 0.72 and 0.75.

o
o

- -

Figs. 4. 3.9 to a 3.12.

[

., ~Tests for medium dense sand samples are-given in

These.tests were also carried out at normal

' /stresses of 8, 40, 80 and 109:.5 psi

ratios were 0.78, ‘0.81, 0.79 and 0.79.

i

The corresponding void)
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ANALYSIS AND-DISCUSSION OF TEST RESULTS

-

S

N
4

Ep thisncnegperﬁbhe results of teggs as reported

o _in Chapter 4fere analyzed and diaﬁuuS£ﬁ4_.Ih£ analysis and

\

u.i discussion have been split into the\following main parts.
g%“ Generalrdiscussion i E '\\i\d
’ s ey Analysis of data
Y . - 3. Factors influencing test results

5.1 Genéral discussion . 5
f s .
=y

In this section the general behaviour of the sand |

l

'during drained triaxial” compression and direct shear is

u

- discussed. Thq goefficient of earth pressure at rest of

.-,.A

the sand is-also cnnsidered.
: : ' “

4, Comparison of test results with other work.

. , * L} “ . : .
'5.1.1 Consolidsted—Drained Triaxial Compression Tests

\ . Yo . - -,

solidated sampies at the required confining pressure. Aftex

ithe_%ample was allowed :o“consolidate at_ the required con-

L

X fining pressure, the. deviator stress was applied until the

sam}le failed. , All the tests were drainedytests.. Eirher the

’

maximum deCI;;Er stress or the maximum stress ratio could" be

considered aE"the*failure criterion oecause they yielded

ame results.

These tests dere;carried out on isotroPically con-



ot

kS

In Figs. 4.2.1 to 4.2. 4 typical results are shown

-

from iaxial tests for very dense sand samples. In Eig.

4. 2 1 the sand sample . had an initial- relative density of

92.4.per cent and a correspondin&-initial void rdtio of

~0.65. The samples,,the'resnlts of which are shown in Figs.

_4 2 2 to. 4 2. 4 had relative densities of 92 6 per cent,

'
i)

92.9 per.cent, and 94 7 per cent respectively. The-cor—imnf

‘responding“void ratios were 0.65; 0.65 and 0.64.‘ The con-

fining pressures vere 5 25,.50 and 80 p-s.i. respectively;~

a

Certain trends are immediately noticeable from the

'plots. With an increase in confining pres5ure the axial

¢ gtrain at failure increased, and the stress.ratios o /03

: deqreased The corresponding value of the friction angle

decreased The volumetric strain (in this case +ve when

dilating)'decressed ag the confining nressure wasrincreased;

The difference in the value of ¢ ia’ 2. Sxéegrees, a

result of the difference in Qhe value ,of confining pressure

alone and is associated sith a nonlinear failure envelopea\\
As the strain increased the stress also‘increaséd

and in general reached a clearly éefined peak for the dense

' sand samples. The stresses then: decreased with strain. The

l

.sample tested under a confining pressure of 5 p.5. i. did ‘not

exhibit 2 marked decrease of stress’ after the peak value was ~

)

reached.

a decrease in volume' this decreasewheing%smallxst for the

”At very small Strains even the densé samples showed

Q



[ 4

samples tested under a cbnfini g presshre of 5 ﬁ.e.i.
‘G}a@ually'as the eénfihing pPresjure ﬁas'incf?ased,-there-

réas a 1a:ger=volume_§ecrease,.aeyﬁould be ekpected." Con-

' gequently, the net volumetric strain at failure’ was smallest
, ‘ .
~ - for the highest ebnfining pressure and greatest for the-

smallest'copfining pressu:e. .
v . : - ‘ ‘
' Figures|[4.2.5 to 4.2.8 show the stxess straifi . "

curves for dense $and specimens. The relative density-ﬁas
(70.7 per ceet, 70.4 per cént; 73.3 per cent and 75.3 pe;
‘centlrespecﬁiee;y.' The corresponding_;oid ratiqs were 0.76;
0.4, 0.75 and<0.74. The tests were zum at 5, 25, 50 dnd
‘80 pﬁg;}. reSpectieelﬁ.iifhe steeesfserain curves of these
eample; ﬁere similar‘to the cﬁrbes of the very dense sand"
samples. Hoeeverrthe peak values were not as-~distinct, and

. the slope of the stress-strain-curves became plmost horizon-

tal after the maximum stress had been reached for . low con-

“ !
r

fininé pressures. THe afIQi straingat failure ;5¥e ie%ger
and the stress ratios were less compared to the cﬁfresponding
values for Fheevery.dense sand. The correspondieg valués of
¢ were also Leaé;* The difference in. the value of ¢ due tof »
the varidg;%ﬁfzi’the confining-pressure alone was 1.2 degrees
es compare& to 2.5 degrees for the very dense samples. fﬂe:
extent of the nonlineeri;y of the failure envelope was_
lower‘es eempared to the'yery dense semples‘of.sand."fhisl'

decrease in the value of $ can be attributed to b:smallerl

-------- _eamount oi_particle crushing at lowef densities




ey
\
—

T 1

J . .
* . . Lo ‘

:Pﬁﬁf The extent of volume change at failure had elso

. gafdecreaeed as is evident/from Table 5 l‘l for very dense sand. g ”;s

i

‘From Figs. 4. 2 9 to 4 2 12 for’ medium dense sands, - S
. . - . Lo l . :_ CL i
“ Y 4t .will be noticed that.the strain”tb failure”had lncreased R

further and was 19.2 per cent. forrBO p.s i. of confining

'fpressure The rate of volume change tiad also - decreased as
15" evident [from Table 5.1.1. i

£

IT:E decrease in the rate ofﬂthelvolumefcﬁenge

ndichtEs that the densities of the sample tested.were
L] \ . .'-' )

,approaching Phe density corresponding to the ¢ value,

Thig:is evident from Fig. 5 1. l(a) This figure was drawn ;

_, -

to'find ¢c as suggested by t\e and’ Seed (1967). Fig.ISFI;%(E) .-.%

"is drawn for very dense sand samples.

The value of ¢cv as fouud.froq tests 12;‘13, 14

and 15 was 36.5 degrees for a cdé%ining pressune of*68.3

p.s.1i. and a voild ratio equal to 0.75. For a'éoniijing -
pressure of 31 p: 1 the ¢ ) value was found to be\equal to
AN

—

35. 4 degrees, and the corre3ponding Vbid., ratio was equ 1 to

0.82, as. determined from tests 173 18 20 and 21. . This

resulted in an.average ¢cv equal'to“36 degrees. It should\

be noted that the deffnition of ¢ as used,bv,Lee and Seed N

-.differs from the definition tonsidered by Casegrande and - Rowe.

{

Figures 5 1.2 to 5 l 4 show, the Mohz - Coulomb Q}Ots "

'for thq‘different densitieS<invest1gated. It 'is evident from

S .

these figures that for- ‘the .range. of relative densities in-

: &
Vestigated -the Mohr~Coulomb eﬁvelope was not a straight line
, L .

but wecame gradually flatte*’as the normal str% s 5€es increased.

i
1

3
w B . N ' ) A
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I

. . For the vsry dense samples, the, envelope was

L v

, almost linear up to about 40 p.s.i. }pf the applied normal ’

”/ stress. For the dense sand linear behaviour was observedtm

to about 50 p.s.i. and for the medium dense sand it was

-

about 60 p.s.i. of normal stress before a deviation from
linearity occurred. These values suggest that the Mohr-

Coulomb envelope will bed;/strabght’line-for 1owerﬂrelative‘

"densities up to & certai rangéﬁof notrmal stress.
. t\.

. ' : . 2
q) Figure 5.1.5.1s a plor of normal stress versgs ¢

for various relative densities. ‘The three curves for rela-

tive densities of 90, ‘75 iig 60 per.cent were'interpolsted.
The relative densities were thosehat the end of consolidation.
. ) ' pe . ‘

It should be ndted that beyond 60 p.s. i. of normal stress

the plots became more curved downwards, suggesting crushing
. . t
of sand grains. This was confirmed by grain size analyses

..-..“

after tests at 80 p.sfi. of confining~pressure as given in.
th2 grain size distrioutioncurue in Fig. 3.1.
Figure'S.l.G givesza‘pﬂpifcf Phr.porosity nersus o
for eacn of the range of confining pressures investigated |

Figure 5+1.7 depicts a plot of porosity versus
a : .

volumetric strain‘(positive indicates an increase .in volume,

wheredg‘negative indicates a decrease in volume).

. It should be“noted that the range of volumetric

Astrain waﬁ s&allest for 5 p.s.1. confining pressure, and

'\_

‘largest for 80 p.s.i. confining pressure considering tne

-

entire range of porosities.
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~ Legend O {
) v 5 psi, confining ., pressure
" ’ B 25.i // . - '//‘
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© FIG. 5.1.6 CHANGE OF ANGLE OF INTERNAL FRICTION WITH POROSITY FOR
" DRAINED TRIAXIAL COMPRESSION TESTS AT VARIOUS CON-
FINING PRESSURES. '
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E FIG. 5 1 7 POROSITY VERSUS VOLUMETRIC STRAIN AT FAILURE IN DRAINED
- TRIAXIAL COMPRESSION TESTS FOR SAND AT VARIOUS
CONFINING PRESSURES.
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5.1.2 Direct Shear Box Test

Direct shear box tests were conducted omn 2 inch

. a

" by 2 inch by approximately l.S»fhch‘high samples. The rate
of shear displacemefit- was chosen to be 0.016 ‘inches per

»

minute.

-bFigures ?.3.1-to 4:3.4 tepresent plots .of shear
displacement (inches).versus shear stress, ratio of shear to
norﬁal stress.and volumetric st;ain‘per centlfor the direct
.shear box tests carrded-out on very dense <sand samples.

N These tests were carried out at normal stresses

3

. / '
.of 8, 40, 80 and 109 5 p.s.1i. The corresponding void ratios,

l

were 0.64, 0.67, 0.65 and 0.65 reSpectively

It is noted from the plats that for a given density

~— .
the value of ) was highest at 8 p.s.1. normal ‘stress and
lowest for 109.5 p.S- i " . normal stress. For a normal

stress of 8 p.s,i. the stress ratio; i.e., f/cn was highest
at 0.035 inches of shear displacement. For a normal stress
ofJ109.5‘p.s.i.;”howequ, the stress Tcti. was highest for ‘

a shear displacement of 0.1 inches.. v

.
For normal streases of éo%dnd 80‘p:S.i. the maxi-
mum stress ratios were attained at 0.058 and 0.072 inchesg
';of shear displacement reSpectively. That is to say that the
fdisPIacement at failure increased steadily with amn increaéﬂ
in ‘applied normal striess. The stress ratioland shear aﬁréﬁs
versus diap;acement graphs had well defined‘peaks The\"
sttese-ratio gradaally dropped after they ‘had passed the peak

.f;aching constant values under 1arge displacements: ' s

¢
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‘For applied normal stressesof 8, 40 and 80 p:s.i.
some decrease in volume was noted:in the initial.stage of
"the test. This decrease in volume was eompletely absent fer
,the sample tested at an applied normal stress of 109.5 p.s.i.
- The overalllvolnme phange'was }ighest_for,the
sampie tested‘at'a'normallstress ef 8 p.s.i. and "smallest fordr )
thefsandrspecinen'subjeeted'to a nerma1~stress'of 109.5 p.s.1i.
. Fignres &.BfS to 4.3.8 represent similar grapns
i . .
tor'the direct shear box tests carried.out on.dense sand

specimens. .

]

These tests were carried out at normal‘stresses;,

. of 8,.&0, 80 and 109.5 p.s.i. The corresponding void ratioq
were 0.70, 0.74,10u72isnd-0.75 respecti;ely.

. The T/G versus shear.diSplacement curves had well- -

....-u
-

def ined ,peaks but the overall stress-strain curves had be- : e

come flatter.c The volumetric strainpdeéreased as the yormal

o

The displacement at

stresses were increased and became tuaily negative for a -
applied normal stress of iog. 5 p-. 551

‘the peak also increased gradnally as the normal stresses were ’
increased. This meant that as the density decreased the
displacement at ‘failure increased correSpondingly
| ‘The test results for the medium dense sand samples.
are given in Figs 6.3.9 to 4.3.12. u !
Th se tests were also carried out’ at’ normal

stresses ef 8, 40, 80 and 109.5 p.s.i. _Ihe corresponding void f

ratios were 0.78, 0.81, 0.79 and "0.79 respectively. - . . N

'y . . ,
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The same comments as given for Figs; 4:3;5:to‘4.3:§'
rapply in these cases, exeept that the valnes_of ;tr§25 ratios

"and shear strésses*had”correSpondingly rednced. "The dis-
B ! —

. placement to failure had increased acoordingly Positive

' f.

volumetric strains had become smaﬁler and negative volumetric
A

strains had: become larger, again suggesting, lower ¢ values.

a3

Figure 5.1.8f§hows the‘graphs of\normal stress

uveréus.snear stress at failure fsﬁ various ranges of densities -
.. for direet shear box test."The curves for re}at ve densities
- of 65, 75 and 92 per.cent were interpniated irom=th, :
different test results. | Q\\

. " ‘ . N - ) , “.\ T L - .
The relationship of normal stresgs to angle\o>\\

N\
Figure 5. 1. 10 shows the plot for//he porosity versus ¢ Eor

- . - - Y . \ . .
internalifriction for various demsities is given in Fig. 5.1.9. ‘
H
'different normal stresses.. From the two figures it can be
seen that the value of ¢ increases as the normal stress de-
creases. The normal stresses shown in Fig. 5.1. 10 are the
initial applied normal stresses rather than the corrected

-
v

normal stress at failure. ‘This was done for the sake of - o
R - o .

‘‘comparison. . However, the ‘orreeted normal'stresses at
. -, § . ‘ . 7 )
fallure arewgiven in Fig. %.1.9 based on a corrected speci-

men ares obtained by dedpcting the displacement times the
m\tne area of the sample at -the _

start of the test. Iz/is seen Yrom Fig. 15.1.'9'that the _/

width of the“ssmples fr

h

normal stress at fail/re was- not marke&ly different from ther

'initial normal stress for the-smaller normal stresses.' The—
4. . .
i difference increased gradually as the normal stress was

-
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 increased. lThis‘iq bécause'shear-displacemgnt at failure was

smallest for the lowest normal stresses and largest for the.

- b

highest normal stresses. APt an applied normag stress of 8 -

'p.s,i.,'the stress at faflure was 8.2 p.s.i. For applied

'normal stresses of 40, 80, and 109.5 p.s.i., thé normal

.'atresges at failure was around 42, 84 and 120 ﬁ.s.i. rTes-

pecciyely, These :gsulfé suggest that the displécement to

failure-increasea-with_inqrease"ih applied normal stress
: _ .

- Fig. 5.1.11 relates the voypmetric strain to relative density

at various applied ndrmal stresses.
5.1.3 Ko-tests '

A

Four Ko-tests were performed at relative densities

of 90, 73, 62 and 58 per cent. . The values of Ko obtained

wvere 0,3%540.40, 0.41 and 0.44 respectively &s ghown in

i
"‘7

‘Eigs..é.k.l to 4.4.4,

‘These results are summarized in Fig. 5.1.12 where

the Ko-values are plotted against relative density. The

value of the Poisson's ratio hés been calculated using the

!
¢
v

formula suggested by Timoshenko (1934).

Ko

u o= 1 + Ko_

‘Thé calculated values qflﬁoiééon's ratio Havé
.a'lso‘br‘é‘en plotted in Fig. 5.1.12.." % _ N

From f;g;\5.i.12'1t will be noted that the value
ovao and | vary linearly bétwegq-relﬁtive deﬁgities of 65

) aﬁd‘90_ﬁer~pent. This variation in values of Ko~ 1s. very

small in

i

the above rangé.' The‘value of Ko increases as the

Ay

(5.1)

\
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‘made 1ﬁ'Figf-5.1.13.

_5.2 Analysis of Test Data‘Q\

‘derivation of the expfessions-involved. : kﬁ

e 121 - N

4 - \ : : \ '-ﬁ .F y
. 7 . : . . )

densities are decrféaed Hdgever, in the dens\\énd very

i

dense range’ the value of Ko may\be considered constant.

| 3
~

There baa & fairly good agreeme t between the/Ko-l

AN

: \
values obtained in‘the laboratorx$“ith the heory propdsed
.. \

by Jaky and illustra ed by Bauer (1969) fér'p;edic:1ng,the;

coefficient”of;earth ressure at rest. This-compa?ison-is
- . . | i ' R,

h&™value of as taken ‘for 5 p.s.i.
.| Valuﬁ of $at

q cent\were eqnaI'
i : equal

to 40 7 37.3,35.5 and . 34 9fdegrees respi‘tively.
| s - /

confining pressure in the triaxial test—

relative densities of 9%, 73 62 and ‘58

/ s

!
i

I ' ! -0 ! / . . '. !' ’ f’
., . ; H { =

In this section’the triaxial tesf data are analyzed

with the help of the theory of elasticity. Vglues of “shear

,.r

'diSplacements are calculated from the. theory of\hlasticity as

well as conventional methods for determinimg*the smear dis-

placementsu- No_attempts,have been made to| show thea. PN

ity
s

-

For the direct shear box test, ‘siear displacement and-h

'shear stress have blen obtained directly from the test déga.

. . . B ' “‘Tl
- 5.2,1 Triaxial Tests o S RN

In the triaxial tests all the samples failed by in~. |
creasing in diameter, more or 1ess un%formﬂy from top. to bottom.

In ‘the conventional method: of analysis, it ]is assumed that

H

throughout the test of the sample, the shear displacement

|
ﬁle of (45+¢/2)

.' The‘e\ear

displacement along this plane is obtained by dividing the

takes place along a plane inclined at ‘an an

with the -plane. of the major principal stres

vertical deformation by Sin (45+¢/2). The value of shear

—_
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G0, . o
1 3 '
2 ) Cos ¢, where

“ .

stress is obtained by the expteasion (—

Uﬁ;bB is the deviator stress. S f
: , : v

If an approach based 'n the. theory of elasticity'

is fpllowed, it can be said that )

L€y + g, + ei‘- Av/v ' (5.2)

b K : .

\ "gince 82 = 83 in & triaxial-test ther \)n

\. . - - : . . ) . ; N T e T
\‘ 1 ' . el + 283'-‘Avlv ) - (5.3)

P , Where the cqmpression is négative while expansion

. f . is posltive- The igﬁrease in volume is cohsidereﬂﬁto be
I[’ positive. " ﬁ o | o ", | , : e i
; ' I@e,sheenéstrain hased.en éEQnit lehgth—is gieeh |
| by the:expression ‘i-; 5f* -ut' -ﬁ‘h“// |
R -'[.(.éll £€;) stn -‘(90"'-.',,4.&:)] (58
. Hexe £, and ts heth b}ll,?é/Pééitive}fOraa
maximum value. g "' | ;f ‘ l-.'h/fj,; O
The change’ in the length of the diagonal at ah;
.ingtagt is- given by ﬁﬁé expression . I o _ )

CHANGE IN DIAGONAL f-7§ Co7Kﬂ/2+ny) = - 7% Sin yxy (5.;)

o SRS a '
1~ to'get the value of the angle in degrees. -In order to

where'Yxf‘le'ih TEdiEns.rgThithes to-be hultiplied by;ﬁ?.s

3
determine the total deformation the change in length given
- ; .
by Equation 5.4 has to be,multiplied by the length of the‘

¢

failure plane.-

- }7; s ﬁ—H;;;“zggtﬁhches gan be adopted for determining the

length of the failure plane Fot the sake of easy comparison
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w2
~

Q
the original length of the sample is taken. The length of
gthe failure plane shall be equal to the diameter divided by
 Sin (45 $/2) or :the height divided by §in (45*@{{) “The - -

smaller of" the two values has been taken._ Results obtained
: AN

for shear displatement are the dame using Mohr-s circledof
strain. '
i

Tahle; 5.2.1dto 5.2.3 show thessheer.deformation’f
following the conventional apnroach es uell'as the‘annrodehfu“
based on the theory of elastici&y. It can be seen that for
.test 10 the difference between the two shesr deformations

A

at fsilure is'+0.92;

nches. This. difference for tests 8 and 2

14 is +0.05 inches and\ +0. 07 inches respectively. Ihe:pgsif

tive sign indicates tha the conventional’shear deformation

is greater than the .shear deformation based on the elastic
"approach. o

The conventional a ‘roach is adopted because this

is straightforward and’simple ry use._ Ff@ures i\\ 1t 5 2 3.

1

" show . the shear deformation ver us shear stress plots for
.triaxial tests, for very dense, d nse and medium denSe sand T~

Y r
7#« In Fig. 5, 2 1 for very dense sand\sample, test 10 \' -

- A .
‘ o
: ’

has ‘been carried out at 5 p.s.i. confining pressure, whereﬂ

3

'55 test 8 6 and 7 have been carried out at 25 50 and 80

l. y .\\

p- s’i.'di confining pressure rgspectively. It may be noted
that the shear displacement to failure and the shear stress T

to - fedlure increases as the confining pressures are increased.

The shesr stress decreases considerably after reaching the‘

PR ) .
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peak as the shear deformation continués to increase. The . -t

trends’in g.'5.2.2‘for‘ﬁense‘sands“are"similar. Only the

L < [

- extent of shear deformation corresponding to the shesdr stress at

o

failure has increased and the extent of the drop in the value

of.the'shear stress afterwreaching the peak}value ha& decreased[
. . T

Fig. 5. 2. 3 for medium dense sand indidates increaged shear

'

=disp1acement for the . shear stressg to reach a maximum value.

‘the”confining pressures are insremsed

volume of the sample is, monitored and: the confining pmessure

There is hardly eny digcernable drop in the value of the

shear tress past the peak malue.e Here also ‘the shear stress

. '_.|'g 1
to failure and'shear displacements to'failure,increase as

a ' . i

"

These phenomena can be explained from the concept

of shear strength at constant volume.r 1f a triaxial test. is

i
n - - 7]

run in such a way that the volume remains constant andxth IR

S
a
J

Y 2 B

is adjusted %ﬂ“ﬁ'Id fhls volume constant then for a dense'

eand the confining pressure will have to be increased con-'
BT

siderably Thisvmenns~tuat-dense sand which has been held

under a constant volume can sustain a much greater axial

stress than a specimen which has been held’under a constant

'confinimg pressure and is allowed tb expand during shear.

?progresses, and consequently the compressive strength is

In_ the case of a: Very loose’ specimen under constant volume,

thewconfining pressure may have to be decreased as the test

decreased. S T o . - L,

CC
E
o
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' Hence in a triaxial teat, 1f a dense sand has to
faii ia’ shear, the high degree of interlocking must somehow

be overcome - This Gan be accomplished either (a) by shearing

"'3 ¢

and fracturingﬂof the particles or (b) by increasing the

‘.volune. 'If‘the‘soil is freertoAdilate, the path of ledst

resistance is to expand and overcomerinterlocking before:

failure takes place, ° - S /

P

'In.a conventional triaxiel test during continuous
.stralning both the deviator stresa and ‘the 'void ratio achieve

values that are independent of the initial void ratio. At

'this condition the sand atrains without further volume chanée

~ and with_constant.deviator stress. - .

L ' Taking now a look»at Fig. 5.2.3 for test 20, 21, 17

~ I
[

and 18 for ‘medium dense sand’ an& corresponding stress- studies

.

plots pf Figs. 4.2.9 to 4.2.12 it is observed that the rate
of volume change formtheee teste was Gery-agall as the shear

dieplacements were increased. This phenjmena suggests that

the value of ¢ in the above casey- uad*reached close to ¢cv

as defined by,Casagrande. "Hence the Fig. 5.2.3 for medium

Jdenee sand indicates an almost conetant value of shear Stress

pest the. pgak-valne. In the above'tests the,value off¢

14 f

ranged from 35 5.to 34.5 degrees” These values were close- to -

":«

. the ¢c value of 36 degjees as defined by Lee and Seed

For dense sand the ratio of volume change is
highest for 5 p.s.i. coiifining pressure, beqause of a small

mean_normalnstrees./ Hence fbr a small shear displacement the

N i . .

i N : ' e )
‘ . : -, = K% .
. . ‘ . S N
- T
!

<+ : 1 o <
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" entire shear stress iojmobilfzed. As the confining‘pressure‘

18 increased the mean normal stress increases, the rate of
. , . . . . L

volume change~decreeSes, and 1t takes,large amounts of shear

displacement before the samplé fails. ~This is-evident from‘
o g g .o
Fig: 5.%.l%for very densewgand giving the relationship be-
twagn ghear'stress and shearfdispiacement.
At large confining pressures the interlocking

decreases as a result of - crushing of the partitles.,ii

Decrease- in interlocking again means greater shear dis-

.

placement before the failure occurs, where interlocking is.

negligible shear displacement almost amounts to sliding.gn

“a, I=

..a plene surface.‘ Large displacements precede failure

in sych cases. The re{erse is true for cases where inter-
3

locking is highest

'5.2.1.1 Secant Modulus

In the Eeries of triaxial tests, the'gecant'

~modulus at half the deviator stress at failure was deter-

-~ mined for each Btress—strain curve.

S

Table 5.2.4 indicates thervariation'of Eé with '

T

'-ﬂrelative densit%fand confining pressure. In the first set

of values for very dense sands it will be seen that E at

one half of the peak strength is 0.45 for a confining pressure
of 5 p.s.i. The valuesiof Esbeing eqnal to 2180 pfs.i. Ad
the confining pressure is increased, the—strain;at'one'half

¥

of the peak also increases. -The.vquE'of'Es, the modulus

20
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1 ‘ .
. : 1 Deviator Stress L .
Relative Strain (01—03) p.s.i. = Secant Modulus
Test - Density 0, - £ at 1/2 - .
Dr.z . : peak 1/2 peak E p.s.i.:
p.s.i. y 4 : 8
10 92.4 5. 0.45 9.8 ﬁmo 2180 'pai -
e - " . 45 x s 4
8 92.6 25 0.80 7.6 - 28 4 100:= 5950
6 92.9 50 1.3 90.2 ~%—§— x 100 = 6950
7 . 9.7 - 80 .13 . ' '135.8 .. 12538 x 100 = 10450
15 70.7 .5 0.4 7.65 2222« 100 = 1910
1% 70.4 25 0.8 38.35 .33'35 x 100 = 4800 °
- . ' - N 4 ! 7& 5 N .
12 73.3 50 <. 1.3 . 74.5 x 100 = 5720
13 75.3 80 1.7 LT 115.0 11570 x 100 = 6760 °
20 - l66 3 *5 0.75 6. g &2 100 192017
. - . - i . 0 7.5 ) - -
21 . 57.0 25 140 3395 0 322224 100 = 2420
ag— ' . ' 7 *
17 - 61.9 50 1.8 67.55 21133 5100 = 3750
18. 645 - 80 2.3 . '104.9 1049 x 100 = 4560
TABLE 5:2'.4 i ,

CALCULATION. OF SECANT. MODULUS Es’ AT ONE-HALF THE PEAK STRElSS '

ra
s
/
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also increases. Hoyeyer,.for test 7 where the relative

‘density is' a bit high € at half the peak has not increased

too much but the secant modulus has increased considerably.

The value of E3 at 80 p.s.i. of confining pressure is almost

give times the value at 5 p.s.i. confining pressure for the

same density. o \
\ .

Considering the second set of values of,Es, it can

-

' \ . ’ . B
be noted that E at half the peak has generally increased and

the corresponding value of the deviator stress hes also

R ¢

decreased : The third set “of results for the medium dense

—

sand sanfles also shows the same trend e
" This suggests that the value of the secant modulus
is highest for the largestfrelative density and maximum con-

fining pressure within the‘range”investigated.

The value of E_ decreases as the relative density
N . ] ~ .

decreases. Figuneﬂiizfg‘shows the variation of Secant Modulus . _

with relative density and confining pressure.

-

5.2.1.2 Strain Contours

_ The stress points of the stress paths were drawn
for:the different triaxial tests,.at‘various relative‘densif
ties.” Figures 5.2.5 to 5.2.7 represent'the stress paths for
the very dense, dense-and‘medium dense sands;"respectively.
Strains were’ indicated ‘on the plots for different tests at
”approximately the same relative density. Lines were then

drawn to join the points on the stress paths having the same

train. : :
strain n | _ o
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5 As can b¢' seen, the last ligefjciﬂinévthe;points
. i . .- ’ P \- -

R
- /‘
, 8

,

. .. . . e L . hS )
at failure (peak stress)ffor each stress'path will repregent

-

/-

‘the strains at failure which can be called the failure/line

From the graphs it 1s evident that for the Fsme
‘.relative density the. straih at failure is smallest ortthe

'smallest mean stress and- highest for the highest mgan streSSTf;
“ AN
e
Thetstrain contours tend to converge at: the
.. " '~\ ) Rt . ’ :
brigiﬁ- - AT N R K ; - ' b

As the relative7densit}\decreases-:he strain to

failure increases as evfdenced‘frem Figs. 5. 2.6 to'5 2.7.

\\\ ‘—_“ﬁ_ .

The maximum peak. strain for a relative density of 92 per \\\\\

AN

cent is 9 6 per cent, at 80 p.s.1. of Canining pressure
The corresponding strains at failure%for n@lstive densities

of 72 and 62 per cent are 14.7 and 19.2 respectively

The stress path can also be used to predict strains

if the relstive densipy of the-sand and the stress range are

iknown.. . , o
\ .

5.2}1;3_ Relarionship berweenlShear Stress and Shear

@

Displacement for Triaxial Tests

It was desired to determine and predict the shear
stress with shear displacement %Br a rangp of relative
densities and 01 mal stresses - In Fig 5.2.8 che shear
gstresses versus’ the shear strains have been: plocted for

idifferent normal stresses and relative densit es for the

triaxial compression_test datar :
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" As can be expected for a given relative‘density.

- the shear stress is lowest for the lowest normal stress and
uincgeaeea as the normal stress is increased. The shear dis-

" -

placement however, also Increases as ‘the normal stresses are
increased. The difference in the shear stresd is not aery .

marked at low normal stresses’ as the relative density is
" varied.

The difference in the_shear stress for the same

range of relative density however:increases asdthe normal

. !

stress is'increased; These findings are a corollary to the /

?

observationa iIlustrated in the stress path plots in the

foregoing section. Figure 5. 2 8 can therefore be used *to
redict the shear stress. devdloped in the soil for a given

shear displacement, relative density and normal stresa.
)

Tal .

/
J

. Direct Shear Box Tests o ’ /o

";

5;2.21-Shear Stress.versus Shear Displacement for

In order to relate the shear displacement with

the shear stress in direct shear, Figs. 5. 2.9 to 5 2 11 were'
3

drawn for very dense, dense and medium dense sand samples

o

respectively.'flt should be noted from Fig. 5. 2 9 that the

Wy

"ahear'diSplacement and shear stress to failuregincrease as

R S ST

the normal stresses'acting'on theusamplesfarefincreased.
. _ ]

There is a sharp drop in the value of shear ‘stress past the

- peaks: From Fig 5. 2 10 for demnse sand samples it will be

seen that the shear displacement to failure increases
. i o _ . /

4 o v
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for triaxial compression

o : Z o146 -

in proportion tohthe value of the applied normal stress for
.- . L i c o - . -
very(ﬁense sand samplee. the'dr0p in the valﬁé of shear

stress past th? peak varies 1nversely with the level of the-

]
LS

appliedfnormﬁl stress. For medium denSe .sand samples re-

B

presented in Fig. 5.2.11 the displecements to. failyre have

_increesed further'compared to corresponding normal stresses

for dense and very dense send samples.' However, for low

normal stress of about 8 posai. there does not appear to be

N

. any appreciable'changesin-the value of shear displacement’

to failure with. increasing normal stress. For medium dense'

~

~ sand samples the shear stress continues to ‘increase past the'

direct shear box tests. o I -

<

In.order to predict the shear stress with shear

’

‘displacement under Variousfconditions tc normal stress and

relative density, Fig. 5.2.12 was drawn for the sand ‘under-

going dirEct,shear. This_figure is very similar to Fig. 5.2.
8 . ' -\ - '
A comparison with Fig.‘5 2.8 revealshthat for é&f
v ) X

comparable shear stress thé shear displacements ‘are much
'smaller,in dirgct shear. T is difference is due to different

stnein_conditions existing in the two types of ‘tests.

5.3 TFactors Influencing the Test Results o .

The discus ion of the factors influencing the
o

'test'resul;s will e divided into the following subseotions

u' I . . "
A

1. Trdiaxial co&SOIidated-drained compression

in, .
Fas] . r

test results,-and‘
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- ,'// 5.3.1 Triaxial Consolidated Drained Compression Tests
/ .

i - 148 -

) .2, Direct shear box test results.

R o

Effect of densi{z

AN T . _ . -
In Figs. 4.2. 3 4.2.7 and 4.2.11, the results from
IED .
typical triaxial compression tests at a censtant cell pres-
sure of SG P- s.i vEre shown as deviator ‘stress, stress ratio

-

and nolumetric strain versus axial strain plots. These three

figures represent. the -results of tests on very'dense, dense

"and medium dense\gand‘sagples with void‘ratios of 0.65, 0.75~

~

\ —
"and 0. 81 respectively. As can be seen from the curves the '
densest sample shows the largest maximum stress ratio which

-f/ -

occurs at the’ smallest axial strain and the greatest dilation f

.and therefore exhibiting a'net\volume increase' while -the

\ '
‘loosest sample showed the’ lowest stress rafio occurring at

-

the largest axial strain and showing a net volume decredte.

Thus the densest sample gives the highes ¢ value and loosest
L 4

sample gl es the lowest angle of intermnal fgiction ¢ under a,
f-

ell pressure.- :_- o : \\\

o

ffect of confining pressure . : N

- The results from typical triaxial compression test
-at varying confining pressures were given in Figs. 4.2. l\to N
4.2.4 for deviator stress, stress ratio and volumetric strain

veréms axial strain graphs The tests were carried out at\a \\

~

E constant relative density of about 92 per cent and varying \\\\

confining pressures of 5,J25! 50 and’ 80 P s.i, with. VQid

)
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. r ' . ‘ oo ‘ AP ‘
| # ratios of 0.65, 0.65, 0.65 and 0.64 respectively. It should
g be noted that the stress—ratios were greatest for 5 p.s.1

- v

/ o confining-pressure,and smallest for 80 p. s.1. confiding preg-

sure. The axial strain at failure were 1owest for 5 p.g.1i.

o — and highest for 80 ipiB. i., even thoughthe void ratio of 0. 64”

i "for 80 p.s.1. confining pressure was lower than the other
vold ratio in tae series..i '///’ :
/ N X : S . 3

' rhz‘ ‘Effect of grain size =

. d
S

co -
a .

a'e fel

Lo ' The average grain size D50 in this test series was

about 0 6 mm. For quartz_che value_of ¢H would be Zﬁ'degrees

'The valee of ¢__ as %ouny from
the triaxial tests was. about 36’ degrees as is evident from

. Fig. 5.1.1(a).

according to wae (1962) -

i

"; -
. : o _ : \
‘};5 ' § Using“BishOp'a enmpirical formula: E'
S Y15 tan 6 N
5 "" Lo '. . _-A'. Sin¢cv n 10 + 3 tan ¢ : " /\ %‘ . (2.30)
R .\ e o 15 tan ¢ 7 ) :
N . . ] '\.\“\.&_‘ ~ Si'n 36 G‘“ 10 + 3 tan ¢ =, 0 587 :a . ‘.‘-\;
N X . \\ " . - ] L . . :
NIy ¢u 23‘9

e

Hencgpwe ‘can say that the" value of ¢ for the gsand ~

used in the test series was 24 degrees, in agreement with Rowe.

 \§ ) It has been sa\\h by Leslie (1963) that the walue
‘\ of ¢ increases*with decrease in average particle size ﬁor
\:?\ . the same. value of ezlformity/cqefficient .‘Fdr amall varia—
wm;\m-“untions in particle siie,che;e differences were not! marked.

‘\__:_// .
: Sinqe the present test - series was conducted~on

;ﬁelsame sand° phis effect could not be ascertained

. ..'?’.I‘ : ST T o i T r
N PN -
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Effect of angularity and grading
. Table 5. 3 g (after Sowers and’ Sowers, 1970) gives
| P el — / .
the values of ¢ for sands in ‘loose and dense states, based

on particle shape and grading:\

PP

—_— ﬂ;¢ From this table it can’be seem~that well graded

—~r

;\\ and’ angular particles wduld interlock nore thoroughly amongst

N !
themselves and Would give a rise to higher friction angleg.

In the present ‘casé the sand was angular and

N

‘uniform and’ the table for the value of ¢ fits very closely

to the values of ¢“0btained from the,triaxinlxtests.' Usin&~/

-
o

e L SEWETS ‘table, the value of ¢ should lie b twéen '35 and\if

degrees. : ‘ . ' A

Mineralvcéﬁ;osition \RL\.' . ' o '

lh sand used in-the :Est se ies and_in the san@

- box is Basi ally crushed quartz with a ¢ of 24 degrees and

N
_ ¢év equal to.36 degrees.’ aThere was good 1nterlocking be-

_tween the sand particies which gave high ¢ values o I

The chemical analysis of the sand was earried out
. \ :

by the Department of Geology ‘at the Univerfity of OttaWa.

- \
: - ; . AN
and is’ given below S L h

- ‘ = -

At

; "99 5 per cent of the samplezkg sand consisted of

angular particlesl £ quartz. Host of them were single--

'crystals, others were aggregates of two or mor e crystals

Most were pure quartz. Some contained tiny inclusions of

"-n

blaé@'magnetite.




.= 151 -~

et

Shape and- Grading.

Rounded; Uniform
- jﬁ'%lg_:’um:ltad; Well grétrd"ed )

Angular; Uniform

N
‘Angular; Well graded

Loose -~/ Dense ¢ ' ‘

30 37 . -

34 ' 40

35 43 U

39 45

TABLE “5.3.1

.EFFECT OF SHAPE AND GRADING ON,

" THE VALUE OF ‘¢ YAFTER SOWERS

AND SOWERS, 1970)
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}
)

0.5 per centnof:the parti%ies cons?sted or/i" "
various rock'and minerals inclndingi N % ,//
\\,". 1w a) Muscovite mica. f o o ¥
\f . " b) Black magnetite'rogéther vithismall anounési
\} QUartE/O%‘other ninerals. 1 T K
- c)"Powdery white rounﬂed\particles consisting
of S/?ery ‘ine aggreg;te‘or serpentine (not confirmed);:fd_: ]
d) reenish’ronnded particles of rock, crystals ‘
‘ of piagioclase.%;1d T, nornbfende or some.other iron |
. — ' T
33‘ *magnesium minerals and magnetite. ‘_ - §
:e_X 1,2;'%i _e) Yellowish brown to red %rbwn particles whicn ﬂﬁhu
TR j g § , .

ane aggregate of rutile (npt confirmed)

|
\ F“‘ﬁ*—wu...

\\\\ ' Foreign particles'including bood ahd-a'
I\disc shaped particle of plastic or other synthetic
. \ - E . ‘ '
‘ material B S ' / ) .
%>¥r€; the engineering point of view db/cﬁnfgeﬂconcluded
7 -
///é;at the sand consisted of tnnﬁﬁéd“ angular uniform y
/
/ ) : o ‘ AN
graded quartz particles ‘ " T ‘ }\
- - ¢ . ;
] ﬂ,,$~ﬁlinterlocking o ) ‘?‘J 2 o A
/ﬁp ’It‘has'bﬂen sﬁonn‘oy Roée'(1962)‘that
61/0} = tan @ tan (45% 4 7 ¢£) ¢ (WD),
: . d AP ) . ol .
where tan o = 1 (1 LA . i : o (2.25)
. : - 0_3 ‘ dEl 18 L o : o -

[ .

" Here dv is. positive for an increase intéolometric‘strain;'

that is the soil’ is dilating, and u i he packing parameter:,.»

~ .'. . '.; - \
. L ) :
: . Lo -
. \\ M—;—M\ . '
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From the ‘test result presented ithcan be geen that

" 4

an 1ncreaee in confining pressure decreased ‘the interlockimé‘
.effect'due to grain‘crushing.at contact pointe. This re—i
sulted in a IOWer friction’angle. o :

. . A eample calculation for a for the cests represented
in Figs-. 4 2.1 to 4.2, 4 is g&ven below./ The value of @ varies
continuously throughout the test. Here the value of a at

failure were calculered from Eﬁe data'preeented in Fig. 4.2.1

k3
.

for a confining pressure of 3 p.s. £ o ' .:.:' :
_ 3 ‘D.D42 1!2 c e
tan F4-92 Q* 5 055)] - e
‘ oL P R
- [4.92 (1 76)]1/2 | R T
'..// = 2.94\ S, a | g%;”'

"f,Therefore @ = 71.2 degrees.
Similarly for a confining preasure of 25 p.s. 1.
(Fig. 4.2, 2),_the value of o was found to be 69 5 degrees.' %
In Figs. 4 2.3 and 4.2. 4 tésta carried out” at confining
pressure of 50 an BO'p.s:i. the_values of & wereﬁca;culated.
. to pe equal to 67.2 and 66.1 degrees respediiuelp. |
. Therefore.toe difference between thelvalues of a

for confining pressure of 5 p.s.i. and confining pressure of

‘_80 p-s. i is 5 degrees. Fig. 5.2.13 shows the variation of
' the ‘Packing Parameter, q wieh rel&tigg;dﬁgeity‘and confining

 pressure.

-/ Effect of Structure L P’)”;’##ﬂ,;ﬁﬂﬂ;ﬂa T ;

From Table 4 2. I’it can be noticed ‘that. tests 4

f
'and 5 were- performed on hand-made samples wi’h Ielative

. H 4 A3 I'

S



64
‘ 62 ‘_..;

60 L N . IS B

Packing Parameter o, (de gr_e_e_.sj

FiG: 5 2.13 VARIATION OF PACKING PARAHETER o WITH RELATIV'E
' DENSITY AND CONFINING PRESSURE = -

};ﬁ;f#jﬁl;;fseff”?O_ 80 90 . 100
. " Relative Density -% : R



- cent and a confiningfpreSSUre,of»SO p.-s.1i..
.found‘was

. the two samples was -in theumanner of their

1.20, 0.94,.0. 88 and- 0. 803, which clearly ‘indicates the

densities q;fgzeﬁ~an§’93ﬂ fpejtcehtffeapectively. ‘With a
confining pressure of 50 P'%Ji- botﬁ the‘teeta'gave a value?'
. . - o 3 1 " a -
: : .

of ¢ equal to 39.4 degrees.
. R U

<

Test 2 was performed on a sample made with the o

sand raining device having a relative density of 93 pei“f”

The value of ¢.

»‘o 40.5 degrees. The only differen¢e between

prenara“ion. This

resulted in a difference of_l.l_degrees in ? of ¢ 1§c;u

the aforesaid density and pressure range. These tests thus

indicated the influence of structure on the strengt§)of sdnd.

The different~structure was due to the different type of

compaction or deposition of .the ‘sand.

5.3.2 Direct Shear Bok Tests”

Effect of normal stress —. o ’ \,
. , — -

Thgreffect_of normal stress -on the value of ¢ are

. comparable tb the effect’ of cqnfining pressure in the case

~

of triaxial tests. W

' Figures 4.3:1 to 4.3.4 §epresenﬁf typlcal re-

“\r‘J 1

( .
'eults from the direct shear box tests conducted at 8 40,

'80 and,109.5 p.s.i. applied normal stress and initial

0
J

consolidatioa void ratios equal to 0. 64 0.67 ,=0.65 and 0.65

respectively The corresnpnding maximum T/O values were \\

f

-1nf1uence of applied stress on the value of ¢, Iz should

i | o | R >
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-

-

v

also/Bg,nﬁfed that the shear displacement at failure was

//////,/,/ﬁﬁglleet for the smallest applied normal strese and highest

for the hig%est normal stress, The-volumetric strains were

. _greatest for the smallest normal stress and smallest for

tBh highest applied normal stress.

"Effect of strain condition

y It was assumed that in the conventional ditect - T

shear ‘box test most of the distortion occurred in a thin
zone of unknown thickness. The volumetric strain in this
. ‘ \“’:—‘..\'c . o 7 . ) )

zone is quite different from the average overall volumetric

strain of the enrire sand eample.n Therefore the. everage A%
Q- . ) :‘
" volumetric strain as determined the entire sample does

not provide a complete picture of what was going on in the

sample. "Therefore 1t is»difficult to get other than

qualitative uolumetric etrein'data'from the uswal direct

shear box test.

1"’1! 3 "

The phenomenon that the volume change occurs only .
on tk ailure plane will result in very small average
‘ vblumetr c strains.‘ This is indirectly responsible for the 'E

higher values of ¢ in the dense_rangeﬁ and'lower velues of
¢ im the low densities.and'high applied normel_preSSure-
renge; -"‘ o B T R : | Ce ';_-
This verf;phenomenon can also be due'to.the effect'
"of wall friction inside the box as wellpas the fact that
Aparticle sliding is not uniform throughout the body of the
| . -'- | | : &-_@—' ) _ "‘. 1 jt(
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i

specimen. That is to say that non- uniform snrain conditions

~

!'_

in .the direct shear box with consequent inmreased volumetric

strain at high densities resulted in high ¢ values. 1In loose

\

samples the smpller negative. volumetric strains (decreasing

volumetric strains being negative) gave a still smaller value

of ¢. - S

'.Effecthof sample.size ". ' ‘ ‘ -
Tne size‘of the sample in the direct shear‘oox_test-V
was 2.inch by 2 inch oy 1.5 inch hign. Tne extent of erroru
'in'measuring the volume of the sample affected the relative,
density in the order of 3 to 4 per cent A-sma111correction'
of 0.115 cubic inc::h‘3 due to the volume of the teeth® in the
serrated plates alone alters-the-relative density-of'tne‘

. . . ’l‘ - . . - ) . '_‘
sample by 4 to 7 per cént, depending on .the volume of the-

specimen.

1 ’ ] -
5.4: Comparison ofTEst: Results

Two simple approaches for comparison of the values
_obtained from the direct shear tests and consolidated drained

triaxial compression tests could be followed

‘One- approach would be to compare the ¢ values’
'obtained from the- direct s#ear and triaxial compression tests

for different relative densities against normal stress as .

(5%

shown . in Fig. '5.3.1.“f.

The other approach would be to plot . values against
. . - I
_porosity for direct shaar tests and triaxial compressisn tesxs

.

for different normal stresses.

LI}
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' The'second approach has been used by Cornforth

——

_(1964) for the comparison.b}tween tjiifial an@ plane strain.

"tedts as given in Fig. 5)3.3.

_tests as given in Fig. 5 3 4

. Nash .(1953)- plotted porosity against angle of

i

shearing resistance for direct shear and triaxial compressior

B Figure 5. 3 1 has been redrawn from Fig ' 5.1.5 and

Fig. ST 9 whereas Fig 5.3g2 has been reproduced.from

.”. e
1} 1 ) ‘ "

-Fig 5 1. 6 and 5 1 10. L '

: about 9 degrees than the-value of 3 for the triaxial tests.

An inspection of Fig S 3 1 reveals that the .-

<

\L o

.curv?s of the direct shear tests are concave upward and

those- for ﬁhe triaxial-tests’are concave downwards. i
‘!Q . H I- . . .
: ‘ At small normal \Tress%s the valug of ¢ for direct
~ .
shear test at a relative density of 90 per cent is highef by
If\ ’ . v

[

g /
i

JAt 7&\per-cept relative density the; direct shear p-value 1is

-'higher by about 8 degrees. At 60 per cent ' relative densii

-_the ¢-va1ue for difcei Luux A B is higher by about 3 5\

l'_ - \ o~

degrees. Hence it could be ex ed that at: still smaller

b : L. 5. = o pieil. 75 er ‘cent., rel den51t
densitg, ;t‘qn‘,-?9-2~s i. for P //pﬂdanj y

~

.dénsities and_small‘normal Stresspat fsilure; therelwouldrbe

co _ . : . . o
no ‘difference” between the ¢ values obtained from the two tes!

‘ Tbe”same'inference cogli be'drawn'from the fact:

.that the difkerence in the value Qf $. for the two types of

B :
tests became\zero at U e BO’pﬂs‘?mifor 90 per cent relative

« -——_,_ —

~

e e L [

. *
kX f St o A
. i o . :

FAY
N

-
X
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-l

.-~ Triaxial test

fon

B

401
35|

L.

TR 4o Tz T 4z 46

,_" -:'_¢ S Pc}f‘osﬂtﬂy n% /\

, . .
FIG. 5 3. 2 POROSITY 'VERSUS ANGLE OF SHEARING RESISTANCE FOR
; ' DIRECT SHEAR TESTS AND. TRIAXIAL COMPRESSION TEST

o _‘DJrét shear.boﬁ;_.t’est.

/
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- __Direct shear 'box'
\ - . ..test )
-\  -—Triaxial te@st

TN
£

CWoWw NN
O - O N

k]
-

le of shearing resistance,

N

Ang
N wWow w
O

@

41 43 45 (47
Porosity n 6.

W
O

e L FIG 5.3.4. COMPA_IS N BETHEFN DIRTCT "SHEAR TEST
v C AN, TRI 'TAL TEST (AFTER NASH, 1953)0
. .'.- - . . B - B . . A I\
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(1953)

'%are higher than direct shear values

per cent. =/ o S 3 :

C4; _ - 163 - L B .

' / \\’ ) . o . . . - ) h‘i-ﬁ )

‘\. N v . ] . . ‘v /-—/

andfat,dn = 60 P,B-i-'for a relative density of 60 per
N . - . * R —

cent: . ; o ' ; T, 151

Y

-~ At gbout 120: p s.1. normal stress, the ¢ values

for triaxial tests are higher by. about one degree as com-

pared to‘the direct.shearlbox test values.for;relative'

densities Varyiﬂg'from 90 pericent-to 60 per cent. L

These findings—compare with the findings of Nash
SFig »5*3 4. ' ‘

Nash has shown that ét smaller porosities, tri-
/ B

_axial values for o] are 1ower as compared to direct shear‘

valnsf, whereas at higher porosities trfaxial test values
‘-____ N -

n
r

Figure 5. 3 2 again, compares with Fig 5 3.4

Vo
(repﬂoduced from Nash 1953) For the sake of clarity the

J'

individual test gbints have not been shown
The sanﬂ used by Nash was a fine closely graded

_M e

sand.‘ At lower porosities the value of ¢ obtained by Nash
f

in direct shear tests was higher by about 10 per oentdand

t - ) { -
at higher pordsities the value df Q qas 1ower by about 5

. . - H‘|
. n
Y. 1 . . ; L T
~ ] -4
- A
G o¥

i

Comparison of .plane strain and triaxial tests on sdnd

"5, In manl Practical cases the“shear,defornation N

‘:obcﬁrs-infone plane, and the intermediate principal stress

comesJinﬁo play. Failure of so0il beneath a sfriiliooting ;

b

_ and failure ofwa retaining wall are both cases’ of plain

A i fn ‘

strain,} s e Coee T Lo 'ﬁ"

L



of the popuiarity of the triaxial test

_many investig tors haVe tried to establish a, relationship
between ¢ fr a triae}al test to the $ value obtained

. . - ".. / pl »

=from a pla_e s:rain test Lee (1970) summarizes the in-

h

vestigat on of many researchers and it appears that in

'-general the value o obtained from lane strainqtestseis

eiaﬁive deesih%es._:/7

‘/

‘by 3 to 5 degreee'at higherﬂ

This differeﬁce is: almost‘negii%i/le at 1ow relative

L_delsities. Figure 5. 3 3 from Gd/;forth (1964) also 1eges

S / .
T~ / to the same conclusions According to Lee (1970)/;he -,

-
"

/,
values of ¢ for the plane 7brain teséb as obte}ned by

Pl

/ 0

Bishop for dense sand»wie/higher by 4 . degtees.

, o T
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CHAPTER 6

SUMMARY' AND CONCLUSIONE

6.1 Summary ,'(fﬁif\\ : A r o

.=

» An investigation has been'oonductéd.on the shear

a .

strength properties of crushed quartz sand in the laboratory

using drained- Triaxial compression tests and convenrionaln

\ FRet

_i_dinnggqshear box testsj The tests have been carried out at

) different*relative densities ‘and different normal- stresses.

Ko tiests have been performed for various densities.‘

' ...‘.

r Q
S - Some of the results have.been.presented in ‘the

, - . . . . . '_ .
form:of stress paths for triaxial tésts for very dense

“dense and medium dense sand samples for varying stress range.

. a
. .

Strain contours have been drawn ¢o prediet strains for given

Ls ' ;
: s : o .
.8tress conditions. ;' : . o . S
EE . : . : -

Plots have been drawn relating shear stress andi’

'shear displacementjfith rela ive denSity and normal stress e’
for triaxial tests\and dire t‘shear box testsu

-For Ko tests com arisons have been made with
_Bolution proposed by Jaky and Hendron as reported by

.Bauer (1969)

The exPerimental investigation served several

. - -'»,
f

purposes. Firstly, the physical proberties of sand grains

like grain size distribution roundness and sphericity were

.‘determined The mineralogical oontents wvere’ also established

. - . -
' " . .

.
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. . . . 3

o o : ; L

The angle of . internal frictionlfor various densities were \_
P .
determined The Variation of ¢ with normal stress for a

i
1

B
given relative density was evaluated. Relationships gg%zeen,

P

shear stress and shear diSplacement were given. - - S

Y] : . - -
+

6.2 Conclusions\

The followirg conclusions are based on the experi—
mental test results and the preceding discussions and - inter-h:
pretation of the data presented. 4 '

"~ . P

-1. The main.object of this study was to determine

Tt

;accurgtelv the values of the angle of internal friétion for

S L Lo T ’ ' L~ L
: diffenent'void ratics apdndensities under,different,normal_.

stresses; this objective was achieved

»2;‘ It 1s concluded that the value of $. i largest

-

tor the highest density and smallest for the 1owest densityﬁ

s

‘

In the triaxial tests the densest sample showed the largest

J " N
.‘1 e 1 ‘4.

‘,maximpm‘stress raoio.occurring ‘at the smallest axial strains

cod _ . L
“and .'the. greatest dilation- resnltimv!jn'a net volume-increase.

~

The loosest sample showed the lowesb stress ratio occurring

at the largest axial strain exhibiting a net’ volume decre/se.

In the direct shear bex tests, under a censtant normal stress
l . 1 . vu\- .‘
'simila behaviour was noted. - TheﬂdénseSt sémple failed at

’..

smallest displacement and greatest dilation with a net’

- . P . . v

"
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) B Thus in both triaxial cémpreSSiqn and direct shear

- : S

the densest Specimen yielded\the highest ¢ values and the

loosest specimen gave the small@St ¢-values£ ! v

4 ﬁ. |
‘ 3. The value of the angle of internal friction
i, ; e
depended on the confining pkessure in the case of triaxial///

1

Wf_.fests and on Ehe nornal stress in the case oi/di;ect-shear

i . . "4 o'! .o
- , box'tests. - B o

L]

) - . . ) . AT ; ..'
largest normal stress.: The axia trains. at fadilure<4re ™~

1 - -

also lowest for smalleSt normal stress‘ . - S
. W ’ E s .
R ¢ d) - _
oobh, Ovef a given range of pqgosity the overall '

volumetric strain in the triaxial test was smsllest for
L 1 Lo Ol .

ifi' smallest confining pressure and highest for highest con— o

fining pressure, with the result that the angle of internal

friction was highest for smalLest oonfining preSsure hnd

%

lowest for'highest.confining pressure_over the entineﬁrange.

\

“r J'f 5. The extent of grain crushing during shear was

w

'rdependent on the lé\el of stress "and the relative density IA

¥

:~h : of'the sand It appeared that crushing of the very dense »
.-:;Zf/i/sand-occurred at 40 p.s. i of normal stress...For denseiandi
PR B . . ‘

h S medium dense sand crushing ocCurred at 50 and 60 p .s.1i. of
normallstress reSpectively That lS—to say that the estent

L3
, ‘

'of grain crushing 1s highest in the densest range and
:smallest in the'loosest ranga._ This crushing is the result (¢,

-.of the increased mean normal stress at failure. J/




— " 6. - The g s

- ' The phenomena of interlocking among the ' ™,

partiqles was found to'be dependent on - density. Ihe grea er)

-~ r'

. the density, the greater was the ipterlocking effect The

iuterlocking decreased as the confininﬁfstress on the sample

increased The extent of decrease of interlocking was

-highest for densest specimen tested at consté&t confininﬁi

!
- R : ¥
. V. . e

pressure.

. ' ' §
7: The Mohr- Coulomb plot was - not a séraight line

4
for very dense sdense or medjum dense sand; but became more

- '

and more . flat as the stress 1evels were increased However,

'the Mohr- Coulomb plot tended towards a straight line as the-
b " ' : ‘L.: l‘
relative density decreased :

/ ' 4o

8. From the comp rison of the direct shear results
v ‘/ .

thh triaxial test results it can be concduded that -

'(a)' at a relative density of: 90 per: cent and a normal stress
I

'of 80 p-s. i. both the tests gave a|value/of ¢ equal to 40
S
‘degre:?. At a relative density of*/S ber cent and a normal

lstress ‘of 70 p s i. ﬁoa -Jr&*rﬁvieﬂded a value of ¢ equal

~ l

& to 37 5 degrees The value of ¢ wais equ flbo 35 degrees at
a relative density of 60_per cent”ebd a z;rﬁal stress of

. 60 P s.1i. : o .i,‘ ,'i
(b) At a relative density of 90 per cent the ﬁaximum direct.

: d .
‘shear value of ¢ was edualrto-SO‘degrees_and the_correspondingi

‘¢ was 41 degrees. At 75 and 60

‘triaxial-conpression valuelo
. -

-

‘o

per cenF relative densities, he‘directhshear value of ¢ was

46 and 39 degrees respecti_ely .The valne of ¢ in.triaxial
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com%ression at relative density of 75 and 60 per cent was'

~

39 and 35.5 degress respectively..

A 7 9, lhe extent of shear‘displacement and shear ©
stress was related to'the.strain-condition. In the direct
shear test'where the particles are not quite’free to move’

E TN
\c;- with respect do each- other, a small amount of shear dis—
placement was necessarytto mobilize the shear stress. The *

value of ¢ was also higher because the-volumetric strains

-

in direct shear vere small and hence\the interlocking effect

-’D

gave ?dse to high ¢ values. h t ' “ .
; In thg triaxial Eﬂﬁt the strain conditions vere

'very different. The sample was free to expand 'Hence inj”

ordennto mobilize the same shear s;ress large shear dis-

"- - [ . ' ) .
oy .
_placementsvwere necessary -ty ‘

Y oa

tl—ﬁ'- The difference in tbe values of ¢ for the two types
A of test-was a marimum for densest’ specimen, because the
interlocking effect was greater in the dehser’ specimen.

ot
10 j There/yas a fairly good ag;eement between

. .t - -

S
the Ko- values obtained in the laboratory with tke theory

proposed by Jaky (1944) &or predicting the coefficient of

- . o Q, .,- . ,,_J’”
earth pressure at.rest._‘v R . : o
la . .. ' R \. 3 ) B . e . . ‘.

-
F
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jinterlocking effect

- .earth pressure at‘rest.

‘ -N169i-‘

eompreesion at relative denslty‘of:75 and éo_per,eent-was.
39 and 35 5 degress respectively. -

9. The extént 6Ff shear diSplacementLand shear
stresslwas related to .the strain connition. In the direct

shear test where tﬁe particles are ot quite free to move
o h

‘with reSpect to each other,»a smalr amount of shear, dis-

-placement was necessary to mobilize ‘the shear stress. The

Y

'"value of ¢ was also higher Because the, volumetriC'strains

h\

- . dn direct;shear were small ‘and hence bhe interlocking)éffect x

|1_ . - :1
&o high ¢ values. | ‘ i . _{{‘

~

gave rise

_ In the triaxial test the strain conditions uere

very differe t. _The“sample,was free'to_expand. Hence in

—— '\

-'order to mobil [ze ‘the same q?ear stress large shear dis-

“n

,placements were necessary ~

— - ao

l-g .The dif‘erence ithhe’valnes—of5¢ for 'the tyo'tynes

. .- 4 .
4 L. . ,
of test-was a maxi g: for densest specimen, btecause the

as greater'in thé’densar'sﬁecimen.

10. There was '’ a fairly good agreement between
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-6.3 Suggestion for FurtheriResearch J
M ‘It was felt that the studies presented do not

-y

“quite simulate deformation and shear 5tress behaviour that

[
i

would be encountered in the sand box. Hence tests should

-

be conducted /p plane strain devices(so as to predict-ﬁnd

. relate the shear'stress and ohear deformation along the

r o ~
; N 4 -]
failure plane~in-the prototypéw&ang box. :
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C ] RN P o
_, FRICTIONLESS ENDPLATENS AND SAMPLE FORMER '
- . P . ‘.\_‘u “. T .h . ¢ .
‘ . - 5 o ST N
L. . . - ‘ .
. B.1l Introdnction L ) ¥h e ' '

The - ‘common barrelling of an &&itially cylindrical

Sample tested by COnVenLionalxtriaxial techniques eno-using
. ; - .
rpogpus'stones as end platens, is the mos’]obvious indication

- -

" of non-uniform-strignjgﬁnditioﬁ%\fesulting from the'restricted.

lateral defcrmation adjacent/to the surfaces near the ends

‘of the sRecimen.lfg'- . . _' N
A B LT e ) A AP . -
oo =4 This leads to & ‘departure from thé condition of ,

‘ . _ .
: - “o -
> - \EEEym stress and strain. .

er to have uniform strain conditions through-‘

%E;
J/ggc—iigbbody o the sample, Rowe and Barden (1964) used'

-y polished end pla&;ns which vere covered with a thin layer

‘of silicone grease and a latex ‘rubber disc of 0. 010 inch

A N .

thickness= Hith this technique the friction‘at the.surface
. ' —— .I $ S : ' > ’ Y, E
of the platens were -largely eliminated. ‘
LS - - . B - N * N
R ‘ . /,,,,,( ) ot |=' _ ) . \‘. : . . -
A T ' . - . " : -
B.2 Frictidnless End Platens - ' . : _ \ o

Based on the priﬁ“{ples,butlined by Rowe and

Barden (1964)3 frictionless end’ platens were designed for
-~ \
- :
4 inch diameter by 8 inch high samples to- accommodate a
\. ™~

£ 30 per—cent" The platens were 0 75 1

L

axial strain_

/) - -thfck and wére made of ordinary mild's eel. The facegs
~ - . - - ‘



i 4

'fiél B.1.1." Neoessary rubber 0- rings wer e provided for‘

']sealing purpos&J» | . B f‘ : .

wt ' ~ ‘ : B
; - - -
of the platens were grouhd smooth and . polished and then were

chrome plated " The Bides Were also ground smooth and chrome

-

plated. j _ Co - . ."’\

In order to prevent sidéaway_bucklingbdur:?g tests,” |

-small cylindrioal dowels-werefpfovided'at the centr® of the

4 P . .
two platens'%s-suggested by\ rwg}anm Barden (1964) These

o,

'details can be seen in Fig.’ B.1.1. -?

Plate B.1 shows the bottom plate in place on the

. -—

) Uhse of the triaxial ceLl the borrou-ya:t of the sample

.
former is shown assembled and the two upper halves ‘gre.

depicted—ﬂkparately Before the preparation of a sample a
thin film of s%licone grease was applied to the bottom platen
.

aad was then covered with a rubber disc of 0'014 inth thrckness.

Similarly, after the éamplé was prepared the.top-' -

“platen was placed on ‘the sample after it was covered with a’

H ,
- : .

thin film of silicone"grease atd a late disc.
L % ‘ A )
. Arrangement for draiuhge of the base was provided

-~

yfa 1/2 fnch X 1/8 inch thiti pbrcuen@lzih receSSed in the'

ce tre of the bottom platen - »"“. LT _2_ "o
. [ K . /

. The base of the triaxial cell;had ita drainage SRR

conn tion somewhat of £ centre therefore an'inclined hole

-

o be provided through ‘the bottom pl&ten as shown 5p

LJ
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. "B.3 The Samplé™Formefr ~ - - - Nf .

T St RS -,

‘A“Bpecially maae sample for&er was, required to

A
accommodate the enlarged platens. This was achieved by

desggning a sample former in four pieces.: The former had
N ®
“two’ top pieces and two bottom pieces. It could ‘be’ asbembled

with the help of ordinary hose clips.’ A- small cle&rance

of 0. 05 inch wag provided at the top between the top.platen

Il
-

~and the former so that there was enough space for the rubber

‘membranes with some allowanceﬁfor Totating the top platens

- to ensure proper seating. o e -

’

-

The former was ‘made from chrome°p1eted’ahominum;
' ! L
".The sample former camn alsé be seen_in Fig. B.1l.1l:

)

l;and Plate B.l.

-
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; . TRIAXIAL PISTON LOAD TRANSDUCER

. , 3
o .
Q ) . . e

[

"€C.1 Introduction . | T 1 ////

The problen of the magnitude of piston~friction

- in the bushingshofia triaxiel cell.has been resliEEd'hy

-
"?’“I .

-nany.reeearchers. Several methods, such as rotating bushings
or measurement of the load inside theé triaxiel cef& vere - used'
to eliminate this problem It was felt.that'a load_t;ans;
ducer_ag the'bottomfdf?the“iosding pistonyinsidejthe tri—ri'

axial cell could‘provide a satisfactory solutionL The design.

chosen necessitated as little modification as,possible to the'/

existing triaxial cell piston and still allowed the cell to
4

be used in the normal manner with a proving ring.

*
}

The load transducer wasscomprised of a load cell !
" enclosed by housing"méuwted on a modified triaxial cell piston.

'The;;qad celi'conSisted of strain gauges mounted in e'fuii
. ' ~ . . . :

3

bridge'errangenent on a..17-4PH stainless steel cylinder.

W . - . . / ".“-
c.2 Haterial . ) ,4- o o

)

The materialiEE}taﬁie for the design of a load

. // - . .' i ) “
" cell should be lidearly-elastic, it should have a high yield
stress4/§/E:;/;idulus of elasticity for high sensitivity,_ o

‘'show. no hysteres&s effect, show no creep under 1oad be

corrosion resistant and ha‘e a“good machinability.

L4



_: outside and was under tension when measuring loeds in com-

'f;_‘ R SO Sy AN

Considering the above criteria stainless steel

17-4PH with yield strength of 110, 000§p s.i.

-

state was finally selected ,A comparatively high moduius of
: ‘ ’ o

in the annealed

-‘elasticity of 28 x 106 P.5. i. .was considered acceptable'in
the light of the large load of .10 ,000° pounds that the cell

was to, be designed for The components of the loa_

were to be heat treeted before final ass ly.

As can_be seen from Fig. C.1 the transducer congisted

- of a pushlrod A, which_was in compression when measuring loads
. . ‘ . '.,'I i ’ \ - " - - ’," ’ - .
~in compression. The member B had strain'gauges fixed on the.
‘ . . / ,

B
e ) J’

'?pression. The member C served as a housing for the cell and o

.was connected to the piston through a rubber 0- ring for a

,—"’//’
seal. Member B was connected tomember c by fhe SfﬁT 6 - :
-w‘.' } [ g
- S—
#4/40 socket head cap sérews through a sealing gasket. "
-Hember A caw be screwed onto member B and’ is In intimaté

/ } e
contact with member B when screwed on. There is a_gapwof"

[
.

0. 04 inches between member A and B /J;,,f””"

Foil type, temperature compensating strain gauges

- -
ﬁ‘ . e

-were used, each with ‘a resistance of 350;0hm35, S S
S & _
C.3 Design -

. .

-

Design of compression member_A/" .
. 'A vorking stress'of 75;000 p.sfi; was assunmed. '
. L S Y
Further, in_ order to provide connection between member A

‘>1
and B, the member A was tapped to - provide threads equivalent

hd \

- ) . . hd
- - . - - R .
N ’ B - . v © * ‘\\ .
: - : SR {
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Load‘CéH’

. 6-$4/40 socket

head

cap screw
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O-ring seal .

Wy~ Strain gauges .
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FIG. C.1 .TRIAKIAL BISTON AND LOAD CELL ASSEMBLY..
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s :

to i& 'UNBRAKD' with UaN. C. threads /ﬁ/QO per inch having

an outside diamete: of 0.112 inéhes and an - area of 0 01

'sq. inches. . . - .. . S, A .
. q.. neh , R - . _ R

For a load of 10,000 pounds, this resulted i‘

e . L

diameter of 0 43 inches.- A diameter of-0.46 inches was

used. ‘ o - LI

Design of tension member B
L, ' A

Allowing a clearance ‘of '0. 02 inches on either side

. .Of member A yielded an inside diameten//f U 50 inches for
;)-::f/ Y v
member B. Stress consideracion yielded an outside diameter

of 0. 70 inches, and a wall thickness of 0. 1 inches.

rd

o,

_ The flange of member B was taken as 0% 2 inches

which was on the safe side e

T

n ..‘ \ ' tor
The thickness of the- housing member C was also

e I
.

taken as 0.2 iHChes. ' 8. S ,r/'s‘ _— e ;

- . .

" A full'bfidgelstrain gauge.arfangement and the v

R manufactur%i s gauge fictor gave a st ain gauge indicator‘ <o

gt

‘reading of 2(1-u)1834 = 4770 micro inches/in During the : _ ,gff

calibration of the load cell a: bridge constant of approxi—
\

'mately one was, established which yielded a relag}on of {

Lt . T oy e
1 1bs e‘l micro in/in, . : e '

T e

P ' 7

. ) il . . -\.:} \x.‘ - ; .
o ) \ v, ) ,r
N Hodification of the riaxial\Cell ?iston SRS 1

A

A standard Wykeham Farran&e pisfon was modified

by replacing the’ 1oading cap at the bottom of the piston _

with the load cell and its housing, and drilling m,bole.uoa7 "'-b

- . . e - -
—— . - N Y . T
‘\\\ - . - ey
. . a L. .



+ ‘ P :
}thfough the piston for -the lead wires.

.r’.

“Im’ addition, a slot

\

was made at the top ‘of the pigton to take out - the lead wires
1Y ] b

for connecting to qhe Budd Strain Indicator. A detachable

“collar at the top prevented the piston from falling into the
cell when not in usge.’ .

Plate C 1 shows the load transducer
L

3

with the lead wires coming out from the . slot. The'tOp collar

hasbeen shown separauely. . & ) R
- . ¢ . '¥ -

'C.5 Calibraticn of the Load Cell

red

* A calibration process was used to obtain a con-

- A . . . . .
venjent brildgeconstant which would give direct load teadings.‘)
B ] - o ] . N

" “Since 1arge loads were involved, the calibration ’

4

- wesldone us;Lg a 10 000 pound péoving ring against .a steel
,dummy sdmple placed inside the cell filled with water
,'- ;
Calibratfon of thqﬁ??g:sducer was alsa carried . o

out by running 1ong durdtio&ltegtsywith a;degd loadlot'lOOO

.lbs

-

.. It was obsetved that the load cell had a ﬁysteresis

R - : E B L s
effect and that,the hysteresis effect would not be considered
. o M . . . .

negligible; The load cell was also found to be extremely
temperature sensitive under large loads.

A typical calibration curve ‘for the loading cycle.
™~

“has been sho‘w in Fig C,2. From the curve it W ll be noted
the extent of correction to. be applied in order to get the’ ’f

. 1oads directly in pound was not a constant quantity.- This
f v
jcorrection did not vary linearly with “Increase of load.

. St t o ' .‘ : T
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uFrom‘the many calibration tests run the ca\ibration curves ‘

-

were not the same for any two tests carried out in nhe same

‘manner'ﬁnd under the same conditio%s as shown in Fig. C 1.

There .were two ‘Mkely reasons for such a be-

¢

haviour of the load cell. Firstly, the gaugea ¥ere erratic

under load. Secondly,'bhere existed a poshibilit? pf“stress

'concentration and'stress-relief which was picked up'by the

'
strain gauges. ’ L :

An attempt to correct -these defects would have

-~

meant a change in the design'oflﬁhé'trad§ducer. It was

-

g N . . o ) . - . R )
therefore«dééqg;:\)o run the triaxial test using rotating'

bushings to minimizé‘pfstqn)frirtfbn; This method has been

]

used by otger researchers.
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. 'APPENDIX D / e c
% . . ." N . . .
: 4 . /51
. ' ' 'l. . nd h : )
S EFFECT OF 'FRIQ%[ON BETWEEN THE |, ‘/

'P- UPPER AND LOWER BOXES OF THE DIRECT SHEAR* APFARATUS . i

. K f . .
. l‘ “ )
. . ) B 9 .
\ R . - . R o . ] o . R . e g ‘ | j

D.1 “Introduction = . L s s S -

. vq' L S " ‘ + . . . - . 's
,Ihe magnitude of the friction-developed'between

ol

%
\

the upper and lower boxes during a conveutional direct shear

.;

test is an unknown %\ahtity.f Hence an attempt was made to

evaluata-quantitatively the influence of this friction on °*

o the test results. " The tests presented in "this thesis were "

- A
._// , carried out with the separatin% screvs. tutned down 50 that :

l Pl
S N N

?\/ c Athe two ‘boxes were separated from %ach other throughout the ;
AN ~ \ . o
7

VAR entire test. It wag thought that this would Mimit the'

L3

magnitude of ﬁgiction due to’ metﬁp‘to merﬁl contact.' The i
. frictiou'ﬂeveloping fré; a thin 1qyer of sand betﬁeen the - -~1~;—CM

]:“’" T two boxes could thereby be eliminated since_the upper box
’ wdhld rest tipswo£~the twd screws rather than ?%,fhe
N TN A s
Band«garticles. This procedure,!followed.in this test o .

+ gerieg, was contrary to common prjctide. Hence a seriles
. b ’ PR v . N . .

of tests‘w;;\g\educted-at variouS\densities‘and normal

= stresses with the gcrews turned down on the one hand and_ '

with !‘e screws r&;}gcted ‘after being turned down on the
\ . . : , o

S other. R . C //,ﬁ\\- (
N . : N . ' Y
4 . B " ‘ ‘ : o ‘



-

-after the screwa wére turned down and 1eft dowﬂ.

'cléfficient of Yriction of 0,1

. -.. - . P" a

D2\ Megnitude of Friction

Y

]
-

and 320 5 lhe applied on the upper box. Load was applied

The two

~ -

_boxee/uﬁxg\then made to move with respect to each other.

LY

. The frictional force developed with - idcreaeing displacement

1 P LR L |
I

'was measured For the amaller normal load- the coefficient

/ -’

of f%iction wae 0.08. The cdﬁfficient pf friction was. 0. 12
\-_. r \

fop the higher normal load. hus_an average value of the
can he ass edato'have
: . 1
developeq as,a result of. fricti n between the screws and
. N

the'lqyet box. It an be visualized that not: all of the ™

) normaf,lbad applied in t\h“direct shear test will be trans-

mitted through the sErews to the bottom box. The normal

loads arW applied directr§/;o the sand sample and the force

- .
;trahsgitted through. the screws will depengd on the magnitude

RS

|

- of the hori’ontal load applied to the inside of the upper

N /

box by friction.‘ The vertical component of thig fr'ictional

force will be very small and may'befZ to 3 per cent of the
P R o . ‘
entire vertical load\applied to the sample. Hence for
" = / -

.practical cases, the .friction that results can be neglected.

o .

b.3 Typical Test Resultsi

A ('f': Figureson 2 énd D.3 reﬁresent typical test results

from;eixteeﬁ direct shear tests carried out;with_(a)'the

o

!
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© ‘Test # 9: 320.5 1b Ldad with screws down
B Test #10: 95.5 1b Load with Screws d.own o .

N0 . DIRECT SHEAR TESTS - NO SAND-IN THE BOX
. R o- - . '

. B - . A
Iy “- i . L . .‘ . . 'y

LT e | s

8o . . T
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]

— |
T IR - ' .
.'.3 . * '\. . . Y ' “
. --1- 320.5"1b vertical load on upper box
o 40 F ' '
U 9] .
L (e - :.. “
5 | o S
u-' | \ N
c 20 F f -
-‘q:) : -..EL S\ L 95 5 1b load on upper box S
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& FIG. .1 pISPLACEMENT VERSUS_ FRICTIONAL FORCE FOR APPLIED. e
© NORMAL LOADS OF 95.5 AND 320.5 lbs WITH-SCREWS
‘ ~ TURNED DOWN -
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L : _0 Test S:‘Screwsdown D -7751 0" -24psi.,¢-392

e [a) Teat_: #62 Screwed down and then retracted D = 78,02, 0_ = 24.0.
. P-8.L., ¢ = 40.4° , . !
{ . . . . 7. ‘ . o h . N . N p
o - L L : S 7
t._"": -‘ ‘ « . . . - . ”
 DIRECT SHEAR TESTS BOX FILLED WITH SAND .
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0 Test #15: Screwed down D = 64,5, U ,109 5 p 8. 1., 45 ] 32 2°
b
EI 'l‘est #16: Screwed down and then )
t - -, .
o ol i., b a0 re racted, L 65.02, g 109.5

v 300
=200

Vertical dial Rdgx0001

iy

o
v ,
[ S
e I
Lt 100
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s
Q- :
Q i 1 ) 1
Q Q05 - 010 - 015 020 - Q25
Displacement (inches) -
v 10T

O

|
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> ' FIG. D.3 RELATIONSHIP BETWEEN DISPLACEMENT AND SHEAR FORCE FOR
A NORMAL STRESS OF 109.5 p.s.i. IN'DIRECT SHEAR TESTS
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acrews turned down and (b) the sf}ews turned down and

thenretracted \

|8
From the- [Lcurves: it will %e noted ﬁ%at any twe

.
-

,, X

plots are almost coincident throughout thbftest.

- o This indicatas that the magnitude of the fri?tion

-
with the seréWS turned down ~and ‘with the screws retracéed

-

o

is the same. This indirectly proves chat.the friction

develqped with a thin 1£yer 6f/;and betweerd the two boxes

e

i8 the same as that betw en the screws and the lower boxe

o

4





