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ABSTRACT .

The study presents the laboratory testing of various types of soils using triaxial

equipment recently established st Memorial University of Newfoundland, Sand

from Hibernis ares, Clayey Silt from Placentis Bay area and Silty Clay from

West Coast of Newfoundland were submitted to standard monotonic triaxial tests.
olidated undrai d (CIv)’ jon tests, el

idsted drained (CID) fon tete werd performed as well as soveral *
extension tests or pore pressure controlled tests. /Cyclic triaxial tests were also

carried out on Ssnd and Clayey Silt.

Results showed that, despite known limitations, the equipmertwges adequste in
providing reliable- geotechnical parameters. A discussion Tl these results and a
comparison with esrlier work by other researchers are presented.

L ’ N

1




E=N

Table of Contents . '

1. INTRODUCTION . 1
. 1.1. Introduction to the present work =
7 1.2, Objectives g
3. LITERATURE REVIEW 3
2.1. Geotechnical Properties of Oﬂshore Soils 3
2.L.1. Introduction 3
- 2.1.2. Index Properties of Olfshon Soils 4
. 2.1.3. Geotechnical Properties for the Canadian East Coast 4
. 2.L.4. Geotechnical Properties for Davis Strait Area 8
2.1.5. Geotechnical Properties of Sediments for the North Pacific 9
*2.1.8. Geotechnical Properties for Gulf of Mexico Ares
2.2. Historical Development of Triaxial Test :
2.3. Systems for Triaxial Loading|
2.3.1.-System Developed at Imperial College (Bishop and Henkel]
2.3.1.1. The Cell for 1.5 in. and 4 in. Dismeter Samples

11
12
12
13
Apparatus for Controlling Cell Pressure 13
Apparatus for Measuring Pore Pressure 18
2.3.14. Apparatus for Measuring Volume Change 18

! 2.3.1.5. Loading System | 20
. = 23.2. Triaxial Testing at Norwegisn Geotechnical Institute 22
23

25

27

27

28

30

2.4. Experimental Factors Affecting Triaxial Results
24.1. End Effects
2.4.2."Water Content and Saturation of the Sample
2.4.3. Membrane Effects
24.4. Sample Preparation .
2.4.5. Other Factors

2.5. Cyclic Triaxial Testing ) 33
. ) 2.5.1. Systems for cyclic loading and most commonly performed 33
.tests
2.5.2. Factors Affecting Cyclic Triaxial Results 34
3. IDENTIFICATION OF INVESTIGATED SOILS 45
3.1. Type of Soils Tested @ 45
3.1.1. Sand v - . 4
3..2. Clayey Silt s 48
3.1.3. Silty Clay v N v v Vam e o




/ ey

. \

| L vi
4.‘ APPARATUS AND -~ . TECHNIQUES USED FOR ~ 63
. MONOTONIC LOADING OF VARIOUS SOILS - &
Y ( 4.1, Triaxial System Used -}
4.1.1. Triaxial Cell . i 53
‘J 4.1.2. Volume Change Device . Rt
| 4.1.3. Pressure Control Device . 57
| 4.1.4. Load Press . § R F 9
| . 4.2. Tests Pérformed with the System - i 2 59
4.3. Sample Preparation ‘ : 61
™™ 43.1.Sand 61
* 4.3.2. Clayey Silt 61
4.3.3. Silty Clay . 61
| 4.4. Backpressure Saturation 62
. 4.5 Consolidation . . 4 T 63
| 48. Rates of Loading 2 : 63
1 4.7. Special Tests . 65
MONOTONIC TRIAXIAL TESTS: RESULTS ]
| 5.1.Sand - 66 -
| 5.2. Clayey Silt o8
| 53.Silty Clay .10
! 5.4, Pore pressure parameters during undrained tests . 7
/6. MONOTONIC TRIAXIAL TESTS: DISCUSSIONS - 103
" 8.1 Effect of the Saturation and Pore fluid Properties 103
6.2. Influence of End Effects 5 3 104
| 83. Effect of the Sample Disturbance i 105
1 6.4. Other Factors ; 105
|- 8.5. Comparison with Other Results 106
|7. CYCLIC TRIAXIAL TESTS ON SAND AND CLAYEY SILT 110
| 7.1 Material - 110
7.2. Testing Equipment e 110
7.3 Types of Tests B § £
7.3.1. Drained tests on sand ‘113
.7.3.2. Undrained tests on sand - B V¢
| 7.3.3. Undrained tests on clayey silt . 114
| .7.4. Sample Preparation . : 115
| 77.5. Results and lnzerpummu [t
. 75.1. Sand I | 115
7.5.2. Clayey Silt 115
7.8. Discussion and Recommendation U 116
8. CONCLUSIONS L 134

9. References ' ' c 138

- e







Table 2-1:
Table 33:

Table 23:
Table 3-1:
Table 6-1:
Table 5-3:
Table 6-3:

Table 7-1:
Table 7-3:

Table 7-3:

List of vj',‘l‘a'blgs

Strength Properties of Sediments (Silva et al. 1984)

Range of geotechnical pmpertl of sea flcof sediments
(Richards et al. 1067)

Summary of factors nlleeung tri
cobesionless soil (Townsend 1978)
Physical properties of soils under investigation

Summary of tests conditions on sand

Summary of tests conditions on clayey silt

Summary of tests conditions on silty clay

Results of cyclic tests om sand '

Angle of internal Iriction for samples subjected locychc
and monotonic loading respectively .

Results of eyclic loading on clayey silt

ol strength  of

us

f21



Figure 2-1:
Figure 2-2:

Flgure 2-3:

" Figure 2-4

Figure 2-5:
Figure 2-0:
Figure 2-7: -

Figure 2-8:
Figure 2-0;

Figure 2-10:

Figure 2-11:
Flgure 2-12:

Flgure 2-13:
Flgure 2-14:

Figare 3-1:
Flgure 3-2:
Figure 3-3:
Figure 3-41
Figure 4-1:
Figure 4-2:
Flgure 4-3:
Figure 4-4:
Figure 6-1:

List of Figures
Grain size distribution o offshore ‘sends (Meyerhof 1979)
Plastiity  characterisics for obfshore’ clays Meyerto
TR

The trigxial cell for 15 in. diameter samples (Bishop et
al.1062] ~

‘The triaxial cell for'4 in. dismeter. ulmples (Bishop et al.
1062)
“The principle of the sll_ compensating mefury el
(Bishop;et al. 1962)
Null method of pore pressure messurement; original
arragement (Bishop et al. 1962)
Apparatus for measuting volume change under pressure
(Bishop et al. 1982)
General layout of a typical triaxial test unit (Berre 1081)
Enlarged frictionless end platen with central dmnlge for
trinxial tests (Rowe et al. 1064)
Membrane penetratici into interstices of sample of sand
due to change'of excess pore pressure (Kiekbush et sl.
1977)
Schematic servo loop for dynamic triaxial testing of soils
(Marshal 1962) a
Disgnmmatic layout of ' the triaxial apparatus
(Klementev 1983) '
“Triaxial cell for cyeclic loadigg tests (Berre 1981)
Details of connection between piston and top cap for
cyelic loading cells"(Berre 1881)
Location of Project Siteson Newfoundland Map .
Grain Size Distribution
Plastic Propetties of Investigated Soils (USC)
Oedometer Curve for Silty Clay
Experimental set up for Monotonic Loading Tests
Triaxial Cell Features
Volume Change and Pml\lre Control Devices
Load Press: WF. model 10021
Effective stress paths for undrnned triaxial cumpressmn
tests on Hibernia sand

e

5

=

21

24
20.%

20

35




L

"1 . Figure5-8:

Figre 5-2:
ll‘l;nn 6-3s:.

Figure 6-43.

Effective stress paths for undriined trasial colnpr&sslun
tests on Hibernis sand
Effectivt stress ‘paths for drained triaxial -compression
tests on Hibernia sand
Effedtive stress-paths for dramed triaxial cnmprmmn

- tests on Hibernia ssnd

Figure 5-5:
‘l‘ignre 582

i
Flgure 5-7;.

‘Figure 5-9:

'Flgnn 5-10:
. i *-drained triaxisl & tompression tests
. 'Figure 5-11:

St train curves _ for i triaxial
tests oo Hibernia und b

Excess pore presure verms:strain &irves for undrained
lna.xnl’mmp teﬂu 5 %
cutves’ - for” i zmxml
tests on Hiberniasand "~ - ¢

E\mess pore: pressure versus strain curves for undrmnzd
triaxial compression tests

Stress-sirain. curves, for d;nmed trmxml cnmpremnn tests’
on Hibernia sand- * P
Relative change in * volume Veblxs ntmn c\uves lor

Stressstrain curves for drsined Ina.xnl‘mmpre:uon tesu

 on Hibernia sand-

- Figure 512

Figuare 5-13:

~ Figure 6-14: -

s Figure 6-15:
, Figure 5-16:
i‘lgu}. 517:
‘Flg!ﬂe‘_&lsz
Flgure”s-lﬂ:
Figure 6-20:
Figure 521:
- Figure §-22:

Figure 5-23:

Relative change' in volume versus strnn curvw Ior
drained triaxisl compression tests

Effective'stress paths lor undrained trigxial comprassnon
tests on Hiberniasand. -

Effective stress paths for undrained " triaxial compyessmn
snd m(wnsxon tests on. clayey silt

Effective’ stress paths for drained triakial compression
tests on clayey silt

‘Stressstrain curves for nndrai mmn ic
tests o clayey silt - !

Pore préssure versus strain” curves for undrained tnum.l

commipression tests on clayey silt

Stress-sirain curves &7 dmned triaxial compression tesu

on clayey silt.

Volume changu versus sirain_curves !or dra.med mnxwl

compression tests on clayey silt

Stressstrain curve for drained muml extension'test’ on

clayey silt

Volume chnngo versus strain curve for drnmed trmxml

extensiod test on clayey silt

Effective stress paths for drained triaxial exlenslon test
“on clayey silt

Effective stress paths for undrained and drained triaxisl

compression testson intact silty clay - -

¥

e

74

'75

.76 e

77
7

78

78 =
‘79

79 s s
80 i
80 .

8L

83 .-

84

8

85

86 .
gs" T
87 -

g8 o

88 . -

[




it ow ® xi
Figure 6-24: Effective stress paths for undrained triaxial compression
* tests on remolded silty clay
Figure 6-25:+ Stress-strain curves for undrained triaxial compression
tests on intact silty clay :
Figure 6-26: Pore pressure versus strain curves for undrained triaxial
: compression tests on intact silty clay

. \
Figure 5-27:  Stress-strain curves for undrained triaxial compression

. tests on intact silty clay
Figure 6-28: Pore pressure versus straiu curves for undrained triaxial
curves for intact silty clay '
Figure 5-20: Stress-strain curves for undrained triaxial compression
. tests on remolded silty clay
Figure 6-30: Pore pressure versus strain curves for undrained triaxial
compression tests on remolded silty clay
Figure 6-31: Stress-strain curve for drained msxnal cnmpresmn test
on intact silty clay
Figure 5-32: Volume change versus strain curve for drained triaxial
: * compression test on intact silty clay
Figure §-33: (a) stress versus strain, (b) change .in pore presgure
/Versus- strain, ‘and (c) change in pore pressure versus
- stress
Figure 5-34: (a) Pore pressure parameter A versps strain sud (b)
Tangent, pore pressure parameter a versus strain (rerer
to fig. 5.33(c))
Figure 5-35: Influence of initial void ratio on the axial strain at which
* Do more pore pressure builds up (u=0) for silty clay
Figure'5-36: Plot of the tangent pore pressure parameter a versus
. strain for sand
Figure 5-37: Plot of the tangent pore pressure parameter a versus
: strain for clayey silt
Figure 5-38: Plot of the tangent pore pressure parameter a versus
strain for silty clay
Figure 6-1: Improvement of Saturation with Back Pressure for two
i Sand samples . : .
Figure 8-2: - Ithprovement of Saturation with Back Pressure
Figure 7-1:  Experimental set up for cyclic loading tests -
Figure 7:2:  Axial stress-strain curve for monotonic and eyclic loading
under drained conditions
Figure 7-3: Stress ‘path associated with cyclic loading on Hibernia
i sands.
Figure 7-4: Relationship between Load Ratio and number of cycles to
B failure.
Figure 7-5: Axial stress-strain curve for cyclic and monoténic loading
under undrained conditions.

8

23

9
[

‘o1

100
101 -
102

108

109

12
19

10

124

3

122



e . .
Figure 7-8: = Effective stress path for. cyelic loading on clayey silt 122 .
Figure 7-71 Load ratio versus number of cycles - 123
Figure 7-8: Excess pore pressure versus strain < 123
. -
\
= — "
' =
— .
1




|

I xiil . 5

; ‘ @
NOMENCLATURE D

The symbls listed below and used in this thesis generally conform to

those published in Canadisn Geotechnical Journal (Barsvary et al. 1080).
 They are also defined when they.first appear in the text. |

A, B = Skempton's pore pressure coefficients

Ay == initial area of the sample

¢ = effective cohesion iitercept .

C, = coelficient of consolidation E :
G, = uniformity coefficiént

Dy, = initial diameter of the sample IR

Dy = relative density R

& = initial void ratio ) ’ R

H, = initisl height of the sample - ’

I, = density index - 3, : g m
K, = failure envelop in Mohr-Coulomb's representation v

K, = coeflcieat of earth pressure at rest

LI = test performed with enlarged lubrieated ends )

N number of cycles for failure |

18] = test performed with standard ends ‘

u = pore pressure ' B L o

V, = initial volume of the sample d

79 = dry unit weight of soil £
P min = Minimum density of soil

P max = Maximum density of soil » = e §




: ,
' g
s, = density of solid particles ,
¢ = elfective angle of internal friction
' ; loy = initial effective confining pressure
i & .
|
i .
i '
: ‘
) ;
b
& ~
:
|
o Y
! Loy

T ————————




Chapter 1
o INTRODUCTION

1.1. Introduction to the present work

The Triaxial test has been accepted as a routine tesi for determining the -

strength of a soil ssmple. It is ‘commonly used in practice to investigate the
behaviour of soil samples before and at failure. Despite the advent of various
other testing machines the triaxial test still has many important applications in

soil mechanics research.

The relationship between the behaviour of soil under particular drainage
conditions and the strength characteristics expressed in terms-of effective stresses
* depends on the magnitude of pore-pressure induced during the test. In order to
clarify pore-pressure response to. different combinations of applied loads, it is

convenient to use a concept i ing pore-p! expressed in

terms of empirical coefficients, Which are Based upon the separation between il
round pressure and deviatoric stress increments. This concept can be used to
predict the behaviour of soil masses by tumerical methods (like the finite element
method, for example) but it also provides a basis for. estimating the magaitude of
pore-pressure to be encountered in the field. Indeed in many problems involving

the assessment of stability and consolidation of soil masses, it is necessary to

estimate the magnitude of the effective stress changes.

. Laboratory testing and particularly triaxial test results constitute s first tool
that the designei” should use in order Yo reduce the margin of uncertainty in his
engineering snalysis. The second step, as it has been proved-for. embankments

#s
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design is to ﬁeld data before and dnmx construction to chetk the consistency

of the sssumptions made earlier.

In the long term behavior of soil masses where Ppoje pressure changes are not
that critical, laboratory triaxial testing also constitutes one of the tools that the

desigaer can use together with other tests. .

1.2. Objectives

. In the present study, laboratory triaxial testing on different types of soils from
Newloundland areas sre reported. Standard monotonic triaxial tests, using
standard and enlarged lubricated ends were < ison of tests using
standard and enlarged lubricsted ends sre made. ~Several special tests were
performed as well as cyclic tests. The objectives of the study were to provide

reliable triaxial results and compare them to pnvbln data by other résearchers. *

For that purpose, a

of the equi used at Memorial
University as compared to the other organizations is made and the influence of
various testing parameters evaluated. ’
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Chapter 2
"LITERATURE REVIEW

2.1. Geotechnical Properties of Offshore Soils
2.1.1. Introduction o

Although construction of offshore drilling]ilntlorma began in the Gulf of Mexico
as early as 1937, geotechnical data for the soils encountered in these sites are very
limited. Shear strength data are mostly unconfined compression or laboratory
vane shear test results. In several investigations in which direct shear -ppnntus

was used, the results are i because of and

drainage conditions. | Very few data giving strength parameters in terms of
effective stresses are available (Noorany 1670).

In recent years more attention has been given to the engineering properties of

submarine sediments other than those found in relatively shallow coastal waters.
Published studies on the properties of submarine sediments mainly pertain to
physical properties such as sound velocity or density related to consolidation and
depositional, history.

About thirty yesrs ago the Swedish Deep’ Sea Expedition investigated the
sediments of the East Pacific Ocean, followed s few years later by American
offshore investigations nesr California and in the Gulf of Mexico due to the
interest in_oil explonﬁon During the last ten years geotechnical ‘studies of
offshore marine sedimients have been reported in speciai conferences on Marine
Geotechmqua held regularly since 1967: !




§ .

From the available lferature the shear streagth properties of the previously
investifated soils are summarized here. An attempt will be made to compare
some of these results with the findings of the present work, in spite of unavoidable

\ regional differences.

32.1.2. Index Properties of Offshore Solls

Due to the action of water, offshore sands consist usually of relatively rounded
particles. Such sands sre frequently of fine and fairly uniform grain lit‘u with
uniformity coefficients of less than about 3 to 4. Moreover, uniform sands and
silts in a loose state are susceptible to liquefaction. Figure 2.1 shows the grain size
distribution of some offshore sands. The plasticity characteristics of the near and
offshore clays, ulnnlly from shallow depths, are shown in I’gure 22 (Mayerhol
1079). /

2.1.3. Geotechnlical Properties for the Canadian East Coast

Keller (1960) summarized the analysis of over 300 samples from the North

) Atlantic and gave the following range of geotechnical properties for the Canadian

E:ln Coast surficial sediments. Measurement of shear strength was made by
p test.

cither ! vane shear or
Sediment type: Fluviakmarine (n’nd-lil( sizes greater thin 0.018 mm)

Shear strength: 3.4 to 6.9 kPa

Water content: 50 to ll‘n% .

Saturated unit weight: 14.8 to 17.1 kN/m®

Fifteen short core samples from the southern Grand Banks were. tested by
Geocon (1069). Water depth was approximately 95 m, core lengths ranged from
0.38 to 1.37 m, the avmn length being OBOm The results of these tests are
summarized below:
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Sediments type: sand and combination of sand - silt and gravel

Saturated unit weight: 14 to 20 kN/m®

Angle of internal friction: 34 to 57° (from direct shear tests on disturbed

samples)

A series of three-bore-holes oithe Grand Banks by McClelland Engineers (1971).
indicated 4 to 28 m of dense sand as the upper layer underlain by. hard silts or "

SHIF clays occasionally with sand seams. A value of angle of internal friction ¢’ = .

35° for the sand was suggested which is near the range of values of angle of
internal friction ¢’ = 39 'to 46° given by Ge6con (1969). e

Based. on the results of three boreholes drilled in 1980 (Geocon 1980) in the
Hibernia area of the Grand Banks, the upper 5 to 6m was found to be dense clean
sand with traces of gravel, silt, clay and ‘shells.” The sand was underlain by
various strata from silty clay to clayey silt and silty sand. Direct shear tésts on
reconstituted samples from upper sand layers gave angle of internal friction ¢’
values of 36 to 40°.

From the efforts required to obtain vibrocore simiples in 70 m depth at
Hibernia, Amos and Bhrrie (1880) concluded that the seabed was hard with lag
gravel. Because of the dense nature of the seabed (Lewis 1081) the load cells of

¢ the penetrometer failed by buckling. Tests on van veen grab samples from these *

" locations showed the following:
Location: Hiberaia ares, Grand Banks .
Sedinient type: medium to fine sand po«:wrly ;ud;kd
Saturated unit weight: 19 to 21 kN/m?

Angle of internal friction; 27 to 32° .
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2.1.4. Geotechnieal Pvpmlu\for Davis Stralt Area

Some geotechnical dats are also available for Davis Strait ares. . MacLaren
Atlantic Limited (1976) studied two"piston cores in 540 m water depths. Graham
and Nixon (1976) discuss the results of tests of 6 cm diameter piston cores’from
400 m watér depth in the southern Davis Strait. Geotechnical properties for 400

m water depth at Davis Strait area are as follows:
Location: Davis Strait (400 m water depth) - s

Stdiment type: Clay (CL) Iiss then 409 sand aad gravel

Sl;zumed unit weight: 22 kN/m® .
S‘hear strength: 17 to 31 kPa
Cohesion: 7 kPa

Angle ;1 internal friction: 34°.

Additionsl geotechnical tests on' 10 piston core samples from the Davis Strait
with 300 m water depth provided the following properties (Chari et al. -1983).

Sediment type: sand and silt mixture
Saturated unit weight: 20 kN/m? ' ' » "y

Angle of internal friction: 25° (direct shear tests on reconstituted samples)




2.1.5. Prop of

for the North Pacific

North Pacific site lies between 30%and 31° 30' N , and longitude 157° and 150°
W some 1000 km north of Hawaiian Islands. The surface sediments are fine

grained quartz - illite - rich clays. Consolidation tests. of the decper samples in

< the North Pacific clays indicate that the sediments column is’ normally

d. The in situ coefficient of within the cored depth of 25
m is relatively constant at 10°® m/s. lsotmplca]]y consolidated undrained (cm)

triaxial tests were ds d. d and -

on
specimens (remolded samples) of sediments. The Mohr - Goulomt parameters of
effective cobesion ¢ and elfectxve fiiction angle ¢' from these tests-are listed in
table 2.1 (Silva et sl 1984); Also listed are friction angles for sum)ar sediments
reported by other investigators.

Fine grained sdils are common on the continental slope, continental rise, and
. certain areas of the deep sea floor. Table 2.2 (Richards et al: 1967) represents the
brief summary of sorie reported extremes'of geotechnical properties.of sea floor

“ sediments the majomy of which are from water depths in excess of 130 m (430 ft).

Exampls of fine grined sofs are presented by Kelle (1969):

! 2.1.8. Geotechnical Pmpenlu for Gnlr of Mexico Area’

| Nooraay (1970) has summrized the findings regarding shear characteristics of
submarine soils. The most {horoughly investigated region- having sediments is in
the Gulf of Mexico near the horth of Mississippi River. Because of the rdpid rate
of deposition the modern prodelta clays are highly compressible and have
extremely low shear strengths of 0.9 kPa to 9.6:kPa. Results of a laboratory,
vane shear tests on clays from the samples on Guiadalupe Island in the Pacific
indicate and undrained shear strength ranging from 2.8 kPa to 16.3 kPa. A series
of consolidated undrained triaxial tests with-pore pressure measurements indicated
an effdetive cohesion ¢’ = 57.5 kPa and an effective augle of internal friction ¢ =

31° of these samples. The pattern of pore pressure change with strain was
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: Table 2.1: “Strehgr_b Properties of Sediments (Silva et -al. 1984) . ) i
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| R
5 S % : K
; @ K t i kea  degrees
‘ 3 Smectite . 1
i LL-44 GEC-3, 1800 en  — - 1.6 35.5
{ - =
; PS-9 Vertical (Remolded) 7 11 wa
% PS-18 Vertfeal (Remolded) ” 0.9 “36.3.
‘ i Illfte - - J
i = R X 4
% MA-02 GC-04 200 cm £ 0.0 i 348 :
| i » ’ : ] ) i
MA-02 GC-04 100 cm 3.0 . 33.0 !
. U PL-18| Vertical (Remolded) . o 9.9 30.4
g g P1-2 Vertical (Remolded) | - 13 2.6
. Lee and Hamilton (1974) - ® o : g
Tllice (depth: uper 10 meters) . 1833 35.0-36.0 3
. ® \
Smectite (depth: upper 10 meters) 3ube4.1 37,0-38.0 S #
A s i
Silva and Clukey (1975) - Lo
Illite (depth: upper. meter) 36.0-35.8 —
i . . §
|+ J K Table 2.2: Range of geotechnical propertied of sea i
floor sediments (Richards et al. 1967) 2 i
- Min Max
) . . Liquid lmie .~ h . 25 . 130
F ) Plastic linit 15 Lo ebs i
. 4 Plasticity index Lk v, 92
S Liquidify index 0.8 3
| : Water content , 277 375% -
| . Void ratie * 0.7 . 9. i
| Saturated unit weight kN/m3 11.7: 22.6 .
- Shear strength, natural kg/m? 20 3000 +
Shear strength, remolded kg/m? g 20 500

Sensitivity 1.6 2 °
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. typical of normally consolidated soils and Skempton's pore pressure coefficients A

measured at failure ranges between 0.1 and+1.0. Tn many locations such as South

Tnmbnher area in the Guif ot\exlco the clays zre overconsolidated having

“undrained shear strength as high as 210 kPa. The undrained shear strength

characteristics of clays samples rom Texas and Mexican continental slope varied
from 2.8 kPa to 41 kPa.
0y

- o~

2.2, Hmwrlcal Dcve!opment of Triaxial Test

The aim of laboralory tectmg is to study the behavior of a soil sample under

-conditions similaf to those efcountered in the field and t define representative

/parameters which describe this behavior. In.a laboratory test the specimen is

itended'and generally assumed to represent a single point in a soil medium. The
validity of this assumption depends on the’ uniformity of stress and strain
distribution'within the soil sample. P

. P
Obtaining parameters for’ constitutive equations and modeling has resulted in

the pment of improved, equi and testing techniques: multisxia! (true
triaxial) test or hollow cylinder triaxial test are two .of them. Although these
devices are more versatile,the conventional solid eylinder triaxial test is still the
modt. popular (sm\a{: al. 1080). ’

It appears that the first real soil shear test was described by Collins (1956). In

- this test s long specimen of clay 4 cm? in cross section was loaded transversely at

“its center until it failed in double direct shear. Triaxial testing of soils seems to

have evolved simultaneously in Germany (Seiffert 1033), the Netherland (Business
1034), and the United States (Housel 1936; Stanton et al. 1934). In the early
thirties]n machine was built in Germany at the Prussian Waterways Experimental

Station for studying the consolidation of clays under conditions of negligible side

friction; the surrounding liquid was entirely confined and temperature and leakage.
ig bghized that the

could be used t6 measure the ratio of the axial and lateral pressure prior to and at

had to be closely controlled. Several'i




»tailire, the first result appearing fo be those: of ‘Stanton and, Hveen (1934).
Positive -control over the lateral pressure was developed independently by
Rendulic (1936) and Housel (1936). A larger variety of stress paths can be applied
in the triaial cell with the limitation' that two of the three prircipal stresses are
always equal. The volume of the confining fliid may remain fixed (DeBeer 1650)
or may vary. Bishop and Henkel (1962) cover in great detail all aspests of this
test, . - ’ o :

Kiellman (1936) reported iest. resuts on cubical specimens o which the three
principal stresses could.‘be varied independently. I the last few years several
devices involving automated control of the priacipal stresses and strains applied i
prismatic. specimens * have appeared. - Hollow. cireular cylinders subjected fo
different interial and exterasl pressures as wel as to axial aud iorsional loads are

of that last configuration are those of Cooling and-Smith (1935) sndl Geuze and”

Ton (1053). v .

~ also in use. Among the earliest investigations in soil takin

Due to hlstoncal facwrs ns well as to the slmphcn.y of the test, the solid cylinder
triaxial test remains the most commonly used in routine investigation. It provides *
mformstmn on_ volume chmge and pore- pressure characteristics dufing the
consolidation as well as during the shear. Minor modifications of the system

permit a wide variety of Stress paths to be investigated.

2.3, Systers.for Triaxial Loading i

2.3 Syw.sm Developed at Imperial College (Bishop and Henkel) '

The main components of a triaxial system are the cell, the external measuring
systems (pressure, volume, mechanical or electrical feed back-and_controls) and *
the loading system, ! et

. &

Following the description by Bishop and Henkel(1962); the common cell consists

of three ‘components: (1) the base, ‘which forms the pedestal on which the sample
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rests and incorporates various pressure connections, (2) the removable eylinder
and top cap, which enclose the sample snd enable fluid' présure to be applied,

and (3) the loading ram, which applies the deviatoric stress to the sample
2.3.1.1. The Cell for 1.5 in. and 4 in. Diameter Slmplel

The 1.5 ind diameter specimen is the geierally accepted standard in Great
Britain for testing soils free from stones. Indeed where 4 in. diameter undisturbed
Samples are obtained, three 1.5 in. diameter samples can be cut' from any one
layer, which greatly facilitates the investigation of the shear ¢h istics of the

strata having a rapid variation in strength in the vertical direction. A sample
height of 3 in. is usually adopted for clays. This is sometifnes increased to 3.5 .
The cell itself is deslgned to allow plenty of space around the sample for special
T “fittings. X . -

The cell for 4 in. diameter samples differs from small cell mainly due to the
much greater forces involved. The height of the specimen is usually 8 in: Soil
with a maximum grain size of 3/4 in. may thus be tested and the ctll can be used
in general purpose loading press. - The cell is also used to test undlsmrhed umplu»
taken with a 4 in. diameter sampler. Details of the L5 in. and 4 in. cells are

shown in figures 2.3 and 2.4 respectively.

: 2.8.1.2. Apparatus for Conﬁ-olllng Cell Pressure v

In the most common types of triaxial compression tests, the cell pressure is held
constant throughout each stage of the test. The consolidation stage where the
sample is allowed to change in volume under a constant effective pressure may
take as much as 3 days for a soil of low permeability,. Thé-duration of the
undrained shear stage may widely vary from 10 minutes, if pore pressure

. measurements are not required to several hours if pore pressure aré measured.
Shearing under drained conditions may need upto 3 days. It is therefore important
to avoid any change in the confining cell pressure durig this period. F8r somie
TIPS SES— -

M in, = 254 mm.

- i e e T T et
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"special tests (creep test, for example) a constant cell pressure.is required for a

period of several weeks or even months,, \ t

The maintenance, with sufficient accuracy, of a constant pressure over long

periods pr‘a‘enu considerable difficulty. The self compensating mercury control
was reported ‘as the most satisfactory method. The principle of the self
compensdting mercury control is shown in figure 2.5. The pressure of water in
triaxial cell results from the difference in level between the mercury surfaces in
two small cylinders connected by a thin flexible pressure tube which form, in
effect the two limbs of a manometer. The stiffness of the spring is adjusted for
compensating eventual leskages in the Water system. 'That system is safe in-the
sense that there is only liquid pressure involed. On the other hand the u:.e of
mercliry may be an health hazard. »

2.8.1.! Apparatus for Menurlng Pore' Pruauu *

Tha usual hbontory methods of measuring. pressure 1Bourdon tube type)
cannot be applied directly to the measurement of the pore pressure in a small
sample of soil owing to the volume of pore water which would have to flow from
sample to cause the instrument to registers This flow of pore water will modify
boundary conditions and cause a time lag in the response. As an example, & soil
With low comprunbxhty would not ba able to expsl enough water' to-allow a

pressure reading with, this type of messuring device. Similafly, a'soil of low °

permeability, even cnmpruslblt, will need a long time for stabilization of the pore

pressure readings. 7 s *
. .
These drswbacks can be greatly avoided by using a disphtam gauge in which
the deflections are small and are theasured by electric strain gauges. They can
also be avoided by the use of a null methd of pressure measurement.

The form in which the null method of pressure measurement was originally used
at Imperial College is*shown in figure 2.8. An increase in pore pressure in the
sample, will tend to depress the mercury in the limb b of the U-tube. This can be
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in\}redilﬁely balsnced by adjusting the pi:lon.in the cxlim!er e:to increase the
pressure in limb ¢ by an equal amount, which is registered on a pressure gauge d.
The onlj flow of pore water which can oceur results from the elastie deformation
of the tube connecting the cell to the limb b, which is negligible for most practical

purposes or from the compréssion of air bubble trapped in the system between the

. base of the sample and the mercury surface in th_e limb.

2.3.1.4. Apparatus for Measuring Volume Change

A change in the cell pres‘sute or in axial load generally results in a change in the
volume of the sample. In the particular case of an undrained test on a fully
saturated sample this volume change is negligimgle due to the low compressibility of
the. water in’ the pore space and of the material forming the soil particles. The
measurement of volume changes during dfnined tests is of importance both in

+ determining ‘the compressibility of the sample and in calculating the actual cross
sectional area of the samfle at failure, on Which the stress values are based,

'he meth’odl commonly \Led are based on (1) the volume of fluid entering the

cell to compensate for the change in vdlumie of the sample, (2) the, volume of the
fluid expelled from the pore space of the soil, and (3) the direct measurement of

the change in length and dismeter of the sample. | .

In partly saturated soils a volume change occurs due to the. gas compressibility

" and solubility. This is measured by observing the quantity of ‘watér entering or

leaving the cell as-the cell pressure and axial load are changed. A method.to carry

out this ‘measurement is to check the displacement of an interface between the
)

pore pressure fluid and a colored fluid (kerosene, for example).

In practice ‘s small diameter cylinder is preferable, to give greater accuracy in
the volume readings, and s@ecid measuring .unit is used (figure 2.7). This is a sell
compensating U-tube, the spring being so adjusted that displacement of mercury
from one limb to the other can occur without resulting in a significant head across
the apparatus. 2 ‘ ’




Figure 2-6: Null method of pore pra;nro measurement;
original arrangement (Bishop et al, 1062)
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._of the initial volume of the samiple.
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Routine testing of partly saturated soils is generally performed on 4 in. dismeter
samples, and the volume-change apparatus is-therefore designed primarily-for the
large cell. A calibrated transparent tube-about 20 in. in length and I in. in
internal diameter is suitable for this purpose. The level of mercury surface is read
on & scale fixed toa strip of mirror. Volume ch\ngu can be read to abowt 0. 01%

2.3.1.5. Loading System

. The methods of applying the axial load to the sample are influenced both by the -

requirements of the test and the need of mechanical simplicity. Two classes of

_procedure may be broadly distinguished: (1) ‘controlled rate of strain and (2)

controlled rate of loading. For routine tests and for common research tests the
use of controlled.rate of strain has many advantages and is generally accepted|
The loading system may consist either of a screw jack operated by an electric

motor and gear box, or of & hydraulic ram operated by.an oil pump. . L

‘The main features of thie Imperial Col‘lage Tr_i'xxia.l systenr jcan be briefly
summarized: two different types of triaxial cells have been used rng two different
dismeter size of samples. A sample diameter of 15.in (beight of 3 fn.) was usually
adopted for intact clays and sﬁds a sample diameter of 4 in. (8 in. in height) was
adopted for remolded soils or where the m-tend was too coarse. Blshop and

Henkel (1062) developed the self-compensating mercury comtrolled methods to

< apply the confining cell pressure. For measuring the pore pressure, a diaphram

gauge was used in which the deflections are small and are measured by electri¢

1bb.
n{d 4 i, dismetef samples.

sthin gauges. * A null method of pressure measurement was slso used. The 8000

capacity gen';nl purpose testing machine was used for loading both 1.5 in.
’

i
H
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Figure 2-7: Appu-m for ‘measuring volume change under
: pressure (Bishop et al. 1962}
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2.3.2. Trisxial Testing at glan: Gi hnieal Insti e =

At'the begining, wisxial tests at Nerwegisn Geotechnical hstitute (NGI) were
used mainly to determine shear’ strength parameters in compression tests where
the axial stress incressés and the lateral stréss is kept constant (Berre 1081). In'|
he later years it was gradually reslized that laboratory specimens had to be
subjected, as closely is possible, to the same stresses and stress changes as in the
fiek. Bquipnet axdprocedures were then, dveloped s that s combination of
vertical and horizontal stresses can be spplied.

Figure 2.8 represents the layout of a triaxial test unit. The sample can be

loaded in three ways, (1) by the motor driven p 2) by thedend weights ‘on the

hanger and (3) by the ai opemed double acting pistor on the top of the loading
frame.

* Twio valve selector blocks for- cell pressure and porepressure are conected.to
the triaxial cell respectively. Between the two Blocks a mercury differential
presjure manometer can’ measure the difference between the cell and pore-

presjures- very i of the

de of the back pressure.

Since Both blocks have an outlet to the atmosphere, the manometer can also

" messure low sbsolute cell pressures ot low absolute pore-pressures.. In sddition to

the measuring devices,, the triaxial test  unit is also’ equipped- with electronic
transducers for automatic data logging. The air- pressure supply, coming' inte
each of the valve blocks, together with i d enable 3

regulations of stresses and strins.

For maximin utiization of the losding press andatkamnlury caupment. two

extra consolidat rg,\lmtufmrlie lncludtd in the triaxial test unit. A consolidation

/—/,\um consists of triaisl cell where the piston can be locked; a cell pressure unit

and hangers for application of dead weights on the piston. After completion of
consolidation, the piston is locked in position snd the cell moved to the loading

press. i
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Two types of triaxisl cells are used, cne for static' lading and one for cyclic
loading. The one used for static loading has a few” improvements over the one
used by Bishop and Henkel(1962). ‘Thhe surface of the piston is hardchromed, and

“ ‘the Mtating bushing is nitrid-hardened in order to redulYe friction. A wheel on
the disl gauge arm prevents rotation of the piston. The coméction between
piston and top cap can take both comﬁrmit_m and tension forces.

b

The cell and the ipore pressures are uwsually applied by bleeding air pressure -
valves. The systern indides two valves, connected to the low and high pressure
supplies respectively. Both valves can be adjusted, either manually or
sutomatically. Except lor the consolidation stage, all readings for continuotusly

aded static”tests are taken automatically by the electronic data logger. Cyclic
tests are logged by stripchart recorder.

2.4. Experimental Factors Affecting Triaxial Results *

The results obtained in the triaxial testing are mainly affected by the following .

factors’
(1) effects of end plates and porous stone (sroothness, size, permeability)
) sn‘ uration of the sample and circuitry

(3) effect of the latexmembrane'surrounding the sample:and lateral filter paper.

- —dfains -
{5 samle preparatios
(5) intrinsic response lsg of the system and other Taoin, (sample disturbance,
siz€ of the specimen)
The purpose of the. olowing reviéw is to draw attent‘inn on the r;lative eight

of these factors on triaxial test results. _
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2.4.1. End Effects

The effect of end restraints duting compression tests is an importaat feature in
the triaxial test. The use of “guard® areass, like in permeability which may
provide an homogeneous state of strain and stress is not possible in the test. The
experimental work by Taylor (1941) in 1940 summarized by Rutledge (1947), led
to the conclusion that reliable results could be obtained with. soil specimers
between usual platens, provided length to diameter ratio was in the range of LS
ta 30. Tn 1060° Shockley and A\l:;m (1061) conducted an investigation on the

" "nonuniform conditions in the triaxi3l tests. From tests on dry sand ranging from

loose to dense state they found that there was a volume increase in the middle
third of the sample and a volume decrease at both ends. Tests on large triaxial
specimens of dry sand sfiowed higher than average values of both vertical stress

and vertical strain in-the portion of the mass near the vertical axis just below

midheight where the maximum bulge take place with lesser values toward edges .

‘and the ends. . . | L

Rowe (1962) was apparently the first one to_use a combination of rubber
shesting and silicon grease to develop frictionless end for triaxial compression test
specimens. Rowe and Barden (1964) grease rubber system is the popular system of
minimizing end restraints (fig. 2.9). Sometimes a short porous dowel is used at
the‘center of the platens to avoid side slippingof the ssmple. The paper by Rowe
and Barden (1964) produced intefesting discussions (Lee et al. 1964; Olsen et al.
1964; Turiibull 1064) and started a wave of research to bring out the advantages
and disadvantages of oversized lubricated end plates. Barden and McDermott

(1965) tested compacted clays as well as remolded normally consolidated and

clays with lubricated and nonlubricated platens. They coucluded

that lubrickted ends markedly ‘reduced the vertical and radial pore-prdssure

gradients together with the moisture migration. Barelling was minimized huu" e

effective strength parameters were not-altered when the results were compaly
with a length to dismbter ratio of 2 tested between ordinary platens. Bishop and,
Green (1985) tested one type of sand and reached the same conclusion regarding

N




maximum ungl‘e of shearing. Short samples with lubricated ends show larger axial
strain and “a larger dilation at' failure than long samples without lubrication. *
Barden and Khayatt (1968) referred to the necking encountered &uring extension
tests, and show that the lubricated ends go a lo’ng way in increasing unilorr‘ni!y g

Duncan and Dunlop (1968) tested: undisturbed clay, and reached the conclusion
that unless it was' necessary to measure volumetric strains in* drained tests on
sand, the advantages gained from the use of lubricated ends were not worth the
additional bother. Roy and Lo (1971) ran comparative drained triaxial tests at
high confining presshires on strong-grained and weak-grained granular material

with ordinary and lubricated efds. They found that the stress-strain relations

" . were “signifi influeiced by the end conditi For. high pressure tests,

" lubrication resulted in a much more uniform strain, volume change, and crushing

of particle throughout the sample. Raju et al (1972) found that, while the well

known failure plane develops.in specimen of dense sand tested .in Yompression

between ordinary plates, no such. plane occured if the plates were lubricated.

They deduced that the occurance of this plane was not a property of the sand but

was due to the testing procedure. Kirkpatrick et al (1974), jusing' dense and loose

sand, measured stress at the platens by means of diaphram gages and found that

lubricated platens lead to a uniform stress distribution, while

nonlubricated platen resulted in nonuniformities which became more severe as the .

strains increased.

Finally, Lee (1978) reviewed most of the aforementioned research and extended
it to sind under the undrained conditions. He concluded that for medium to
dense sand there was significant increase in static undrained strength with
lubricated ends as compared with tests using regular ends. The effect was found
to be significantly greater than observed for other studies pertaining to drained
tests on sands and undrained tests on clays. He relates the influence of the friction

" to the tendency of the material to chaige volume, thus explaining why Duncan
and Dunlop (1068)
"lubricated platens.

not find much difference in their results using regular and




2.4.2. Water Content and:Ssturatlon of the Sample,

If meaningful data are to be obtained in-the lsboratory, sample must be tested
in the same water content and saturation conditions as in situ (Ballivy et al.
176). Therefore, if properties of saturated soils are investigafed, the laboratory
samples must be fully saturated in order to get the actual pore pressure response
and to determine the effective stress path. : e

2.4.3. Membrane Effects

The penetration of the lateral membrane into a triaxial sample affects-either the
volumetric strains in drained test or lht pore pressures in }mdnlned tests. The
effect] is important for’ granular materihls, and may also be significant. for silty
clays las shown by Klekbusp and Schuppener (1977). To determine the effective

stress-strain relation for soil, it is necessary either to reduce the influefice of the'

membrane penetration by/ mesns of experimental devices (Kiekbush et al. 1077;
Lade et al. 1977) or to correct the results obtained. « * i

In drained trisxial tests the volume ‘changes are normially defermined by the
quantity of water expelled from or drawn iato a fully saturated sample. The test
in which the cell pressure is also changed are alway accompanied by-a change of
the membrane penetration. Therefore a prediction of the volume changes based

* on the measurement of water leaving or entering the specimen will be incorrect.

Ip-Gndrained tests errors will oceur in the measurements of pore-pressure. Here

the usumptioﬁ is made that the volume of the specimen remains constant

throughout a test. This assumption will be violated for the following reasons. At

the bepmng of the shear, the rubber membrane completely trnnsmm the cell
pressure to the grain structure as shown in figure 2,10. In the course of the test

part of the cell pressure is transferred to the water as excess pore water pressure

and a change in membrane penetration will occur. For_volumetric‘compatibility

this volume change due to fon mist be jed by a

corresponding volume change of the grain structure in the opposite direction. In
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situ, however, the deformation of the grain stFdCture during rapid loading may

occur without volume change. The excess pore.mater pressures and effective

stresses measured in test where membrane penetration’ occurs may differ from

those in-situ. It has been noticed that, the influence of membrane penetration can
e far more important than all other effects for specimens of grauular soil.

2.4.4. Suiiple Preparation

Effects of methods of specimen p ion on fabric and ibility were
investigated in medium grain sized sand by Mahmood et al (1976). The effect of
vibratory “compaction was compared with. the’ effect of pluviation by

characterizing the particle and ibility in a
.specially fabricated oedometer.

The loose, pluviated specimens were much more compressible than the dense
specifnens prepared by the same procedure. The dense specimens when prepared
by vibration were less compressible than the pluviated specimens. The lateral
stresses were higher in the loose pluviated specimens than in the dense pluviated
specimens during loading. On unloading, the same trend was present initially but
reversed at lower axial load.~ This trend was also measured in the specimens

prepared by vibration.
. i

Mahmood et al. (1876) interpreted these results by analyzing the structure of the
sample. Specimens densified by vibration in layers had random grain orientation
up to 100 percent relative density. When vibration was continued beyond the
time interval needed for achieving 100, percent-relative density, the grain acquired
a preferred orientation. Pluviated specimens bad randomly orieated grains at

both low and high densities.

Sample preparation contrdl is a complicated problem to address. The main
difficulty is that a reliable measurement of the sample density. is possible but -
- beyond the capabilities of an ordinary laboratory.

x e



20
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O-ring seals | Thembrane /
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Figure 2-0: Enlarged frictionless end platen with central
drainage for triaxial tests.(Rowe et al. 1964)

Figure 2-10:  Membrane penetration into interstices of
sample of sand due to change of excess
pore pressure (Kiekbush et al. 1077)
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2.4.5. Other Factors

Hvorslev (1941) in bis work-on jon listed the requirements for

a suitable undisturbed, laboratory specimen: no disturbance of the soil structure,

no change in water consti or chemical ition. Such criteria are

. difficult to meet.

Various mefhods and tools for borehole sampling have evolved, and -cores

obtained with thin-walled tubes have been accepted universally. In spite of _

warnings, such as one by Terzaghi and Peck (1968) that *If tube samples have

been taken, it is always desirable .to investigate the extent to which the ’

consistency of clay has been affected”, little’ attention is paid to the extent of-
disturbance in most daily work. % . »

Bozozuk (1070) showed that the long term storage of marine clays reduced the
measured preconsolidation pressure by 4.8 percent. Thus consolidation tests
should be done as soon as possible after sampling. Kallstenius (1971) found a

general lowering of the strength of samples with storage time.

Mahy investigators (Lang 1071; Sone 1671; Shackel 1671) have found that, tube
samplifg causes disturbance, resulting from excessive friction along the wall of the

tube. Similar disturbances also occur during the extrusion of the samples.

The selection of the size of the specimen is still largely left to personal

preference and convini

. from large samples provide better test results. One recommendation is that the

trimmed surfaces should be as small as possible in relation to original size of the
specimen (Lang 1071). To avoid disturbsnce caused by rgmolding of the outer
surfaces, large ssmples should be obtained and trimmed so that any remolded

material will be removed (Holtz 1963). The shear strength of the Leda clay was

" showa also to be affected by the sample diameter (Coats ‘et al..1963): It was

shown that the sample size is the most important factor influencing the shear
behaviour of specimen (Lo et at. 1970).

ce. Past work indicates that small specimens trimmed .



31

The history o! the clay. snmple prior to testing may have a0 Apprecmble effect
on the propemu of the clay measured in the laboratory.’ In the case of soft
sensitive clays, observation by ‘various suthors lmfe shown that the samples
should be manipulated with great care during transportation, preparation and
trimming to avoid any shocks, vibration, or stress concentration, which are found
to disturb the clay structure and affect the measured properties.

Despite all -due precautions with regard to manipulation, the properties of the
clay samples may be altered by other phenomena, such as water migration within
the sample. That problem was recognized by Hvorslev (1949) who suggested that
*Seriously disturbed parts of the sample.should, 3s. far as possible, be separated
from the undisturbed partd in order to avoid migration of pore water from the
disturbed to the undisturbed parts' Bjerrum (1973) has reported on some
observations made at NGI on Norwegmn clays. Clay samples were tested
immediately after. sampling nnd after a storage time of three days, dunng this
relatively short storage time water migration resulted in water content which
were 3 to 4 percent higher in the core than in the outer zone of the sample,
moreover a reduction of 15 percent of the undrained shear strength was observed
even if the samples had been reconsolidated to the field stresses. The reduction
was attributed to the internal swelling which had occured within the sampling

 tube during that fairly short period of time.

The restraints imposed by the filter paper is of importance and is more difficult
to estimate accurately than that of the rubber membrane alone. Test on 15 in.
(38 mm) diameter specimen, with and without drains, has shown that at failure
which occurred around 15 percent axial strain, a total correction of approximately
14 kPa (2 psi) has to be applied to the compression strength fo allow for both . *
rubber membrane and drains. No direct experimental evidence on the correction

necessary for the drains on 4 in. diameter specimen is available but assuming the

+ same mechanism and using the data from the tests on 1.5 in. (38 mm) diameter.

samples, the maguitude of the ion can be lated (Bishop et al. 1962).

ot e g s s
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In engineering practice the description of the geological origin of the material
and certain physical properties such as structure and ‘minerology is often
'l sufficient. Rarely is any description of the chemical composition of the pore fluid.
! In some instances the lack of chemical i ion may lead to i
l understanding of results or to misinterpretation. The influence of chemical
l factors on marine clay behavior has been examined in Norway and in Canada by
|
1
1

“various investigators. The results show that even small amount of chemicals in
the pore water, such as salts, may “affect the strength of soil considerably
(Torrance 1976; Sangrey et al. 1971).

b s




2.5. Cyeclic Trinxial Testing

2.5.1. Systems for cyclic loading and  most commonly performed tests

Cyclic loading problems in offshore environment arise from two primary sources:
wave action and earthquake shaking. The' physical behaviour of seafloor soils ’
under such loading conditions has a.major influence on design of piled and gravity

" platforms and seafloor anchor systems. The stability of natural slopes and for any
excavation is also affected by eyclic loading.

Various systems' for cyclic loading in soil mechanics have been developed
(Klementev 1983). The simple ones are mechanical, like that of, Grainger and
‘Lister - (1962), . sophisicated systems are electro-hydraulic, “which enable
programable closed-loop. controlled loading, such as the system of Cullingford, -
Lashine and Parr ;[1072)4 The basic control and monitoring circuit layout is .
shown in figure 2.11. Hydraulically operated triaxial apparatus can be easily
adapted for cyclic loading by adding a hydrodynamic pulsator and by employing
limiters to keep the maximum and minimum values of load unchanged. Such a
cyclic triaxial apparatus is shown diagramatically in figure 2.12.

Figure. 2:10 presents the layout of a triaxial test system used at NGI which is
suitable for both static and cyclic loading tests. The details of, this apparatus has
been given in section 2.2.2. Figure 2.13 shows the triaxial cell used for cyclic
loading tests. Cell of this type have been used for several years at MIT. The
reason for making the cell in this way is to facilitate the connection process
between piston and the top cap. This connection is more complicated for eyclic
than for static loading tests, because no dead movement can be tolerated in cyclic

" loading tests. The connection are shown in figure 2.4. During mountig of the
specimen, the piston with & connection piece at its bottom end is lowered over &
top sticking up from the top cap. Then the two connection screws are fastened.
The top cap is fixed to the piston. ' The universal joint, yhich is modified to give
a minimum of false deformation, allows some tilting of the top cap. The gap

+ ’be!ween"zhe top cap and the connection piece limits the filting 0 44 degrees.

7 . oy
,l; B e
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: During laboratory cyclic loading tests on saturated sands, the. pore, pressure
i . ) response is normally - recorded under undrained conditions. In field loading
conditions, induced pore pressure may. redistribute'or dissipate during loading to
"an extent depending on: (1) the induced pore pressure gradients (2) the

: " permeability and compressibility of the soil and (3) the frequency of loading. The
i application: of drained cyclic loading to loose sands results in a progressive

decrease in volume.. : §
i . . *The most commonly performed cyclic tests are: (1) undrained cycllc loading
\ .o tests and (2) dmned cyclic loading tests. Undrained cychv: tests are performed to
“record the deformation and pore pressure response of fhe sample and drained

cyclic tests are performed to record volume change of the sample and to calculate
the cyelic modulus.

2.5.2. Factors Affecting Cyclic Triaxial Results

Field observations of loose saturated sand deposits that were liquefiéd during
strong earthquakes have led to" exténsive laboratory studies on liquefaction
resistance of sands. Most of the studies on this subject have been limited to the
granular materials such as clean sauds o gravel containing little or no fines.
"There are a few case where soils known o have liquefied were identified as silty
sands or sandy silts containing 10 to 50 percent fines ( Marshal 1081; Ikehara
1970; Yamanouchi et al. 1076). - 5

Investigations by Pyke (1973), Ladd (1974); Mulilis et al (1877), Marcuson and
Townsend (1074), and Mitchell et sl (1976) have showed evidence that the
‘liquefaction characteristics of saturated sands under cyclic loading are very. much
influenced by the method of specimen preparation or soil deposition.

. g The influence of many testing variables on sand samples are described i —"
literature and systematié testing procedures have been proposed (Lee ct al. 1962; *
Seed et al. 1071; Seed 1076). The significance of: eyclic loading rates has been

W : ¢ g




Flgure 2-11: Schematic servo loop for dynamic triaxial
testing of soils (Marshal 1062)

|
Diagrammatic layout of the triaxial
spparatus (Klementev 1083)



Figure 2-13: Triaxial cell for cyelic loading tests
(Berre 1081) *
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Figure 2-14: Details of connection between piston and top
cap for cyclic loading cells (Berre 1981)
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noted for selected studies on both sands and clays (Sed et al. 1976; Thiers et al
1969; Krizek et al. 1969; Arango et al. 1074). Cyclic triaxial test has steadily

13 y test for evaluating

increased-in, usage as the
response of soils. The test has éven broadened its utility to foundation problems of
offshore $tructures under storm action (Lee et al. 1975; Bjerrum 1073; Peacock
1968). Peacock et al (1068) and Seed and Peacock (1071) realized that-strengths
measured in cyclic simple shear tests were about 35 to 50 percent less than
comparable { strengths measured in cyclic triaxial tests"and provided *correction
factors* to_ more closely align cyclic trisxial strengths with estimated field

response. -Ladd (1974) focussed attention on the effects that specimen preparation

- procedures have on the cyclic triaxial snengzhs of sands. The most comprehensive .

studyiegarding specimen preparation effects on cyclic triaxial strength of sands
vias conducted by Mulilis et al (1677) who evaluated 11 different specimen
preparation procedures. Mulilis et al (1978) also presented results concerning '

effects using a procedure of ion during specimen

3 ¥

Marcuson - and Townsend ' (1976) reported that isotropically consolidated

- undisturbed specimens from Fort Peck Dam were approximately 70 to 80 percent

more stable than specimens of the same material reconstituted to the same density
using a "dry rodding® specimen preparation procedures. They also reported that.
five other laboratories observed that reconstituted specimens generally gave lower

strengths than undisturbed specimens.

o
- Mulilis et al (1977) tabulated for various soils the effects of reconstitution, which
shows that the ratio of strengths of undisturbed to reconstitutgd samples varies
from 1.0,to 2.0, i.e. from the absence of éffects due to reconistitution 'to a 100

/ percent strength loss depending upon the method of reconstitution and site.

Seed and Lee (1966) reported that the number of cycles reqlmed for liquefaction
lncreased with confining pressure for specimens prepared such that they had the
same void ratio after consolidation. Finn et al (1971) examined the data from

previous triaxial tests by Lee and Seed (1967) and observed that the relationship
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between cyclic ‘shear stress required to cause initial liquefaction in a specific

number of ¢ycles and effective confining pressure was linear for.any given void

ratio. Castro aiid Poulos (1976) also show that stress ratio, R=ay/20, decréases

with increasitig confining’ pressure for- various grelative densities and soil types.
Lee and Focht (1975) pointed out that for practical purposes within small ranges

of pressure, cyclic strength is directly proportional to effective confining pressure.

Lee and Fitton (1969) found that triangular loading wave forms gave somewhat
higher strengths than rectangular loading wave forms. Seed and Chan (1964) and
Thiers (1965), in investigation on loading wave effects on undisturbed Sensitive
clays, found that triangular loading wave shapés gave 5 to 20 percent higher
strengths than would e obtained under rectangular loading. Silver et al (1976)

showed that the rectangular loadings with fast rise times caused stress waves in

. the specimen and corresponding *ringing® in the pore-pressuré traces, resulting in

eyelic strengthis ‘15 percent lower than those tested using sine wave or degraded

rectangular loadings. Mulilis et al (1978) compared the effects of rectangular,
triangular, and sine wave loadings and found that the order of increasing strength

was rectangular, triangular, and sine. Ishihara and Yasuda (1972) and Annaki

and Lee (1076) have confirmed the validity of the equivalent uniform cycle

concept by performing cyclic triaxial tests with irfegular loading wave forms.
‘Annaki and Lee (1076) observed that when converting from irregular to uniform
cycles, extension pesk produced about 90 percent of the total damage, because the

undrained strength of sand is less in extension than compression.

Lee and Fitton (1969) and Lee and Focht (1975) found that the slower loading
frequencies produced slightly less than 10 percent lower strength. Wong et al
(1975) Mulilis (1975), and Waui (1972) found that slower frequencies gave slightly

. higher strengths. - Although this is conflicting, it can be safely concluded that

frequency effects have only minor effect-on cyclic strength of cohesionless soil.

Lee and Fitton (1069) and Wang (1072) compared the effects of size on 35.8 mm
and 71.1 mm diameter specimens and found that it has very little effect.. Wang
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(1972) compared the effects of height to diameter ratios of L0 to 2.3 and"found

that the specimens with a height to diameter ratio of 1.0 were approximately 20

to 50 percent sifonger than the standard specimens.

_ Wang (1972) conducted tests at a frequency of 2 Hz comparing very rough and
smooth end platens. His data showed that cyclic strength was insensitive to cap
and base mughness, with smooth end platens bemg approximately § percent

stronger.

The glfect of relative density on cyclic strength was recognized. early in the
history of cychc tests. Lee and Seed (1967) reponed that cyclic stress required to

cause initial liquefaction increased linearly to approxiiately 60 percent relative

density.

Lee and Fitton:(1060) compared the effects of particle size bised tpon men
grain diameter Dy, and found that as grain size increasés, the cyclic strength also
increases; with very fine sands having about half the cyelic strength of gravels.
Ishibara bt al (1078) show a 28 percent cyelic strength increase as Dyy decreases
from 0.1 to 0.001 min. Wong et al (1975) found that well graded material was

somewhat weaker than uniformly graded material.
. --

Fito et al (1070) evaluating the effects of reliquefaction in cyclic triaxial tests,
found that once a specimen has liquefied and reconsolidated to a denser structure,

despite this densification, the specimen is much weaker to reliquefaction. Mori et

* al (1077) investigated the effects of sampling on strain history.

Lee and Focht (1975) observed an increase in cyclic stress ratio, oy,/2, of about
30 percent for an overconsolidation ratio (OCR) of 3 for very dense sand.
Likevise, Ladd (1976) observed an increase in eyelic strength of about 20 percent
for an OCR of 2. Ishihara et al um) has shown that  the cyclic strength

increases as OCR and fines content increases. )
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Two series of eyclic triaxial tests were performed by Ishihara et al (1978) on soil
~scontaining fines (passing # 200 US sieve) from 0 to 100 percent by weight:- The
first series included the testing of laboratory prepared reconstituted specimens
overconsolidated to over consolidation ratio (OCR) values of 10 to 2.0. It was

* shown that the overconsolidation had a definite effect in increasing thé cyclic
resistance of the specimens, and its effect became more pronounced ss the
contents of the fines increased. The second series dealt with the tests on
undisturbed specimens of alluvial deposits in Tokyo as well as tests on remolded
specimens of the same soil. It was shown that the cyclic strength of the
undisturbed specimens ‘was about 15 percent greater “than that of the
reconstituted ones. Comparison of the results show that the greater cyclic strength
of the undisturbed specimens over that of the remolded specimens might have

" béen caused by slight ‘overconsolidation which existed in the allutial deposit of

the sands containing the fines.

“There is 1o generally accepted method for conducting éyclié loading tests on
clays, although several methods havg been described (Holtz, 1963; La Rochelle et
al. 1974; Sangrey 1969). For sands systematic testing procedures have been
proposed (Lang 1071; Sone 1071; Shackel 1971). However, most of this work was -
. done.using relatively rapid rates of loading since the practical application of the
peslts wasto earthquakes, The signifieance of eyclic Iosding rate bus been notéd
for selected studies on both sands and clays (Holtz 1963; Coats et al. 1963; Lo et
"al. 1070; Bjerrum 1973). These studies have shown that under a rapid eyclic

loading rate it usually takes more cycles to achieve a particular result, either

failure or some Tevel of strain, than for an identical test run under  slower
loading rate. On the basis of these observations it is not‘clear whether, failure will
oceur under some loading rates but not others for a particular stress level. One
reason for this uncertainty is that testing errors have not been separated from
testing effects, ’

mum, all of the

Conducting an accurate cyclic loading test requires as a mi
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care and control necessary in normal soil testing (Bishop et al. 1062). In‘
addition, several factors can introduce signiﬁunt limitations in cyelic '_trimnl
tests. The most important of these are pore pressure measurement and
equalization problems and the effects of air diffusion. Even if the initial state of
stress in-situ can be applied to test specimen, the actual eyclic loading will involve
fluctuations both in normal stress and shear stress and also involve rotation of
pri
i " testing equipment. Consequently, any triaxial test involves a great simplification,

pal stresses. These conditions can not be duplicated with conventional

even without considsring the problems of duplicating the time history of cyclic
; loading#¥Several studies have been dealing with these problems (Sone 1671; La
- Rochelle et al. 1974).

It was found that specimen preparation methods, differences between intact and
270 T+ reconstitutéd specimens, density, and prestraining have major effects on the cyclic

strength. Confining stress, loading wave form, material grain size and gradation,

ratio, and idation stress ratio (K) may slso be of
influence. Finally some factors have minor effects: fréezing intact specimens,
loading frequéiicy, specimen size, and frictionless caps and bases. .

'

The effects of these various testing and material factors on the cyelic triaxial
“~strength of cohesionless soils and their relative magnitudes are summarized in
table 2.3 (Townsend 1078).
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\ - Chapter 3

IDENTIFICATION OF INVESTIGATED
SOILS

3.1. Type‘o_f Soils Tested

The following three types of soils were investigated under static loading (1)
sand, (2) clayey silt, and (3) silty clay. The sand and the clayey silt were also
tested under cyclic loading.

3.1.1. Sand

The sand was obtained from the Hibernia field of the Newfoundlaad Grand
Banks at a depth of 91.0 m. of water using a IKU Grab Sampler. The location of
the site was latitude 47° 15" 14* N and longitude 4¢° 16' 80* W and is shown in
figure 3.1. The sand samples were taken by the Center for Cold Ocean Resources
Engineering (C-CORE), Memorial University of Newfoundland sad were brought
to the soils laboratory. The sand was air dried before performing preliminary
tests. Particles with diameter of . grains_greater than No. 4 U. S. sieve were

*. removed. Table 3.1 shows the physical properties of sand. Particles were of
subangular shape. °

Sieve analysis was done according to the ASTM D 422-83 (Reapproved 1072) as

+ shown in figure 3.2, Uniformity Coefficient C, and Coefficient of Curvature C,

were found to be 166 and 10 respectively. According to the 'United Soil
Classification (USC), this material is a poorly graded medium to fine clean sand
(SP) with little fines. The density ranges from 1580 to 1840 kg/m® for loose sand,
1650 to 1710 kg/m® for medium sand and 1720 to 1780 kg/m" for dense sand.

)

L ————————
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Figure 3-1: Location of Project Sites on Newfoundland Map
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In monotonic triaxial tests, the specimens were given the following code: HIB

stands for Hibernia, the second symbol 00 stands for monotonic tests and the last

number is the number of the specimen tested. In cyclic tests, the mlddle oumber .
i

00 has been replaced by CY, which stands for. cyclic.

3.1.2. Clayey Silt H

In May 1978, the Ocean Engineeriog Group at Memorial University in
cooperation with the personnel from the Bedford Institute of Oceandgraphy (BIO),
Huntex ('70) Ltd., and the Geological Survey of Canada undertook a multi-device

_ high density sea floor survey 'in.the outer Placentia Bay area on- the

" Newfoundland Grand Baoks (figure 3.1), using BIO ship CSS Hudson. Data was
collected in a site bounded by latitude 46 to 47° N and longitude 54° 10" to 55°
0 W. A few stations were selected within each arep-to collect grab samples,
piston cores, and_penetrometer data as well as selected data. The physlcll

propertiesof so re showa i table 3.1 .

In'monotonic triaxial tests, the first symbol in_the name of the specimens is
*HUD*, which stands for Hudson, thé second symbol *G143* stands for borehole
number and the last number is the specimen number tested. In cyclic. tests, the
third number *CY* stands for cyclic.

Hydrometer analysis was done to plot the particle size distribution as shown in
figure 3.2. According to USC classification, the soil is classified as MH, inorganic

clayey silt (35% passing vm sieve with litle sand (7%)). (Figure 3.3).

3.1.3, Silty Clay. '

Samples were obtained from West Coast of Newloundland from a location called
Seal Cove at latitude 49° 31' and longitude 57° 51' using a 4 in (101 mm.)
diameter thin-walled Sampler. They were part of & project conducted by Golder
Associate, Consulting Geotechnical and Mining Engineers, St. John's and were
brought for additional testing to the soils laboratory at Memorial University.
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Samples were taken st various depths. After sampling, both ends of the sample
tubes were sealed with. hesvy wax coating. The material was then stored in a
hunidity controlled roomr-untill required. At this time the samples were extracted
from the sampling tube and sliced into lengths of approximately 0.12 m. (5.0 in.).
These specinens were carelully wrspped in a thin plastic sheet and sealed with
war. Before performing the actual triaxcial test identification tests were caitied

out. The results are shown in table 3.1.

Hydfométer analysis was performed in order to caloulate the patticle’ Size as
shown in figure 3.2, For USC classification see figure 3.3. According to the USC

classification the soil is MH.

In monctonic triasial tests, the first symbol in the name of the speciméh is
=GA®, which stands for Golder Associstes, the second symbol stands for borebole

‘umbér, - the third sumber stands lor the position of the sample; i.e. PSL' stands
for shallow water and PS? stands for decp water, and the last symbol is the
number of the specimen tested.

Ap oedometer test was also perforined on the silty clay from borebole # Al in
order to bave some information abaut its preconsolidation pressure. The sample

was taken at a depth of 183 . which means an estimated 140 kPa overburden

effective pressure. That value is based on a Water table at ground surface. Under.

artesidn conditions likely to occur on this site, the overburden effective. pressure
could drop to 130 kPs. '

" The test was carried out in a Clokhouse Ocdometer frame with 3 0.002 mm
accunssy of dial gauge, ond the results are shown in figure 34 The
preconsolidation_presure, 1 estimated by Casagrande’s metbod is 60 kPa. The
discripancy between that value and the estimsted overburden pressure is probably
due to the smple disturbsace. This problem is sggravated by the need to use
smill diaméter samplers at great depth and the long siorage duration. )
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Table 3l Phyical Properties of Soils

Sand - . ' . 5
-y * + ‘Relative Density of the grains (Dg)* = 2.65 i
Hinimua Dénsity (;;_,“) ; = 1570.kg/nd
Haxtmun Denotty (P - 1780 kg/n?
Clayey $ilt
) Station Grid ’ Relative ’;lq\lld Plastic Plasticity
Identifier Densityof - Limit Limit lex
?;;;m_ Wi px 17
1 6121 2.65 o ss.3 224
¢ fses 6143 T a7 60.0 " 45.6 JUR T v

Silty Clay

"' Bore Hole . Depth’ - Relative Ligd  Plaseie P lasticity
| [N (m.) ° Demsityof Liaic Linit x
: ;E;-;a ‘ Wi wt oI )
1 11.5-12.1 283 40.0 e T
1 16.5-16.9 2.78 _ 46.0 2901 . 169 .
W s0-187 283 - - 400 169 131
4 10.7-113 . 2.80 30.0 2.4 7.6
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Cha.pter 4

APPARATUS AN'D TECHNIQUES USED
FOR MONOTONIC LOADING OF
VARIOUS SOILS

4.1. Triaxial 'Syncm Used

The triaxial system i d in the soil | y at Memorial University is

suitable for monotonic and cyclie triaxial testing of ‘various soils. Specimen

. -preparation methods were established for laboratory triaxial testing of samples.

The system is composed of four main parts: (1) the triaxial cell (2) the pressure

control device (3) the volume change device and (4) the loading press. Assembly of
the experimental set up is shown in figure 4.1.

4.1.1. Triaxial Cell

‘ ‘The triaxial cell has the following features:

1 3 }8.0 mm. - 75,0 mm. diameter specimen may be accomodated

" 9. Capability of compression as well as extension loading.
3. Low friction seal resistance between loading piston and top cap. -
3 8

4. Built in load cell and pressure transducer.
& %

5. Cell may be used for |both monotonic and cyclic lc;ding,

. : €
The cell was bought ially and a few modifications were made to suit
N -

S
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the present testing of soils. A picture of the triaxial cell is shown in figure 4.2.
The cylindrical acrylic chamber is 125.8 mm. (4.9 in.) in outside didmeter, 6.5
mm. (0.25 in.) thick, and 205.0 mm. (116 in.) long. O-rings are used for sealing
the top,cap and the base plate to the acrylic chamber. The cell may be used for a
muimim allowable internal pressure of 690 kPa (100 psi). Four 1:27 mm. (0.05
in.) diameter stainless steel rods and tightening .screws are used to flatten out the

O-rings between the acrylic chamber and the plates.

4.1.2. Volume Change Device . . e f

The volume change device was designed;and developed in the laboratory, and
was ready for use at the time when candidate started his research. The following
paragraphs provide some of its features. The use of a burette was chosen for
measuring volume change. The. fluid used in the burette was a red coloured.
kerosene which creates a flat maniscus that was clearly visible through the outer_
transparent cylinders. Kerosene also does not wet the glass or plexiglass and fhis
was convenient for keeping the burette clean. The glass burette used was
graduated in om® and any change in volume can’ be directly measured. A two
way valve was used to reverse the direction of movement of fluid when the limit ~ .
of the volume change scale is reached, hence eliminating any disconnection of '
lines. Another two way valve is provided on the panel which allows volume
change to be measured through the burette or not. The burette was located in a
10.2 mm. (4.0in.) diameter cylinder as shown in figure 4.3a. For example when
the back pressure is applied to saturate the soil sample, water s generally pushed
intd the sample. The amount of water pushed into the sample is read on the

{ burette. This volume change device bas a sensitivity of 0.1 em®. The outer
cylinder acts as an compessation cylinder To avoid expansion of both inside
. cylinder and burette. This is an improvement on Imperial College System
* (commercialized under Wykeham Farrarice patent).fo? accirate measurement of
voiume during the saturation, . : '
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4.1.3. Pressure Control Device

The following paragraphs provide some of its functions and limitations. The cell
and the back water pressure applied to the specimen during testing are provided
by an sir compressor through siroil-water interface located in 3 pressure
reservoir. The reservoir has been designed for & maximum pressure of 828 kPa
(120 psi). The pressure can be accurately maintained for any desired period of
time using air pressure regulators that maintain the desired pressures regardless of
minor fluctustions i the air line pressure. The iir pressure regulators used have

a capacity rangiog from 690 to 3450 kPa (100 to 500 psi) and will maintain the
constant pressure to within 0.69 kPa (0.1 psi). As an sdditional feature the

system allows for refilling of -the reservoir under pressure during a test 'without

disconnecting the line. This is parti useful for il or

long tests testing. where unavoldable leakages through the cell must be
compensated. 3

All the connecting lines on the pressure control device are made of 6.35 mm.
(1/4 in.) diameter high pressure plastic tubing. The pressure control device is
made up of four identical separaté systems that can be connected to the volume
change device and / or directly to the cell. An sir pressure dial gauge is pmvide\{l
to roughly set the cell and back pressures. That gauge can read a cell and back
pressure upto 2070 kPa (300 psi).

A *quick connect* system for line connections (Swagelock) provides a great
versatlity in conducting tests aad avoids air bubbles. Accurate measupment of
the water pressure both in the cell and in the sample are made by mean of Kulite
relative pressure transducers.

A schematic picture of the apparatus is shown in figure 4.3b.
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4.1.4. Load Press

* The load press used for monotonic triaxial compression tests was a Wykeham
Farrance load press. It may be used for both compression and extension tests. A
wide range of displacement rates are available through a five gear system. The
rates of displacement ranges from 0.00068 mm./min. to 1.52 mm./min. The
capacity of the loading frame is 9810 N. (1000 kgf.). o

The load is applied by a mechanical loading jack operated by a motorized gear
box. The motor forces the jack up or down at a continuous rate depending upon

ifg. Rigid steel rods catrying an adjustment rigid cross beam,

the gear se
mounted in a strengthened alloy housing, etsures that virtuslly no distortion

occurs within the frame work of the machine during the test.

The machine has sufficient clearance to the triaxial cell previously

described. The load press is shown in figure 4.4. .

4.2. Tests Performed with the System &

Following tests were performed on sand, clayey silt, and silty clay. -

L i idated undrained (CTU) triaxial compression tests.
2. Isotropically consolidated drained (CID) triaxial compression tests.
3. Isotropically consolidated undrained (CIU) triaxial extension tests.

Sand samples were mounted in a loose, medium or dense state, as defined in
Chapter 3. Samples were-tested using both standard or enlarged lubricated ends.
All samples tested for clayey silt were of remolded soil using standard or enlarged
lubricated ends. Samples of silty clay used in the tests were cither remolded or
intact and mounted with standard ends only. -

All samples were back pressure saturated and isotropically consolidated before

shearig.
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4.3. Sample Preparation

Soil preparation methods used in the laboratory for mounting various types of
soils are now described.

4.3.1. Sand

Several methods of pouring sand into the mold were tested to determine which
method provided a sample close:to the minimum density for a loose sample. The
method finally adopted was to pluviate the sand through a funnel. No
degradation effect was noticed and the density obtained was fairly constant. For
dense samplps, sand was saturated with a small amount of water, poured into the
mold and then compacted. For further details on monntmg the sample see
app;ndlx A "

4.3.2. Clayey Silt

” i
All samples tested for clayey silt are of remolded soil because of the poor

conditions of the samples when extracted from the simpling tubes. Soil was thus :

extracted from the plastic tubes and remolded. Remolded soil poured into the
triaxial mold in layers and compacted at the natural water content. For flll'ther
details on mounting of the sample see appendix A.

4.3.3. Siity Clay

After removing the wax around the sample, the specimen was trimmed to a
diameter of approximately 38.0 mm. The length of the sample was around 80.0
mm. For remolded samples, enough soil was remolded, poured into the mold and
compacted. The size of the mold chosen was greater than the final size of the
sample. The mold was then unclamped and the sample mounted in the trimming

~ 2pparatus. Trimming is being done as for intact samples. Care has been taken to
keep the same density for all the remolded samples.

Two thin membranes (thickness = 0.1 mm.) have been used to enclose the
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sample in order to make sure that there is no leak through the membranes. For

detailed procedures see appendix A.

4.4. Backpressure Saturation " A

Since Lowe and Johason's (1960) investigation, specimen saturation by applying
a backpressure has become a widely used technique. The methods and magnitudes
of backpressure required to Saturate specimens are provided by various authors
(Bishop et al. 1962; Laboratory Soil Testing 1976). Lee and Black (1972) provide
theoretical and experimental data for time and magnitude of backpressure to

dissolve air bubbles. ,

The procedure which has generally been adopted for backpressure s‘tunlion is
-

to incrementally increase the ' cell pressure and pore pressure simultaneously,

allowing equalization at each i L. After equalization, the value of B =
au/ay (Skempton 1054) is measured by applying the next increment. Several
variables are involved in this procedure: (1) the magnitude and duration of'

backpressure increment, (2) the magnitude of the effective idation pressure

during the saturation which may or may not permit the specimen to swell, (3) the
magnitude of, the cell pressure increase when checking B-parameter, and (4) the
magnitude of backpressure applied which should not pre-stress the specimen, i.e.
the effective confining pressure should not be greater than that under which the

specimen is Lo be sheared.

" Two other methods were applied to saturate the sand samples and to remove

the air bubbles from the samples: (1) circulation of water through the sample
under a slight hydraulic gradient (1.0 m. of wnter‘hugl), (2) partial vacuum
applied after the circulation of water to a few sand samples in order to make sure
that there was no air bubble left in the circuitry. Finally backpressure has been
applied to dissolve any gas remaining in the sample. :



4.5. _(.Jouolid;don

Although in-situ stress conditions are usually anisotropic, isotropic stress
conditions are generally used in routine triaxial tests. The resson usually given is
that anisotropic consolidation requires more time and complicated procedures. In
addition it was thought formerly that thé angle of shearing resistance in-terms of
effective stress was not significantly affected by method of consolidation.
However, this is not the case for all the soils especially for intact clays. *

In this study all the soil samples were isotropically consolidated.

4.06. Rates of Loading

The rate of loading may sigaicantly affect the magaitude of the shear strength.
Increased rates of loadiog producéd increased strengths and in case of extremely
slow loading Tates creep effects will cause lower mieasured strengths. If saturated
specimens are teted, the selected loading rate must be slow eiough so that excess
pore pressures do not build up (drained test) or have enough time to equalize
throught the specimen (undrained test). The selction of the loading rate is of
considerable importance as the time required to perform a test is directly related
to cost.

Bishop and HeSkel (1962) proposed that 3 95 percent pore pressure dissipation
throughout the sample will be acceptable. That criteria leads to the following
estimate of the time to failure T, :

T, = 20H*/nC,

where .

Ty = time to failure,

H = 1/2 the specimen height,

e = w———— .
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C, = coefficient of consolidation, and

D = a coefficient relited to drainage boundary condition. . _ i

Inthe case df undrained tests, it has been found (Casagrande et al.  1964) that
for contractivelsoils, in the extreme, creep leads to failure without an jncrease i
strength and {hus modulus values as well as strengih re low. In the case of
soils, it has been found (Donaghe et al. 1678; Casagrande et al. 1964)

* that the strength is not greatly affected by loading rate, however modulus values

may be. For normally consolidated soils, Donaghe (1871) reports a 5 percent
decrease in strength per tenfold increase in time to failure.

Meéthods of applying the axial load*to the sample are!influenced both by the
requirements of the test and-the need for mechanical simplicity. Two types of

loading are generally used, stress coptrolled and strain coptrolled.

For routine tests -and for some common research tests the use of strain
controlled has many advantages and is generally accepted. The rate of strain at
failure is accumtely'" known and the influence of rheological factors on the
observed strength can thus be taken into account. The shape of the stress-strain

curve beyond the peak can also be observed.. The duration of the test can be

-predicted with reasonable accuracy. ¥

The values adopted for loading rate for monotonic tests in this research are ‘as

follows: ~ Sand:

10 perceT’El deformation in two hours for both drained and
undrained tests i.e. 8.3 *

of deformation in ten hours for undrained tests ie. 1.7 * 10 %% / min. and 10

0 2%/ min. For clayey silt and silty clay: 10 percent

percent of deformation in 24 ho.urs for drained tests i.e. 6.9 * 10°3% / min.
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4.7. Special th

The following Tecill tests had been performed on sand and clayey silt.
s ° L i

(CIU) triaxial p test with

control of the pore pressure on sand samples.
< e 4 .
2. Isotropically consolidnzfi drained fClD) triaxial compression test with

constant axial styess o, aid decreasing lateral stress oy on clayey silt samples.

e R ——




Chapter 5

’ MONOTONIC TRIAXIAL TESTS:
RESULTS

5.1. Sand g

Sixteen monotonic triaxial co
2415 to 345.0 kPa (35 psi to 50 psi)
samples were saturated under back'

ression tests with constant confining pressures,
ere performed on the Hibernia sand. All the
ressure, isotropically coisolidated and
sheared under drained or undrained conditjons. There were two inain reasons for
the saturation of the samples: (1) to simulgte the hydrostatic neutral pressure
that prevails in offshore conditions (2) to permit reliable measurement of volime
changes in drained tests or pore pressure changes in the undrained tests.” Samples
of loose, medium and dense sand were tested.

Parameters of Mobr-Coulomb failure criteria were determined for the loose

medium and dense samples. {

Six loose, six mfdium and three dense 'samples were tested. The.average
migimum density for loose, medium and dense samples were 1610 kg/m®, 1670

kg/m® and 1750 kg/m® respectively. The accuracy of the depsities determination,

+300 kg/m®. The good repeatability of the

density “determination means that the sample -preparation. gave in  average

was estimated as |2 pefcent i.

satishctm;y results. The densities were calculated using dry sample weights, initial
sample heights and diameters measurements. No corrections for the change in

volume of the samples .were made for isotropically consolidated drained tests

(CID). The relative density of the grains was 266, the initial void ratio g; ranged
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between 0.62 - 0.67 for the loose samples and 0.52 - 0.54 for the dense samples.

Samples with standard ends (S) as well as samples with enlarged lubricated ends
" (L) were used. The rate of shearing for both undrained and drained tests was 0.15 °
" mm/min. -

The effective stress paths for undrained and drained tests for loose, medium and
dense samples are shown in figures 5.1 & 5.2 and in figures 5.3 & 5.4 respectivelys
On these figures, the strains at the end of the test are indicated in percentage.
The effective angle of internal friction ¢' was evaluated assuming a cohesmnless

behnv:or

The stress versus strain and pore pressure versus strain relationships for
undrained tests, for loose, medium and dense samples are shown in figures 5.5 &

5.6 and in figures 5.7.& 5.8 respectively.

. The pore pressure plots in both loose and dense samples using standard ends
show that the pore pressure increases slightly initially and then decreases. Also,
the same trend has been noticed using enlarged lubricated ends. It should also be
- emphasized that the excess of pore pressure generated during the undrained shear
of the sample is less for the sample with enlarged lubricated ends than for the.

standard ones. The stress versus strain and volume ciange versus strain plots for

drained tests, for loose, medium and dense samples are showa in figdres 5.9 &.

5.10 and figures 5.11 & 5.12 respectively.”

The volumetric strain plots for loose, medium and dense samples using standard .
ends show a decrease in volume diring the shear. The same tredd has been

noticed when using enlarged lubricated ends. Volumetric strain was defined as

positive ‘when total ‘specimen volume increased and negative when the volame  *

. decreased. The dilation effect has not been noticed in loose or dense samples using

standard or enlarged lubricated ends. Table 5.1 summarizes the tests conditions.

E Special tests were performed r which the deviator stress was kept, constant and

N
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the pore pressure was increased. It has been noticed that pore pressure parameters
and failure criteria on effective stress path remain unchanged as shown in figure
.13,

5.2. Clayey Silt,

. Thirteen tests were performed on samples of remolded clayey silt from Placentia
Bay area. The average diameter and height of the saqpples were 72.1 mm. and
157.9 mm. respectively. Total confining préssure was 345 kPa (50 psi) except in a
ewfests in which it was 276 kPa (40 psi). All specimens were isotropically
cnglidxted under 138 kPa (20 psi) except for one test in which the consolidation
pressure was 60 kPa (10 psi) effective. All samples were back pressure saturated
under a 198 kPa (30 psi), After applying an’ increment of cell pressure the

corresponding build up i pore pressure was measured, allowing therefore the

determination' of the coefficient B = Au/asy. *Sufficient time was thus given

after applying the back pressure to allow the water to flow into the sample. The
B-parameter was employed to check the degree of saturation. A value of 98

percent was thought sufficient to ensure a reliable degree of saturation.

Alter saturation has been achieved, generally within 15 hours, the back pressure
was kept constant and cell pressure increased to get desired isotropic effective
consolidation pressure 69 or 138 kPa (10 or 20 psi). The consolidation procedure
was monitored by recording the amount of water flowing from the sample until

the end of the primary consolidation as defined by the Bishop and Henkel (1962).

Tn isotropically consolidated undrained (CIU) test following -cossolidation the
sample was axially compressed at o constant rate of strain under undrained
conditions. Excess of pore pressure were measured by a pressure transducer
located at the trinxial base. Axial compression or extension was continued
generally upto an axial strain of 10 percent. For isotropically consolidated
drained (CID) tests, drainage valves were kept open during the axial compression

and the change in volume was recorded through the volume measurement device.

o,
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It was necessary to select astrain rate which allowed pore pressure equalization
throughout the ssmple volume. The strain selected for undrained test- was 10
percent of sample deformation in 8 hours (0.000003 s™) and for drained test, 10
percent of sample deformation in 24 hours (0000001 s'!).

The dry unit weight of thethirteen remolded samples ranges from 1182 to 1378
kg/m3. The relative density of the grains wis 2.78, the average initial void' fatio
¢ Was 1173, The effective angle of internal friction, ¢ was caleulsted for each
test assuming that the value of ‘cohesion, ¢ was equal to zero. The effective stress
paths for undrained triaxial compression and extension tests aré shown in figure
5114, The effective stress paths for drained triaxial compression tests aré shown ia

figures 5.15. The stress, pore pressure and volume change versus strain curves are

shown in figures 5.16, 5.17, 5.18 and 5.19. ] R

»

The plot of the pore pressure versus the strain’ shows that the pore pressure

increased continuously and becomes almost constant at around 10 percent strain.
The volumetric plots using standard and enlarged lubricated etds shows that the
volume decreases under deviatoric stress. Volumetric strain is defined as posifive

when total specimen volume increased.

A special test was performed in which the axial stress o, was kept constant

under increasing deviator stress by decreasing the cell prebsure. The stress-strain,

" volume ‘change versus strain and effective stress path are shown in figure 5.20,
5.21 and 5.22 respectiv).

P ‘Table 5.2 summarizes the tests conditions on clayey silt,




5.3. Silty Clay

:
Twelve triaxial compression teits were performed on silty clay samples from the
West Coast "of Newfoundlsnd. The confining pressure was kept constant during
the test and its value is given in table 5.3. All the samples tested were back
pressure saturated and isotropically eonsolidated in the same way as the calyey
silt, the values of pressures are shown in table 5.3. Again, a 0% value, of B
parameter was taken as criteria for sufficient saturation. No lateral drains were
used duing the consolidation. step and the samples were allowed sufficient tirhe

for consolidation. . The spmples were sheared under drained or undrained

condition. The samples’ trimmed directly from the sampling tube are called”

*intact? as opposed to "remolded® sample, which are constituted of remolded

material from the same tube.

The rate of strain chosen for drained test was 10% of sample deformation in 24
hours i.e. 0.006 mm/min. For undrained tests, it was 10% of sample deformation
in 12 hours i.e. 0.012 mm/min.

and 5.24 together with the Mohr - Coulomb failure parameters for both *intag
and "remolded® samples. The failure envelop can be estimated for 'intmﬁl

a5 ¢'= 13 kPa, ¢ = 227 for the upper envelop of all tests, and asxe’ =0, ¢' =

22.7% for the *large deformation® envelop. For *remolded soil, the results are
very close to the previous one, ¢' being changed to 22.30.

The sressstrain curves are shown in figures 525, 5.27, 520 and 5,31, The pore
pressure changes are plotted in figures 5.26, 5.28 and 530 for CIU tests. The
volumetthange for CID test is shown in figure 5.32. During the CIU flsts, the
pore pressure is generally increasing upto the failure and then remaing more: or

less constant or lightly decreasing,

The stress paths corresponding to CIU and CID tests arq shown in figures 5.23
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'-/5.4. Pore pressure parameters during undrained tests

The use of pore pressure parameters deduced from triaxial laboratory testing for
. inlerputing“ﬁeid conditions had been widely developed by Skempton (1954),
Bishop (1854) and Henkel (1960). In number of problems involving the undrained
' shear strength of soils the change in pore p}e'ssure occuring under changes.in total »
stresses must be known. The basic idea is to relate the increase in pore pressure
in a ssmple tested under undrained conditions with the changes in external
loadingand is given by

au=Bloy + A’(,;, -o5)

where,

Au= excess of pore pressuré due to change in il losding

4ay, doy= changes in principal axial and lateral total stresses respectively
e

A, B = pore pressure parsmeters

- Lo (1960) proposed a more general approach of these parameters, relating the
excess pore pressure_with principal stress increments- invarients and also‘ with

 strains in the sample.

The pore pressure coeffidients have proved increasingly useful during the past

few years. Firstly, in providing a qualitative picture of the type of pore pressure
changes which can be expected in any particular problem; and, secondly, in cases
where the stress changes are known with reasonsble accuracy, in providing the

basis for quantitative design methods.

- Figure'533 (ab) shows a typial set of curves describing a ‘CIU test on silty
clay. From these data Au versus a(o,-ag) plot s shown in figure 533 (c]. The
parametor A is the slope of the secant drawn from the origin and the plot of A

= 7 versus strain is shown in figure 5.34 (a).

i ) s -~

e o gy
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From a practical point of view, it would be interesting to work on increments of

pore pressure at a given state of stress and strain rather than on cumulative

values as in Skempton's interpretation. Indeed the level of strains for which there

is no more build up in excess pore pressure is likely to be related to the critical
void ratio, of the material as defined by Schofield et al (1968).. According to that
theory, the stress path associated with an undrained axial compression le/st should
end on the critical state hnL where the snmple is sheared under. constant effective
stresses (no build up in pure pressure, no change in void rmo) “However, in many
instances, particularly for sands, the actual stress gnths do not show that
theoretical shape and the excess pore pressure has a tendency to decrease after
passing its peak value together with an increase of the deviatoric stress. In terms
of critical void ratio, it means that the undrained conditions of the test is not a
constant volume condition: the stress path that is measured during the test is not
to be associated with the average, volume of the sample (which is constant), but
with that part of the soil which is actually in,volved in the yielding process.

Therefore, the range of strain for which there is no pore ‘pressure build up

corresponds to an equilibrium between the part of the sample, which tends to

dilate and those-parts which tend to contract., Figure 5.35 shows the influence of

the level of strain on the increméntal build up in pore pressure for sand.

»Tlie interpretation of *tangent* pore pressure parameters has been made for
sand, clayey silt and silty clny and the results are shown in ﬁgures 5.36, 5.37 and
5.38 respectively.

K e v " s
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Figure 6-5: Stress-strain curves for undrained triaxial

compression tests on Hibernia sand
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Figure 6-16: Stress-strain curves for undrained triaxial

: _compression tests on clayey silt
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Chapter 6 ;

MONOTONIC TRIAXIAL ’I‘ESTS. ‘
DISCUSSIONS A

6.1. Effect of the Saturation and Pore fluid Propertlec

For a few tests previously presented, thc value o! the pore pressure pusmeur B
“during the saturation process was ot close to unity due to the presence of the sir
bubbles in the Llrcultry or in the sumple It has been suggested that for these
tests, the pore |;ressure Tesponse was not as good as under Ylll]y‘sllumted umylu
That. underestimation of the excess of the pore Ppressure un lend to an error in
estimation of thie angle of internal friction 4.

Before ‘applying back pressure, all the sand samples were saturated by allowing

the water to flow through the samples. Back pressure was,applied in steps, in an
increments of 35 kPa {5 psi). Sufficient fime was given between the two

increments to allow thé water to flow through the sample. In almost all sand
samples at 207 kPa (30 psi) B = 4u/40, value was close to 1. Figure 6.1 shows
the degree of saturation with back pressure for two sand samples. A typical
example of the improvement of the messured B value during the back pressure

saturation is shown in figure 8.2 for sand, clayey silt and silty clay samples.

In this research, it was not tried to keep the back pressure”as low as p@uible,
“using like CO, ciculati

(for sand) or’ vacuum. It was
thought that high back pressures were more realistic for simulating neutral in situ
pressures,




for standard ends.

! . . 104

* Another problem that may be of importance in laboratory testing as compared

with in situ testing is the poré fluid properties: the use ql' the fresh water at 18°C
is certainly far from the actual in situ conditions ( for example at Hibernia,

® temperature of 0°C to 2°C must be expected with salt water). These parameters
have ot been studied here. From a qualitative point of view they should not
affect the results for monotonic loading. ’

6.2. Influence of End Effects

In éase of isotropically consolidated undrained (CIU) tests on loose sand the

effect of the end conditions on the stress-strsfn curve are not prominent, as they'

are for CIU tests on medium and dense sand (:r CID. tests on loose, medium and

dense sand. Tlie stress-strain curves for e/plqged lubricated ends are below those *

‘ |

In case of CIU tests on loose, medium and dense sa"nd, it has been noticed that
maximim excess pore pressure is-higher for-standard ends then for lubricated
ends. For CID tests on loose, medium and dense sand, the change in volume is
greater for enlarged lubricated ends than for standard ends. The influence of
ends effects has not been studied for the other materials.

From the tests on sand it appears that the use of enlarged lubricated ends tends
to smooth the pore pressure or volume changes. This response was expected since

“Ihe' distribution of the strain in the sample is more uniform in this case:

Neverthless, end effects appear to have much less importance '{nr:eﬂectivé

failure parameters than for the parameters that depend on the distribution of the
! .strain.in the sample. y o .
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‘B.S. Effect of the Sample Disturbance

The effect of the sample disturbance is always difficult to highlight. - The
*intact state of the soil is something that ean only be defined by extrapolation
from more or less disturbed specime, It also becomes more difficult Io assess the
degree of disturbance s the soil is more sity.

Ta this study ‘the specimen had encountered s long disturbance history:  the
sampling was carried out under-difficult conditions, the ;wu;e was Iung and the .
l-bonmry manipulations were I'n from perfection.

The' consolidation test perfomed on a umple taken it a 183'm depth where
the vertical in situ stress can be estimated at 140 kPa, show a preconmlldltlon
pressure éstimated at 80 kPa, which is an indication of disturbance of the sample.

. On the other hand the stress path associated with' friaxial testing’on the
sintact® specimens re very close to those’on the *remolded® specimens.’ The-
shape of the stress pnhl also Jook like a typml shape for silty soils or remolded”
silty clny: oy el

Thé cobesion intercept that may be taked into account for both *intact* and
*remolded® samples -can therefore be interpreted either as a curvature of the
failure envelop, or as a remainder of overconsolidation or a slight dilatancy effect.
0.4 Olhu Factors B2 g e * A s

Some researchers mmtmned that the size of the sample has an effect on.the
ssmple strength. The smaller the height to_ diameter ratio, the higher .the ..
strength. In this research all the samples were of the same.size for one particular
type of the soil, therefore nothing can be said regarding the effect of sample size
on soil strength. Nevertheless, the diameter of the tested samples for sand or .
clayey nlt was large enough to avoid the scattering that might hlppen from the
non-homogeneous distribution of the unit weight in'the sample.

-t e s s e -~
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*Sample preparation control is a coinplicated problem to address, since a reliable
mruur'emeut.of sample density is difficult to obtaim. It i;,possib’le but beyond the

capabilities of an ordinary laboratory.

. The fnﬂnenc’e of the rate of shearing was beyond the scope of this stndy’, ‘whiich
* placed emphasis on actual laboratory problems rather than on ‘properties of

investigated sois. . “
‘o.uy loose and dense samples were tried for Sand, Desity of simples slightly
bigher than loose density were classfied as miedium. Density difference’between
loose and medium ssmples were therefors small, snd the diftrence i nrgle of

measurement of the weight of the soil, height of the sample and dismeter of the
~-sample. Any inaccuracies will'therefore have a influence on the value ‘of the
density. . X ) b B

The failure envelops {rom undrained extensmn (fig. 514) and dmned extésion
{fig. 5.22) tests were found o be consistent with compression tests.

In ﬁguu 5-24, for the range of consolidation pressures used in the tests,. the
% g failure envelop may be nppmxumted by the equation:

~ B 0 : o
=13 + g;'tan 22.3 , =
where o, and rare in kPa. | g
6.5, Comparison' with Other Results . . k )

Comparing the sand from Hibernia area, Grand: Barks, used in this research
with that reported by Meyerhof (nmi}, it is concluded that offshore:sands ate .
frequently of fine and uniform grain size with uniformity coefﬁclenu of less utn
3. Hibernia sand also fits into the category of offshore snnds repnted by Meyerhof
(1979) ’ 2 B .

< “intefnal. friction ¢' is not significant. Fusther, density depends on the [precise * .
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+ * Gomparing. the tests results mentioned earlier in Chapm 2, with' the présent’

| tests results on Hibernia Sand. From Qhe uouoplcn.lly consalxdnted undrained
(CIU) triaxial tests, angle of internil rnetmn' 4 =316 and 37.89 for loose and
dense sand samples respectively. Slmllarly, from isotropically consohdnved
drained (CID) triaxial tests, angle of internal friction o 29.6'and 37. l0 for loose

and dense sand samples respectively. Some. of the values reported , by the other N

researchers are higher than found in the present study. The reason for that could

. be that shear box tests give higher values as cqnlpared to triaxial tests. But the
values found in the present research ﬁt in well into zhe average range of ‘values
given by the other researchers.

A compnison ol' the results of the isotropically. consolidated nﬁdrnine‘d‘(C[iJ)
triaxial tests on“indisturbed and remolded samples of silty clay from West. Coast

average angle of internal friction ¢’ found.for undisturbed and remolded soniples

“were 22.7°°%6d 22.3° respectively. " The angle of internal friction ¢ “from

undisturbed and remolded saniples was found to be close. It was concluded that

the'samples had undergone a lot-of disturbance in sampling. The ¢’ values found

in this rescarch are lower than the values given by Silvalet al. (1084) in table 2.1.

The difference in tests results cold be dué to shape of the particles and
- minerology. : ¥ : :

“of Newfoundland witk' Silva-et al. (1084); given in-table 2.1, showed that, the ~
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Chapter 7

CYCLIC TRIAXIAL TESTS ON SAND
AND CLAYEY SILT

) o

7.1. Material

The Sand-and Clayey Silt testedd under cyclic loading were the same ss for
under monotonic loading and their description is given in Chapter 3.
P .

7.2. :rem'n\i Equipinent -
The load press used for eyclic loading tests is an Instron machine, model. 1123
The range of loading goes up to 2,500 kilograms. The machine performs the

primary functions of load weighing, crosshead drive and control, and recorder

drive and control.

The load is applied by means of the crosshead drive system and éontrolled by
load weighing transducer located under the bottom plate.

The crosshéad is of high stiffness and rigidly guided to prevent side loading
during the test. The motion of the crosshead is obtained by rotating leadscrews.
Beside the manual control of the unit, an electronic console provides the following

* features:

1. Recording of the axial load applied to. the testing device ,and  various-

conviniences (lower and upper set points for example}: 28 .

2. Display of the dmplncement of the crosshead and pomblhty to lumt it to

given values.

e . o =



ure

3. An extra strain gauge output for a displacement transducer or any other

straiin gauge trasducer.’ e
All recordings are made on”a strip chart recorder with an adjustible speed.

s / : 1}
The stme trisxial cell has been used for the cyclic loading as for the monotonic
“loading tests. 'The load spplied externally and the load which has been actually
transfered into the sample as measured by the internal load cell are on the chart.

Because of the friction between'the ram and the top cap, the load applied

" externally is not the same as sctual load trausfered to the sample. A linear
displacement transducer. was fixed to the crosshead of the machine arid recorded -

on & separate two chainel plotter. The internal pore pressure transducer was also
connected to the same plotter. The plotter used was a J J instruments CR 600
recorder. The linear displacement transducer used was Schaevitz SCM series.
Internal pressure transducer is s Viatran relative préasure gauge (range 0-100 psi).
The experimental set up is shown'in Tigure 7-1. ’
. |
All cyelic” trisxial tésts were pjrformed at a frequenty of around 1 Hz. Four

N - . . N
variables wefe monitored continously during each test: i

axial load, axisl deformation, and pore pressure.

Besides the plotting of the results, electronic readouts designed at Memorial
University allow a direst control of each variable by the operator. Calibration of
the transducers were provided before each test by means of a *shunt® resistor
sssocisted toweach resdout. This ensures a igh reliabily of the results snd mo

drift in time.

In order to assess the results, all measuring systems are duplicated so that cross
calibration is always possible. For example all transducers are recorded snd can
be read on a digital readout. This allows a great flexibility in changing the
sensitivity of the recording devices during tests without intermediate calibration.
All equipments were carefully calibrated prior to testing.

"y

external and internal .

®
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7:3. Types of Tests . H

¢ .
I i lid d d tests were on sand

d drained and

and undrained tests were performed on clayey silt under cyelic loading.

731 Drnlned 'v.e.u onsmnd

Two tests, one on loose ssad and the otk one on dense sand were performed
under drained conditions. The samples were deformed up to a given strain and

then’ sheared under cyclic loading. It led to the determination of deformation

~moduli for these densities and level of strain. This may be of interest for

numerical program analysis.
» . 3
‘A typical stress-strain curve is shown in figure 7-2 #t dense sand.

7.3.2. Undrained tests on sand

Cyclic loading of sands under undrai ditions leads to progressive build up

in pore pressure. These excess positive pore pressures reduce the effective stress
to sufficiently low levels so that an effective stress failure condition, termed

liquifaction, will develop with the large strains and low strength,

 Twenty three samples-were tésted under undrained conitions. All the- samples
were saturated uader 3 buckpresure of 210 KPs, (30 psi) and iotropically
consolidated under in effective pressure of 09 or 138 kPa (10 or 20 psi).” Then the
drainage valves were closed snd the axial load incéepsed up to & pre-determined

value, the load is cycled. between zero snd this value at a .frequency of

“ approximately 1 Hertz.

A typical stress path associated with this type of test is shown in figure 7-3. The

test can be described in terms.of load ratio. The load ratio s defined as the ratio
of the deviatoric cydlic stress (o, - '3) to the initial effective ‘consolidation stress
(o5 In some piblications, half of this value.is taken into account. Depending
on the results of the test, the number of cyclu necessary to reach the failure may.
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be associated with the load ratio. The results of such an ‘interpretation are shown.

" ig figure 7.4.

It must be emphasized that there is no reversal of the deviatoric stress during
the-cyele, resulting in particular deformations and failure mode. If the load ratio
is not- sufficient to generate significant excess of pore. pressure, a continois
deformation take place corresponding to the relative rearrangement of the grains,
like in the monotonic_tests. If the load ratio is sufficient, pore pressure gradually
builds' up in the sample, leading to the failure by reaching the Mohr-Coulomb

envelop. ) .

After the cyclic loading, sn undrained compression test wes perfofmed,in.order
to study the effect of cyclié loading on the monotonic undrained shear strength:"

7.3.3. Undralned tests on clayey silt

Seventeen s}rmple were tested uader - undrained conditions. ~ All e samples
were backpressure saturated under a pressure of 210 kPa (30 psi) and isotropically
consolidated under effective pressure of 69 or 138 kPa (10 or 20 psi);
Backpressure saturation takes six’ o tight hours and consolidation process takes
between sixteen to twenty hours. Once the consolidation was over, the sample is
sheared in undrained conditions under cyclic. loading. The load was. cycled
between zefo and the pre-determined load st a frequency of approximately 1
Hertz.

“After failure by cycling, or after a sufficient number of eycles, the samples were
sheared like in, monotonic compression tests (CIU) to check the consistency with
3 «

standard tests..
Figure 7.5 shows a typical stressstrain relationship obfained in CU-cyclic-

for cyclic and monotonic loading. Figures

monotonic triaxial compression- tests. Figure 7.6 the shows effective stresd path
7 & 7.8 show a relationship between

load ratio and vummn of pore pressure during cyclic loading tests versus number
of cyelu respzmvely, - . o =
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7.4. Sample Preparation
The procedure followed for mounting a sand sample was exaetly the same as for
monotonic loading and complete details are given in Chapter 4. The procedure

for mounting the clayey silt ssmple is almost the same as for the remolded silty
clay sample except the mould chosen for the clayey silt sample had a diameter of

approximately 38.0 mm. and no_trimming had been done. Other details are given

in Chapter 4 under silty clay.

7.5. Results and Interpretations
. - g i

7.5.1, Sand

Tables 7.1 provides the mlin results for sand. Figure 7.1 shows the number of
cycles required for failure as a function of load ratio. As thqllald ratio increases,
the nhmﬁer of cycles to failure decreases: For a ratio ‘greater than 0.38, the

failure occures at the first cycle. For a load ntr less than0.18, the -build up in

pore pressure ‘is nolv:nl‘l’iciut. to cause failure.

Table 7.2 shows the angle of
internal friction obtained at failure by cycling,-as well 'as the final angle after
shearing under undrained monotonic conditions. \The values of the sngle of
internal friction for monotonic tests range from 30.94 to 34.7%, which is consistent
with the standard results (30.4° to 33.0°). The angle f ingernal friction at failure
by cyeling is about the saine as the standard one for Kose samples. Medium and
dense samples show s higher value of the ¥ngle for cyclic loading than for the

monofonic loading. It may be interpreted as the \influence of the initial
compaction. .

7

Clayey Silt

. Table'7.3 gives the main results for clayey silt. -Figure 7.7\ shows the number of
cyelestrequired for failureas s function of load ratio. Agin as the number of
cycles 'decreases the load ratio increases. For load ratio 0.4, and effective

consolidation pressure of 138 kPa, the failure occurs withia fifty cycles. For load

o
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ratio 0.6, and effective predsure 69 kPa, the failure occurs within fifty cycles. ' For

/
load ratios of less than 0.3, and 0.45 for samples consolidated under effective

pressuré of 138 and. 89/ kPa respectively, the pou pressure developed is not

sufficient to cause failure. Excess pore pressures’ mduced by cyclic loading versus

strain are shown in figure 7.8. K
. . -\ ¥ .

In Figure 7.7 even aftdr normalizing, there is apparently a difference in the

number of cycles to failure for two different confining pressures. This difference

 could be due to insufficient saturation or intrinsic properties of soil." It should be
. further investigated in the r"mm. ~

;- . - | i
7.8. DI jon and R st L.

\ . .
Au’ instrumented trisxial tell has been used to saturate nd isotropically
consolidate the s@d and chye{y silt sample and4hen perrn(m cyclic load tests on
“them. The various faciliies include a number of features that allow adcurate data
o be obtained. Partieulsr émphasis Vs given to ineasurement ‘of ‘applied

_ stresses, poge pressures and deformations.

The equlpment has been suc:esslully used to obtain data on the effects of
drained and undrained cyclic loading tests. [The triaxial cell used has & bunn-mv
pressure t{ansducer. to measure the pore pressure developed -and an mternnl load *
“cell to me re the actual deviatoric stress.

.

In this investigation, the shape of ‘the stress. waves was not controlled but was
close to a sine shape. A' more sophisticated system would be needed for various

" types of waves, \

A PEP/u coriputer was used for conputation snd drawing stsadard disgrams.’
In‘ future, a computer should also be uuq for automatic data iogging and nulysis,v

not .only for monotonic, but also for cyglic loads. It should also be used for

adjustng pston force, cel prisure and hore pressure during consoldation sad

xhwms‘ 7
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Table 7.2: Angle of Taternal Priction for Sample Subaitted to
Cyclic Tests

Sesple Density | Angle of Isternal | Angle of Internal
No. Index FPriction Priction

7 (end of cycling) | (large deforsations)

& (degree) (degree)
HIB-CY-04 54" 29.7 33.1
HIB-CY-05 45 2.8 ' 3000
HIB-CY-06 27 27.5 27.5
HIB-CY~07 44 29.0 27.5
HIB-CY-08 17 3.8 ‘, 33.0
HIB-CY-09 1. 29.1 . 1 30,9 -
HIB-CY-10 ~ 41 44.5 34.0
HIB-CY-14 47 33.7 31.3
HIB-CY-15 s 3.3 w7
HIB-CY-16 18 34.0 . 3.9 |°
HI3-CY-17 21 1.7 2.4
mscr-18 40 3.5 32.5
HIB-CY-19 47 lszlq . 3.6
HIB-CY-20 45 ~ 7.0 )
HI3-CY-21 50 7.0 3.6
 ws-ce-22 58 9.8 33.6
RIB-CY-23 35 35.0 32.3

P g = <
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’ Chapter 8 .
’ CONCLUSIONS SR

= The main objective of .this research was to test various types of soils under
monotonic and cyclic triaxial tests. Tests were performed on three types of soils
from the Newl‘oun(_lland areas. From the results of monotonic and cyclic triaxial
tests the following conclusions may be drawn.

& - b
The three soils tested in this study have shown to behave very similagly to the

other soils of the same type, despite their offshore origin- (Hibernia sand and
Placentia Bay clayey silt). The disturbance of the silty clay samples appéars very - - —._.

clearly in the results.
Lubricated enlarged ends ensure a more homogenous distribution of the strain

inside the sample and should b2 used if a high volume change tendency is to be

expected. The effect of lubncabed ends is to smooth thejur: pressure response of .

the soil during the undmned tests.

The failure criteria was found to be well defined for the three soils tested during
this study, especially for large deformations. . The disturbance of the samples in
some cases, or the effect of the artificial compaction for remolded samples, lead to
a certain scatering in.the results at small strain levels. i

] -~

Some special tests were performed on sand and clayey silt. It was found that
the shear strength properties were close to the Aresulu qbtnined from the standard
tests. s

.
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The pore pressure parameters have been reinterpreted in terms of tangent
values, ;howing that the strain where no more pore. pressure is generated in
undrained tests may be related to the initial void ratio.

‘The cyclic tests have shown that the liquefaction, defined as state of large
ds ion, is iated with the same [failure criteria as for

monotonic tests. The build up in pore pressure requires also a minimum value'of
the deviatoric stress ratio. Below that threshold no failure occurs. When the
cycled stress level is high, pore pressure will accumulate to the point that a yield
failure occurs. At lower level of cycled stress, the pore pressure and strain
inerease and stabilize to a steady state, where a large number of loading cyclu do
not produce any further n(mﬁcxnt change in strain or nl!echve stress.

In view of the unavoidable sample disturbance of offshore soils, especially from
great depths, laboratory test results must be considered as a mean of getting an
approximation of in situ properties of the sesbed. With the development of such
reduced scale models as wave tanks and iceberg l.owm[ tanks, the need for
relublz parameters of soils will increase.
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i E . Appendix A

Sample Preparation

The following preparation methods have been used in thé soil laboratoty at
M.UN. to prepare satisfactory samples:
.

Sand

1. Apply the silicon grease around the Tubber ring of the-buse of the cell and .

fasten the base plate to the base of the cell.

2. Prepare specimen in a split mold that is élamped together and fitted around
the base plate. Apply grease hghlly over the two halves of the mold to give a good

seal for vacuum.

3. Put a cylindrical sheet of plastic inside the mold. The diameter of the sheet
is the same as the internal diameter of the mold. Use a water soluble tape to hold

the sheet in position.

4. Put two O-rings on each side of the mold. The rubber membrane is then

stretched inside the mold and fold the top and bottom portion of the membrane

over the mold. The mold bas'two holes in the wall, which allows vacuum to be -

applied to hold the membrane against the wall. Vacuum is then applied.

If the sand is to be sheared in a ssturated state, place a water soaked porous
stone with a filter paper on top of the base plate. Apply grease lightly around the

base plate, which gives & good seal between bast plate and the membrane,

6. Fix the mold around the base plate with the vacuum.

7. Weigh the-container of dry sand. Pour the sand into the mold such that the

density obtained is close to minimum dry density for loose samples. The use of a -

funnel is a good way to get an uniform distribution of the density.

1
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8. For compacted sand samples, weigh the container of the dry sand, maist the
sand with s small amount of water and weigh the container again. -Pour the sand-
into_ the mold and compact, it.in order to get a density elose to the msximum
density. . & N )

e >

9. Leave a portion of the mold empty st the top fof Bltar paper, porous stone

#nd top esp i standard ends are used, otherwise fill the mold upto the top if

enlarged lubricated ends are used.

10. Place a porous stone with filter paper and then the top cap above the sand.
Céat the outer rim of the top cap with silicone grease to provide a leak proof seal’
at the top. . '

11 Roll the membrane off the mold and onto the top aad bottom cap and setl’

it with two O-rings on each side. .

12. Attach the flexible tubing from the top cap to the bottom of the cell for top

drainage.

13. Stop the vacuum snd remove the specimen mold. The specimen will
remgin straight because of the plastic shet around the sample. Observe the
membrane for obvious holes and leakes. If suy. found, the sample must be remade

using a new membrane.

14. Obtain he& messurernents at two positions and s the average value for
the initial specimen height Hy, Take three dismeter readings at the top,
nidheight snd. ai the base using & vernier caliper. Take these messurements to.
the nearest 0.1 em. Compute the average diameter of the specimen and subtract
the thickness of the membrane and the plastic shet for the calculation of the area
Ay Weigh the remaining sand (after drying it if moist) in order to compute the
dry unit weight. '
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15. Apply silicone grease on both sides of the plexiglass cell cylinder and place
it on the cell base after removing any soil grains from the seal. Place all the four
tension rods around the cylinder and fix up the top cap and screw it tightly v
around cylinder. Push the ram until it comes in slight contact with the top cap of
the sample. ‘This will keep the sample straight. '

16. Fill the triaxial cell with water. Once it is filled close the water outlet at
the top of the cell. Apply a pressure of ‘approximately 5 kPa from the water tap, .
-the top and bottom drainage being open- to atmosphere. o

17. Place the cell in the compression machine and just barely make the load
contact of the ram and the loading ring which is attached to the compression | -

machine.
o

18. Attach a deformation dial (reading to 0.01 mm.) to the loading piston so
" that the deformation of the sample can be obtained.

10. Apply a little cell pressure to the cell from the pressure system to keep the

.sample in cylindrical shape.

Clayey Silt

All the samples tested for clayey silt were remolded as explainéd earlier. The

procedure followed for mounting a sample is as follows:
6. Steps 1 to 8 are the same as for sand.
7. Remold enough soil for one sample and weigh. the container plus soil.

8. Pour some soil into thé'mold and compact it. Repeat the prmgdure til'the
mold is filled. Try to obtain a unit weight close to the estimated in situ unit
weight.
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9. Take a sample of the remolded soil for water content determination.~While

compacting sample, care must be taken not to destroy the membrane.
10. Steps 9 to 20 are same as for sand.
¢ Silty Clay
| The procedure lollowed to mount silty clay *intact® and *remolded® n.mplu

neurollonssmmilSm)samph .

1. Apply the silicone grease around the rubher ring one base of the cell and
fasten the 38.0 mm. base plate to the base of the cell. *

2. For an intact ssmple remove the sample from its Wax coating and ‘mout it
on a trimming apparatus. ‘The sample is brought to a diameter of approximately
38 mm. Itisthen cut to alength close to 80 mm.

3. For- a remolded sample, remold enough soil st the required water content.
Take a bigger mold snd clamped together its two halves. Compact the soil into
it. Unclamped the mold, take out sample sad put it in the trimming apparatus.
Care should be taken to keep the same unit weight for all the remolded samples.

4. Obtain two messurements at two positions and use the average value foribe

initial specimen height Hy. Take three diameter resdings; at the top, midheight, -

and at the base using a vernier caliper. Take these measurements to the numt
0.1 cm. Take the average of three diameters and calculate the initial area Ay
volume V, and the unit weight. B

5. Weigh the !,rihmed sample. Place a water soaked poru;n stone with filter
paper on top of the base plate. Place the sample on top of it. Place another
water soaked porous stone and filter paper at the top.

8. Take a hollow cylinder of 100 mm. in length and 50 mm.'internal diameter,
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. i . -
with a hole in the middle and a small plastic tubing connected so that a vacuum

can be applied to stretch the membrane.
. .

7. Put two O-rings on each side of the cylinder. Two membranes are used to
surrond the sample and avoid any leakage through the membranes. The
membranes are stretched inside the cylinder. The top and bottom portion of the

membrane are folded over the cylinder. 2
8. Put'one membrane at a time and apply the vacuum through mouth to hold
the membrane against the wall. Place the membrane over the sample asd release

the vacuum. Membrane will take the shape of the sample.

+ 9. Apply the grease over the bottom half of the top cap. Top cap is in two

- halves. Put one O-ring at each end to seal the sample. Stretch another

membrane and put it on top of the first one and seal it with another pair of O-
rings at the top and bottom of the sample.

'10. Place top part of the top cap and srew it with the bottom half. Attach the
Mexible tubing from top to the bottom of the céll for top drainage.

1. All the steps from 15 to 20 for sand are then the same except for step 20
where the cell and back pressures are pplied in a mulfiples of 13.8 kPa (2 psi).
tu @ Rl
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5 Appendix B

Sample C and Shear

1. Saturate the soil sample by circulating water from the tank located ata
height of approximately 1.0 m. from the cell.” Wait for some time and let the
watet flow through the sample. Reverse the the process twice or thrice till no
Visible air bubbles are left in the circuitry.

"

5, Make all the necessary connections. Apply the thé back pressure to saturate
the sample further. Check pore pressure parametr B in order to make sure that
the sample is fully saturated. Back pressure applied should always be less than
the cell pressure. ' :

3. .After applying the back pressure upto the desired level, the cell pressure is
raised so that the effective over all pressure required for consolidation is obtained.

This can be done in one or more steps.

4. As soon as no more change in ssmple volume is observed, for the final
effective consolidation pressure, set the compression machine to the desired strain

rate.

5. Turn on the the compression machiné axd tske simultaneously foad,
deformation, pore pressure, and /or volume change ‘readings. Thé value of the °
cell pressure must not vary +0.5 psi during the test for standard CIU or CID.

6. Turn off ‘the compression machine when load becomes constant or

15 percent ion is reached. Take off the load, release the
i i it

cell and back pressures.

R

7. Dismount the triaxial cell and clean the whole apparatus for the next test.
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