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 ABSTRACT

An experiméﬁtal study on the fundamental shear
strength parameters of a renoulded clay from Winnipeg,
lManitoba was conducted.Three different experimental
methods were used to determine the parameters by means
of the triaxial apparatus. It was found that both
Hvorslev's 2} and Schmertmann's (ce) pafameters are

related to ;the water content at failure,the effective

consolidation pressure, and the effective octahedral

normal stress at failure. The parameter ce was also
found to be influenced by stress history.For the soil
tested and for the range of pressures applied,it appears
that Hvorslev's ¢e is not constant,but varies with the
water content at failure and the stress history,and that
Schmertmann's (¢e) is virtually independent of water

content at failure or effective consolidation pressure.
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Chapter 1

INTRODUGCTION

The shearing resistance of clays is not well under-
stood. The lack of understanding arises from the com-
| plexity of the physical make-up of clays.

The conventional concept of expressing shearing
resistance in terms of cohesion and friction is attri-
buted to Coulomb. While this concept is relatively
simple, it does not represent the fundamental properties
of clays. |

Hvofslev (1960) expressedAthe Coulomb criterion in
terms of an effective cohesion (ce),and an effective
angle of friction (ﬂe). Experimental studies have shown,
‘however, that the fundamental parameters Cq and ¢e are
not unique for a given soil.Uonceivably,other factors

may also influence c_ and ¢e°

e

The Coulomb-Hvorslev criterion is a failure theory
and is not concerned with the mobilization of shearing
resistance with deformation before failure. Schmértmann
and Osterberg (1960) and 3chmertmann (1963) extended the
Coulomb-Hvorslev criﬁerion to express shearing resistance
as a function of a strain in terms of a component (I¢)

independent of effective stress,and a component (D¢)

dependent on effective stress. Schmertmann developed the
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ID3* test and found that IL¢ was fﬁlly‘mobilized at small
strain,whereas much larger strain was required to fully
develop D¢ . Similar finding were reported by Wu et al
(1962).

For a fundamental understanding of shearing resis-
tance,an examination of the structure of clays appears
to be the logical starting point. A mechanistic picture
of the development of shearing resistance of soils in
terms of interaction between individual soil particles
was presented by Lambe(1960). Factors influencing shear
strength have been summarized by Whitman (1960).

There is no published data on Hvorslev strength
parameters of Winnipeg clay.bAn experinental study has
been carried out on a remoulded clay from Winnipeg,
lManitoba. The objective were:

i) To obtain experimental strength data;
ii) To study tﬁe factors influencing the fundamental

shear strength parameters of the cliay.

* Details of the test are given in sppendix BE.
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‘Chapter 2
THEORETICAL CONSIDERATION3

2.1 Conventional shear 3trength Parameters

The shear strength of a soil is commonly expressed
by the Mohr-Coulomb failure criterion

s =c¢ + Oh tan @ ceccoccccccececcosall)

where _
s, is the shear strength which is equal to the shear
stress on the failure plane,
¢ , is the unit cohesion,
Oh,is the total normal spress on the plane of failure,
@ ,is the angle of friction. |

As concluded by Terzaghi (1938), the stress condi-
tions for failure in a soil depends on the intensity of
effective stresses, and equation (1) should be written as

s =c' + 0! tan U -3

where-: .
ct is the effective cohesion,
Uﬂ is the effective normal stress on the failure plane,.
# is the angle of shearing resistance.

Equation (2) is illustrated in Figure (1)
where : |

Oi and G% .are the effective major and minor principal

stresses at faillure respectively,
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S,. 1s the shear stress at failure on the failure plane
&L =15 + § /2 is the angle between the fauilure plane
and the major principal plane.
| In terms of the principal stresses, the lohr-Coulomb

equation can be written as
1/2(0r -0! = + 1/2 (0! +0! tan Beeoo.
/(l 3)fa /(l 3)fan}% (3)

where:
a 1is the intercept on the 1/2 (Oi -Og ) axis,
P 1is the angle of inclination of the straight line as
illustrated in Figure 2 ,
8in @ = tan B .eeeeeicccceccccccaccsosons(l)
C' = a / cOS P' cevovecccccssscsccssossoal)
The Mohr-Coulomb equation can also be written as:
O' = b + 0! £an Y veveencecccocenonsnoces(6)
1 3
where:
b is the intercept on the Gi axis
¥ is the angle of inclination of the straight line as
illustrated in Figure 3 and
sin @' = (tan¥-1) /(tan ¥+ 1) ceeeeecaed(7)
¢! = b/2 sec P' (l-sin @') .gae,.;..,.,..(S)
The shear strength of clay may therefore be consi-
dered to consi;t of two components that are physically
different in nature as follows

a) Cohesion

Cohesion contributes to shear strength of a soil as
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@& results of the physicochemical bond between the clay
particles and is therefore governed by the physical nature
of the particles as well as the vold ratio,or the water
content of the clay.Hence for a saturated clay,if the
effective stress acting on the soil is changed, the water
content will also change,and the cohesion will adopt
another value corresponding to the new water content,
b) Friction

Friction contributes to shear strength as a result
of frictional resistance to sheér upon movements of the
particles of the clay.Frictional resistance,therefore,

is dependent on the effective normal stress O

2.2 Hvorslev's 3hear Strength Parameters

Hvorslev (1960) expressed the Hohr-Coulomb equation

s =c, + 0! tan O )
where
C, 1s the effective cohesion which is a function of the
vvoid ratio at failure only,
#, is the effective angle of friction.
Equation (9) 1s seen to be based on the premise

that shear strength of cohesive soils may be expressed in terms
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‘of two parameters ce and ¢e with cg reflecting the struc-
tural state of the particle system 1in terms of the void
ratio at failuré;and ﬁe reflecting the frictional charac-
teristics of the clay. A change in void ratio, or water
content in case of saturated soil, causes a change in
“shear sﬁrength through a change in Cq only. |

| Working exclusively with remoulded clays,Hvorslev
- (1960) found that @ was virtually a constant and that the
cohesion was directly proportional‘to the equivalent con-

solidation pressure.

¢ =Kar iiiiiiiiiiiiiiiiiil (10)
where '
K is a coefficient of cohesion,
Oé is the equivalent consolidation pressure. For remoulded
clays subjected to axial compression following isotropic
consolidation, 0! may be taken as equal to 0! ,the effec-
tive consolidation pressure.

Equation (10) is based on the premise that a clay
slurry has no cohesive streﬁgth,and subsequent cohesion
exists as a result of consolidation only.The eguation is
applicable,therefore,only if the soil is initially conso-
lidated from a water content equal to or higher thén the -
liquid limit of the soil. |

Bjerrum (1954) has verified the validity of equation

(10) for cohesive soil remoulded at high water contents,
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but found that for clays remoulded at low water contents
equation (10) shou%d be replaced by

c=c+Ka L (1)
where:
c, is the initial cohesion,
K' is the coefficient of cohesion for clays remoulded at
low water contents. .

Equation (9) can therefore be written as :

= K4
S/O‘é +O-I'1 /Oé tan ¢e 0*.'.00"0.'.“.(12)

or

s/0! = ¢/} +\4+c5;1 /0 tan B, «eceee.e(13)

If values of s/Og are plotted against values of'OE /O; ;
the intercept on the s/Ogl axis determines K in equation
(12) or c/0} +K in equation (13),and @, is obtained
from the angle of inclination of the straight line
through the points.

A method for the determination of c, and ¢e.
suégested by Bjerrum (1954) is as follows.A series of
consolidated ﬁndrained triaxial compression tests with
pore pressure measurements are carried out on a clay
remoulded at a given water content.Another series of the
same type of tests are also.carried out on the same clay

remoulded at a different initial water content. Two diffe-
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rent consolidation as well as strength curves therefore
result . As ecqual water content at failure inmplies egual
ce,the difference in shear strength betiween any two
samples having the same water content at failure is due
entirely to a difference in frictional resistance.vton-

sequently c_ and ¢e can be determined as illustrated in

e
Figure 4.
Noorany and JSeed (1965) proposed a new experimental
procedure for the determination of Cq and ﬂe for sensitive
clays as follows.A pair of identieal samples is subjected
to the same anisotropic consolidation pressure,and then,
if the applied consolidation stresses on one sample are
removed with no volume changes allowed,and the two san-
.ples axially compressed Qo failure,there will exist two
samples at identical void ratio but under different
effective stress system at failure.From a comparison -
between the effective stresses at failure for these two
samples,the shear strength parameters Cqo and ¢e can be
determined. A disadvantage of this method is thatithe two
Mohr's circles representing the gffective stress conditions
at failure for the pair of samples tested may be very
close to each other for insensitive clays.lowever,for sen-
sitive soils,they are sufficiently far apart to permit
the desired interpretation of the test data.This method

has the advantage that Co and ¢e can be obtained with a
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limited number of szamples.

2.3 Schmertmann's Shear 3trength Parameters

A significant contribution to the understanding of
shear strength was made by Schmertmann and Osterberg
(1960) ,and Schmertmann (1962,1963), who expressed the
shearing resistance mobilized at a given strain as

S Y S 14

where:
s¢ is the total shearing resistance mobilized at a given
strain on a given plane,
I€ is the mobilized componenf of resistance independent
of effective stress at the same strain and on the same
plane,
D, is the mobilized component of shearing resistance
dependent on effective stress at the same strain and on
the same plane.

Equation (9) may be written as

s = (c_ ) + G! ( tan @)

e ¢ e’ €
At failure one might expect

00000030(15).

I€f= c, = ( ce)ef...ee...,e.u.....,,.(16)

De = 01 tan ¢e eoeececucoeooeeacooe(l7)
or
( tan ¢e)f = tan ¢e ooeaooaoeoeoooooo(lg)

where the subscript £ indicates failure.
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The components Ieand Qiare de.ermined by a testing
technique developed by Jchmertmann,referred to as the
IDS test,in which soil specimens are subjected to axial
compression under controlled pore pressures.Thus the IDs
test is,in essence,a drained test under controlled effec-
tive stresses,

Schmertmann showed that,among other findings of

his works, the maximum value of I, (1. ,was develo-

de.)
'ped at a much lower strain than that of D. ,and conse-
quently at failure one or both of the strength components
may not be at the maximum. He therefore concluded that

Hvorslev's parameters c¢_ and may not be unique because
e q

e
they were determined frpm two specimens that may have
failed at different strains, and consequently equal void
ratio at failure may not reflect equal structure of the
same clay. Schmertmann's finds were substantiated by Wu
et al (1962) who found that the mobilized components of
shearing resistance were influenced by the structure of
the clay, depending on wether the same clay was in the
"indistﬁrbed" laboratory flocculated or remoulded'state.
A constant structure Fohr envelope,where fundamental
parameters of shearing resistance may only be defined at

the same strain ,and hence at the same structure,has been

proposed by Schmertmann (1972) for cohesive soils.
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Kenney (1967) extended the Hvorslev-schmertmann's
criterion to include a " bond strength'" component by

expressing the shearing resistance of natural cemented

clays as

s=(b) +(c)+0 (tan @ ) ceseosess(19)
n'e e'¢ n e'e

where:

(bn) is the bond strength at strain €.
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Chapter 3
EXPERIMENTAL PROGRAIA

The experimental program consisted of performing
consolidated-undrained triaxial compression tests
with pore pressure measurments,and Schmerﬁmann's ID5
tests on remoulded clay.The clay in its "undisturbed"
state was extracted from a depth of about 13 feet at
the Imperial 0il storage tanks site in Winnipeg,
Manitoba.Two remoulded batches of soil with different
initial water contents were prepared.The details of
the preparation are explained in a subsequent section.
Samples from Batches 1 and 2 were tested in accordance
with the method suggested by Bjerrum (1954),hereafter
called Method (1);and the meﬁhod proposed by Noorény
and Seed (1965),hereafter called Method (2).3amples
from Batch 2 only,were- -tested using Schmertmann's IDS
technique,which hereafter will be called lMethod (3).

The purpose of the experimental program was to
investigate the factors which influence the shear
strength parameters of the clay.The conventional shear
strength parameters c'and #' were also obtained.

The average properties of the soil tested,the
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method of sample preparation,and the testing procedure

employed, are described in the following sections.

3.1 Clay‘Tested

The remoulded clay in its original "undisturbed"
condition is a lacustrine clay deposited during thel
times of glacial Lake Agassiz.The clay is highly plastic,
dark greyish brown in colour,and is laminated with silt.
The average index properties ére shown in Table 1.

‘The consolidation characteristics of the remoulded
clay are shown in Figure 5,where plots of void ratio,
versus the logarithm of effective pressurej;and the
coefficient of consolidation,C,,versus the logarithm
of effective preésure,p,were presented in the same
figure for a sample from Batch l.owelling was not

allowed throughout the loading process.

3.2 Sample Preparation

Two_batches of the same soil were prepared as follows:
Small lumps of "unditurbed" soil were allowed to soak
in distilled water for one week,and then thofoughly
mixed and separated inteo two batqhes;They were then
covered and stored in a moist room for thrée weeks 1in

order to obtain a more uniform distribution of moisture
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Table 1 Average properties of clays tested

Original average water content of undisturbed clay
Liquid Limit

Plastic Limit

Plasticity Index

Clay fraction

Activity ratio

Specific Gravity

Compression Index CC

54,0 %
120.0
46.7
73.3
90.0 %
9.815
2.75
0.70
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content.The water content of the "batches” in this
condition was apprbximately equal to the liquid limit
of the soil.

One batch of the soil,hereafter called Batci 1,
was allowed to dryto a water content of 75.0/%,whereas
the other batch hereafter called Batch 2,waé dried to
a water content of 91.0..Both batches were continuous-
ly and thoroughly remoulded throughout the drying
process. |

All samples,were cut from the batches,and trimmed
to l.4 inches in diameter and 3.0 inches in height.

To accelerate consolidation and pore pressure
response,all samples were provided with filter paper

side drains and seven internal wool drains.

3.3 Testing Procedure

All samples were subjected to isotropic consoli-
dation and were drained from the basal porous stone.

To reduce the effect of end restraint,the top ;oading
cap was lubricated with silicon ‘grease.

To assure complete saturation,a back préssuré was
used.As described by Bishop and Henkel (1)57},both cell
préssure and back pressure were increased in increments
in order to allow sufficient time for equalization of
pore pressure at each stage.’ore pressures were méasu-

red at the sample base by means of a pressure gauge
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or mercury manometer.

The multiple-stage teclhinique desribed by Bishop
and Henkel (1757) and by Kenney and Watson (1961) was
used for all tests.It was possible to perform two or
three tests on each sample,resul-ing in a grean saving
of material. .

All samples were axially loaded to failure under
a constant rate of deformation,using a loading frame
with a proving ring attachﬁent.The averége axial strain
rates during tests were °* >
Eethod 1,0.863 7 strain /hour;

Fethod 2,0.882 % strain /hour;
‘ethod 3,0.908 % strain/ hour.
The three different testing procedures,lethods (L),

(2) and (3) are described below.
3.3.1 Method 1

Three samples from Batch 1 and two samples from
Batch 2 were subjected to multiple-stage consolidateds
undrained triaxial compression tests with pore pressure
measurenments,following the procedure described by Bishop
and Henkel (1957) .The effective isotropic consolidation
pressure,Og ;ranged from l0.0 psi. to 60.0 psi..A back

pressure of 20.0 psi. was used for all tests.In Stage 1
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of the test,after failure was rcached,the applied
streds (Oi-OS) was removed and the sample was then
allowed to come to equilibrium as indicated by the
constant pore pressure.ln Stage 2,the cell pressure
on the same sample was increased to the desired value,
the sample was allowed to consolidate,and the test was
repeated as before.Stage 3 was merely a repetition of
Stage 2 with a higher consolidation pressure. The
heights and volume changes were carefully neasured
throughout the consolidation of. the samples,énq the
height changes were measured throughout the testing.

Where apparent,the mode of failure was also noted.
3.3.2 Method 2

In this Method,the samples were first consolidated
to the same isotropic consolidation pressure used in
section 3.3.l. The cell pressure was then reduced to
a lower-value under undrained conditions,lonsequently
a reduction in the pore pressuré occured.The major
drop in the pore pressure occured in a short time.

The sanmples were then axially tesied to failure before
the samples had reached equilibrium under the reduced

cell pressure.lt was assumed in the analyses that the
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pore pressure atvthe time the axial load was applied,
was constant through@ut the sample and that subsequent
pore pressure changes were due to the application of
the axial load only.Theée assumptions are not necessary
valid,which makes the method questionable.

Using the multiple-stage technique and in accor-
dance with the procedure desribed above,one sample
from Batch 1 and two samples frpm Batch 2 were tested,.
- Eight test results in all were obtained,and they were
used in conjunction with the other results obtéined
from the consolidated-undrained tests described in

section 3.3.1 to determine fvorslev parameters.
3.3.3 liethod 3

Two-stage ID> tests were carried out on one sample
from Batch 2.In the first stage,the sample was con-
solidated,then axially compressed to failure,with the
'major effective principal stress,Oi ,kept constant at
two different stress levels by means of pore preésure
control.The pore pressure was controlled by increasing
or decreasing the pore pressure at the base of the
sample.After failure was reached,the applied deviator
stress (Oing) was removed,and the sample was allowed

to come to equilibrium.In the second stage,the cell
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pressure was increased to the desired value,consoli-

dation was allowed to take place,and the test was
repeated as before.Volume changes of the sample

were recorded when drainage was used to control pore

pressure.
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Chapter 4
TEST DATA aAND ANALYSES OF RESULTS

The water content,w,the effective consolidation
pressure,Og ,the void ratioye,and the degree of saturétion
s, at various stage of the multiple-stage tests are
summarized in Table 2. In the table the subscript "i"
designates the initial condition prior to consolidation,
whereas the subscript "f" indicates»the final or fai-
lure condition.The test numberé are designated as 101l.1
for Stage 1,101.2 for 3tage 2,and 10l.3 for 3tage 3,for
the same sample.This system of desiénation is used for
all samples.

The stress-strain curves for all tests are included
in Figures A-1 through A-31 of Appendix A,

Failure was taken as the peak point of the plot
of the effective principal stress ratio (Oi;/Gg ) versus
the axial strain,€,of a sample.The failure conditions for
tests carried on by liethods (1) and (2) are presented
in Tables 3 and 4,
where
€ is the axial strain at failure,

A uf is the pore pressure change at failure,
A = Au

f f
meter A at faillure.

/ (AOQ-AGﬁ ) is skempton's vore pressure para-
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It may be observed from the ‘tables that the
valuea of Af varried betweon 0.337 to 0.713 ,and
averaged about 0.582 ,and the ratio Au/ Og ranged

from 0.30 to 0.37 and average 0.35.

L.l Effective Shear Strgnsth Parameters

Figure 6 shows the g%?ess,paths and the failure
envelopes in effective principal stress spéce for the
consolidated undrained tests performed on samples from
Batch 1 and Batch 2. By applying equations (6),(7)
and (8),the average shearrstrengtheparameters were

¢! =0 and @' = 15 degree.
L .2 Hvorslev Parameters c, and ¢
| e
L.2,1 Determination of cg & ﬁe by liethod (1)

To determine the parameters Cg (& ¢e according to
Method (1),it was essential that the pair of samples
considered had an identical water content at failure.
The water content at failure,wf,was plotted against the
luparithm of the corresponding effective consolidation -
.pressure, 08 ,for samples from Batches 1l and 2 in
Figure 7 .It can be seen from the figure that two

different consolidation curves,which were approximated
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by straight lines,were obtained for Batches 1 and 2.
This indicated that the structure of the soil in the
two batches probably differed due to different stress
histories.Similar graphs would be obtained if the void
- ratio was plotted against the logarithms of the effec~
tive consolidation pressure as .

In Figure '8 ,the water content at failure ,wp,
was plotted against the logarithm of 1/2 (0 -04 ) o
and 1/2(Oi4+0§ )ffor samples from Batches 1 and 2,and
a straight line reiationship was. obtained.At a given
water content at failure,wf,two values of l/2(0i -Oé )f
and two values of 1/2(01 +O§ )f are obtained for soils
from Batches 1 and 2,yielding two points in a
'l/Z(Oi —05 )fversus l/2(0i +G§ )fplot,representing
the Mohr circles of stresses at failure.By drawing a
straight line through these two points, C, was obtained
from the intercept on the l/Z(Gi —05 )faxis and ¢e
from the angle of inclination of the line by applying
equations (3),(4) and (5).Figures 9,10,and 11 shows
the plots of l/Z(Gi ~G§

different water content at failure,wf,values,The

)fagainst 1/2(012+05 ) pfor

parameters thus obtained are tabulated in Table 5.
In Figure 12,c_ and ¢e were plotted versus the
water content at failure,wf,lt can be seen from the

figure that values of Cq increased with decreasing
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Table 5 Determination of c, and g, by liethod (1)

w| B a 1/2 (Oi‘ 1/2 (04 0larrl Co g
a

% g psi - Oé)f O})f psi psi |degree
h psi psi

. 1 3,15 7.90 7,10 |. .. |

65 : 1.2 14.6
2 L+ 00 11.00 9,70

- 1 10.6 | 3.42 8.80 8,00

61, . 1.2 14.6
2 15.0 | 4.36 12.25 10.85
1 | 12.2 | 4.15 11.00 - [10.00

62 1.5 14.0
2 17.00 | 5.20 15,20 13.50 |
1 15.2 | 5.00 13.80 12.60

60 . 1.7 13.5
2 20,9 | 6.20 18.80 16,70
1 | 2.4 | 6.60 18,70 17.60

57 2.5 12.8
2 28.7 | 8.05 25.00  [21.70

1 | 26.7 | 8.00 24,20  [21.00 |

55 3.2 11.8
2 35,5 | 9.60 32,10 29.00

. 1 33.2 | 9.60 30.50  [28.00

53 L.0O 10.7
2 1 43.5|11.40 40,00 36,00
1 37.2 | 10,60 34,00 31,20 |

52 . Le3 10.6
2 48,5 | 12.50 Le20  [50,20
1 | 46.6(12.80 43,00 39,00

50 5,1 | 10.6
2 60.0 | 15.00 55,00 50,00
1 58,1.115.50 54,00 58,10 A

58 7.3 9.1
2 74.0 | 17.70 68,00 6, . 00
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FIGURE 12 Water content at failure

Vs Qe & Ce by Methods(1)&(2)
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values of water content at failure,wf,whereas ¢e,
contrary to Hvorslev assumptions,was not constant, but
increased with increasing values of water content at
e failure,wf.The values of ¢e ranged from 9 to l4.5 degree
for the range of water contents used in this study.
In Table 5,the effective octahedral normal stress

~at failure,0jctr= 1/3 (0i+ 2 03) obtained from Figure C-1
in Appendix C,and the effective consolidation pressure,
(033 obtained from Figure 7 are also included.These results

will be discussed in a subsequent section.
L.4.2 Determination.of ¢, and ¢e by Method (2)

Table & shows the cell pressure,ﬁhe effective con-
solidation pressure of the consolidated-undrained samp-
les tested.The cell pressure,the effective consolidation
pressure before reducing the cell pressuré,and the
reduced cell pressure of the samples tested according
to Method (2),and used in conjunction with the conso~~

"""" lidated-undrained samples in the determination of the
shear strength parameters Co and ¢e are'also shown in
the table. |

Plots of the pore pressure and the corresponding

effective consolidation stresses versus time,after
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reducing the cell pressure are shown in Figures D-1.
through D-8 in Appendix

Figures 13 to 15 shows the water content at failure,
wf,plotted against l/Z(Oi-qg) and 1/2(01+O;) obtained
from Tables 3 and 4.Bach figure shows the results of two
corresppnding samples,one tested according to the con-
solidated-undrained test technique,and-the other éccor-
ding to lethod (2).The values of the stresses at fallure
used in the determination of cg ¢ewere taken from the
figures at the average water content at failure of the
two corresponding tests.For exahple,with reference to
Table 4,for test 201.l,wf=64,7% and for the correspon-
ding test 203.1 w,.=66.1%.0ence the average water con-

it
the two tests = 65.4.the correspon=

F

tent at failure o©
ding values of 1/2(01-03)& l/2(01+0§) were used in
Figures 16 to 18 to obtain Hvorslev's parameters,and
are shown in Table 7.
In Table 7;some of the values of ée and ¢e were
negative.This could be due to experimental errors,
such as the incomplete dissipation of the pore pressure
after the release of the cell pressure. |
Because'of\the discrepancy and insufficient data
obtained {rom tests by Method (2) ,no specific conclu=

sions should be drawn from the results cbtained by




°

€O ‘102 so|dwbs

Tz)pouwe W 00)en B D +0)2/L sA sanppy 10 juSWod UM €L 3UNDI4

‘o e awe
Yo -Dyen awgo

€02
102

@
N

SJN|ID) 1D JUSIUOD  USIDM

O ©
w0

1.
L]

S 3

3

aidwpns A ® | B
a|dwps 0

A

©
©
0 /q

A A T

C b

o33

o€

Isd oAn|in}. I SSaJIS

02 ol 0
puidou aaPeye BAD o sJniipp 1D SSIUS IDays XxpWw



02 ¢ 20¢

sojdwps f (g) POUlISIN

3o o)z ,MwAnO d0)g/L SA odnpiD} D JUSIUOD JIIDM Pl JdNoO14
/ / ¢ 7 .

ole

o - o -@mm

1 o

A A" LG

€ L | 1.9

A\b\bvm: Ao 8c O

€A -1 =

A\.O \,.OVN:\ A®O lec &
A -

O ¢ U@mw

02 © —

| Tio =

yoz — 202 . o 5

co @

3

v B & 'O R

on._. o, !

1sd oun|D} IR SSAaJS [DWUOU SAIS IS

N.—
BAD

O
4O 24n|ID} 1D  SS24}S JPays XDW

Q



42

‘@ypouten D -0)en e (D +Den

1
¢

€0LC 20l ¢ 10l sodwps |
SA  adn[IDf 1D FUSIUOD  JS1DM Gl IYNOIL

6t £
-t
A & OSSRt
@ Q A
125 8
a Q o
1S 2
-1

. Q%
(0 +0) 2/l egaga bog ot o
SR Toc S
t0-0) 2/l opazga- oc
LOL o dwDps o 9 <
20l ojdwps o s ©, | fo/o

€Ol 9dwins a %S

oS¢ OF of o1 oo

1Sd eJniiDy I ssoUlS [DudJou

419 9bpUsAD

Jd0

SJN{ID) 1D  SS9JIS JDSYS ‘XDU



€0L ¢ LOL  soidwnps
“(2) powieW T ifo-'oyen sa oozt oL 3Enols

lsd :wu *0)el |

}
¥

O

m—

®
E

/908 =

]

(ddnsssud jj9o U_w.u:Uva £0L <o dwps

Ol 9idwps o

J’.O> Z/I

o

Je.g0

red



byl -

IZO AN mom mmEEom
£(2) POUB®W - ,,ab-,bvm: san (F0 *'0)2/L - L1 3¥N9Id

S 1sd *(£0 +'o)en .
¢ o€ | 02 o7 Ol | 0

isd o -'oyert

T

S i)
(ednssaud |92 paonpad) Oz sdwps &

202 sdwps O

Gl



102 ¢ €0z sa|dwps

f(2) Powew f 'Co-'o)en sa (O+'0)e/l gL 3HNOI4
L sd peoyen
ov o€ | oz ool 0

\

hON S|duwps o

(sdnsseud  ||8D peonpad) g0 o|dwps a

x4y

O

;o

§

—

O

13

14

J,
15d (

o



Table 7 Determination of ¢ and # by Method (2)
e e

b~

B | Test wp ge | 1/2(07- 1/2(0y+ Setrl  Ce g,
a
t | number| % psi 0'3')f 0'3')f psi | psi | degree
C .
h psi psi
101.1 12.2 Lo4,0 11.30 7.60
]. 6104 - 5016-0 -6.00
103.1 14.8 4,20 13.30 10.00
101.2 21.5 6.30 19.80 17.80
1 5701 17020 -21&00
103.2 20.5 6.05 20,20 17.40
102.1 21k | 5.89 19.20 [16.93
1 57.0 2.00] 12.3
103.2 20.5 6.11 20.27 18.27
101.3 L1.1 9.80 39,20 34 .40
1 50,6 8.05 2.5
‘ 103.3 L1.6 9.60 35,00 33.80
201.1 A 12.2 3.60 10.30 2.10
2 65 1y | 2.12| 8.1
203.1 12.2 3.65 10.90 9.80
202.1 17.6 5.10 14.20 12.40
2 62.4 2.94 | 8.6
204.1 17.6 5,20 15.10 13.20
20102 2105 6080 19090 17-70 B
2 59.4 -4 .00 25.00
203.2 21.3 430 18.10 16.50
202.2 31.5 8.80 27 .20 23.70
2 56,7 3.16 | 11,22
204.2 31.2 9.60 30.20 26.10
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this method.In the subsequent section,only the positive
values of ¢ and § will be used in comparison of the
e e

_results obtained by lethods (1) and (2).

L.2.3. Comparison of values of cg and @, obtained by
lethod (1) and (2)

Values of c, obtained by lethods (1) and (R) as
summarized respectively in Tables 5 and 7 are presented
in Figures 19 ,20 and 21. The logarithm of c, and (cg)
was plotted against the water content at failure,we ,in
Figure 19,against the logarithm oflﬁé in Figure 20,and
against the octahedral normal stress at failure, (O'Oct)f
in Figure 21.From these figures,the following relation-
ships can be derived :

For lMethod (1)

11.0(0.655-w¢)

Cg = © S g-10)
0.98 :

Ce=ooll (o-é ) 090..006.00000.0.-(21)
0.975

Ce = OolBS(Ogct)f coooooooofoo-oo-au(22)

and for Method (2)

11.0(0.73 - wgp)

Ce = e oooooeoeeocooooaeo(ZB)
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pressure

 effective
ol 20 30 40 50 6070
o
84+
71
Sl
51
. 44
3
Q51
I /
W //————@—- Method (1) Hvorslev
o 2 7 o Method(2) Hvorslev
7 e~ Method (3)
¥V} O
U 7 | Schmertmann
/7
/@
/
1//
/U
//
/
1
FIGURE 20 cCg&(celgvs Effective consdlidation



-50-
Effective octahedral normal stress at faiure otk
1510 20 P%" 30 40 50 60

ol | -

b

c&(c ), psi
W

y —e-o--— Method (1) Hvorslev

4 _w— Method (2) Hvorslev
———&.— Method (3) Schmertmann

FIGURE 21 C e & (Ce) versus
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0,96
— T
Ce"' 00203(50.0) .o..-o...........(2ly)
0.96
=z y f 2
ce Oe2.2+7 (Goct, )f uc.oaoocooo.‘ooooo(LS)

where:
Cq is the effective cohesion,
Og is the effective consolidation pressure,

O’l

octf is the effective octahedral normal stress at failure.

It can be scen from these equations that'ce is
related to the water content at failure,wf,or the
effective consolidation pressure,Gé , as wellbas to
the effective octahedral normal stress at failure,

0. foThe relationships obtained by Method (2)take

the same functional forms as those obtained'by Method
{(2).1It appears,therefore,that the stress history plays
an important role in the determination of Cqo for the
remoulded Winnipeg clay.

Vontrary to Hvorslev assumption,¢e was found to
vary with wy or Oé by Method (1).In Figure 22 where ¢e
was plotted against the logarithm of (Ogct)f,ﬂe
appeared to vary linearly with the logarithm of (Ogct)f-
for Method (1) .No conclusion can be drawn regarding
the results obtained by Method (2) because of the shorte

comings of the test procedure which yielded negative
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values of o and ¢e in some instances.ln Figure 23,where
¢e was plotted against the logarithm of 0; ,a straight
line was obtained for Method (1).It appears that ¢e may
be related to the water contént at'failure,wf,to the
effective consolidation pressure,Oé ,to the effective
octahedral normal stress at failure,Oéctf ,and stress
‘history.The data obtained in the present invesﬁigation
were insufficient to draw any conclusion with respect

to the facoors that could influence ¢e .Juch more
research is needed before any stfong assertion.can be

made.
4.3 J3chmertmann's Paranmeters

Test data for samples 301 are shown in Figure A=32

A-33 and A-34 in Appendix 4.1t can be seen from these
figures that the volume change resulting from curve
hopping in order to maintain two different stress levels
of Oi during tho test was less than 1 cc. The effect

of this small volume change on thé interpretation of
results is not known since the clay used is of swelling
,character.Resolts are shown in Figures 24 and 25 ,where
(ce) and (ﬁe)'were plotted against the axial strain.

It may be observed from the figures that despite the
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scatter due to extrapolation of results,there was
little variation in (cg) ,whereas (fe) increased with
increasing values of strain € .Furthermore (ce) appear-
ed to be affected by the effective consolidation pres-
sure,Gé ,Or the water content at failure;wf,while (¢e)

was virtually independent of the effective consolida-

tion pressure,Oé ,or the .water content at failure,wf.
4.4 Comparison of Hvorslev and Schmertmann Parameters

For comparison,results of (ce) ,(¢e) at failure
obtained by Method (3) are presented in Figures 20,
21 and 22.From these figures,the‘following relation=-
ship can be obtained: |

11.0(0.787 - w,)
(c )= e cesvssccscccsss(26)

e _
(cg) = 0.267 (01 ) PN X2
0.70
(ce) = 0,86 (cht)f cececcssescsseo(28)

The functional forms of these equations are seen to

be the same as those of equations (20),(21)and (22)

or {23),(24)and (25) obtained by Method (1) or Method
(2).Apars. from the difference :in testing procedures of

the methods,a small volume change occured in the IDS
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tests of Method (3).It éppears that (ce) may be in-
fluenced by drainage conditions during tests,although
the data was insufficient to explain why such a rela-
tively small change could héve affected (c,) It is
significant,however,that both cqand (ce) relate to
the water content at failure,wf,to the effective conso-
lidation pressure Gé or to the effective octahedral
normal stress at failure,Géctf in similar functional
form. |

It may be noted from Figure'12 and from the othef
values of Hvorslev's or Schmertmann's parametérs that -
the value of @' was always higher than that of ¢e or
(ﬁe) +Although commbnly used in practical work because
of the relative simplicity,the conventional strength
parameters c' and @' are unable to explain the funda- -

mental nature of shear strength of clays.



-59-

CONCLUSIONS

The conclusions summarized below reflect the
findings of this investigatioh and are limited to the
soil used,the methods of sample preparation and the

testing procedure employed :

1-Hvorslev's or Schmertmann's (Ce) is exponentially
related to :the water content at failure,the effective
consolidation pressure,and the effective octahedral
normal stress at failure. ¢, appéars to be stress

history dependent.

~

2-Hvorslev's me is not constant but appears to vary
with the water content at failure,the effective conso-
1idation pressure and the effective octahedral normal

stress at failure.

3-Schmertmann's (¢e) at failure,however is virtually

independent of water content at failure or effective
consolidation pressure. Much more research is needed
before any assertion can be made with respect to the

nature of these parameters.
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VIII NOTATICNS3

~a intecept on the 1/2(01 -O} ) axis.

3kempton pore pressure parameter at failure.

=1

oc angle between plane of failure and major principal
stress:-

b intercept on the 01 axis.

(bn)ebond strength at strain €

B angle of inclination of the common straight line drawn

through the top points of the Mohr circle at failure.

c éohesion

c? effective cohesion.

c, Hvorslev's effective cohesion parameter.

(ce)e Schmertmann's effective cohesion parameter,at axial

strainé€. |

c initial cohesion.

c compression index.

mobilized component of shearing resistance independent

of effective stress at a given strain on a given plane

e void ratio.
subscript indicating failure.

G° specific gravity of soil solids.

I, mobilized cémponent of shearing resistance depending

on effective stress at a given strain on a given plane.



K

K’

¢
¢1
Pe

(9,
Gn

On
Ge

?
Oéi

'
Oca

O"Y
O"

-6l=

coefficient of cohesion.

coefficient of cohesion for clays remoulded at low
water content.

angle of friction.

angle of shearing resistance based on effective stress.

effecti&e angle of friction

)E Schmertmann's angle of friction at axial strain €.

total normal stress on the plane of failure,
effective normal stress on the plane of failure. -
equivalent consolidation pressure.
éffective consolidation pressure before reducing
the cell pressure.

effective consclidation pressure after reducing the
cell pressure.
effective major principal stress.

effective minor principal stress.

effective octahedral normal stress = 1/3 (0% +20})
shear strength at failure on the failure plane.
total shearing resistance mobilized at a given strain
on a given plane.

degree of saturation.

pore water pressure.

pore water pressure change .

water content.
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Appendix A

Stress -~pore pressure-volume change

versus strain datas.
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FIGURE A-30. RESULTS - TEST 204
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FIGURE A-31 RESULTS-TEST 204 .2
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FIGURE A-32 RESULTS-TEST 3011
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FIGURE A-33 RESULTS -TEST 301.2
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Appendix B

Axial strain rate during tests
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Appendix C

vEffective octahedral normal stress at fallure

vs. water content at failure.
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Appendix D

Pore pressure and effective consolidation

pressure vs. elapsed time. '
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Appendix E

Independent—dependent~strain,IDS,technique.
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Independent-dependent-strain,IDJ,test.

Schmertmann and Osterberg (1960),and Schmertmann
(1962) ,developed a new testing technique.The objective
of this test is to separate the independent and depen-
dent effective components of strength at any strain,
hence the abreviation ID3 test.

One sariple of soil is required.The sample is con-
solidated and a back pressure 1is applied.The sample is
then axially tested.The major principal stress,O},is kept
constant by increasing the pore pressure at the base of
the sanple.The changes in volumes-and heights of the
sample are recorded throughout the test.

Two effective stress conditions of the soil with
jdentical structure at any strain are needed,to obtain
the dependent and indepencent strength components.jchmer~
tmann and Osterberg (1960) developed the hopping techni-
que shown in Figure E-l1.Two values of Gi are chosen;0!

1
(high) and Gi (low).The major principal stress,Gi,range

of about 75 to 100 % of the equivalent consolidation
pressure,ﬁé yproduces strength changes that could be
interpreted with sufficient accuracy and yet involves

only a small véid ratio change.As the sample is axially
loaded Oi (hizh) is kept constant and points on Ui (high)
deviator curve are obtained.The pore pressure is increased
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by an amount equal to the difference betweenvﬁi (hizh)
and 01 {low).After some time,the deviator stress level off
and points on Oi {low) deviator curve are obtained.
Successive -increase and decrease in the pore pressure
leads to two deviator stress curves.At any strain two
effective stresses are obtained and the strength compo-

nents ‘are readily calculated.

stress

deviator

axial strain

FIGURE E -1 Independent-dependent-
: strain , DS, test.



