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damage. Liquefaction and flow of tailings deposit

@

forces is considered to be the main factor.

In many tailings deposits the profile consists of a layer of
sand (D50 = 0.1 to 0.3 m) overlying a continuous layer of saturated

loose, very fine material (D_. = 0.01 to 0.03 mm), generally referred to

50

»
as slimes.

This thesis presents a study of the response of the slime

material td cyclic loading and its liquefaction characteristiks. It was

found that the material is inherently unstable and would liquefy under

even small amplitude cyclic loading. The instability of the whole deposit

during and after an earthquake is analyzed. It was shown that the most
v

critical sitdation is when a bed of slime is deposited on a layer of
o
coarser sandy material and that the most critical factor causing instabi-
L I i
lity is the duration ofearthquﬁﬂ"l‘ce. A solution for tailings deposits

+

liquefaction and flow problems is introduced and verfied by experimental

oo .
evidence,
-~
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- CHAPTER 1

. INTRODUCTION

L | ' .

In this chapter, the definition of liquefaction and the; object:h;es

of this thesis will be mentioneéd. The stregs con;litions in earthquake

\' (equivalent loading), and the stress conditions in the triaxial cyclic‘
loading ;est (compi:es'sion—extensioh test) to simulate the earthquake
stress conditions will be discussed.‘ At the end of this'chapter, a review
of the previéxs studies in liquefaction, and the contents ‘of this thesis

+will be presented. b

1.1 Foreword

The principle of effective stress in soils may be stated by the

is the applied

relationship

o:;.j = Uij -u 61_‘]

where ¢!, is the so-called effective stress tensor, o
13, Piaiing ¥
stress teilgg,r, and u is the pore water pressure. The symbol § 13 represents

- the Kronecker delta tensor where Gi = 1(1=3), 'Sij“ = 0 (1#3).

3
It has been demonstrated empirically that to a very close deg/;-‘ee
of approximation both strength and defdrmation of a soil sample are
\Awdependent on '(but not necessarily a function of) the parameter oij, the
gffeqtive_ stress.
Let the reference axis x, be so c‘:'hosen as to coincide with the
i:rincipal.directions of oi j (coincidental with o i j) and let the major
and minor principal stresses be oi - ag. Denoting T by the quantity
- (0]'_-0‘:'3)/2 = (01—03)/2 and by o' the quantity (Giﬂé)/Z, then accordir;g to
Ccl:ulomb's failure criterion:

-1- ' . -




s e < 2 A oirg a0 s Y

. 2
“ -
T = o sin ¢ - (1.1)
N for a pohesioniess soil. But ' -
ol o} o, +0
; 1+ 3 1 |
¢ o" - = -uUu=@g-1 !
4 2 2 A
and hence ~
oy T\;.(O- u) sin ¢ (1.2)

Cohesionless soils (sands, silts, sandy \gravels, etc.) when sheared
hawe a tendency to change their volumes due to particles overriding each
i
other or due to collapse of locally unstable strugture. In pagficular,
*

loose samples of such soils have a great tendency to contract during a

loading process becduse a loose ftructf®e is inherently unstable (even

virgin dense samples are initially unstable). If a saturated loose sample

of a cohesionless soil is tegfed under undrained conditioms, i.e. no water

is permitted to leave the sgmple, the téndency to contract would .create’

positive pore water pressure in the sample and as loading proceeds

S

progressively more pressure will be developed by the pore water. When
/‘ 1]
the pore water pressure tends to levels comparable or equal to applied.

1 -

normal stress,g, then according to equation (1.2)

" e ~ T

as (0~u) sin¢p+0 ' : ‘ T1.3)

B
. Pl

or as R u-+g0

3

This phenomenon which brings about an apparent lack of strength of ghe"
soil sample, is called "liquefaction". Note that liquefaction can also be Vs
brought a\gut in a drained test by appropriately monitoring the applied

stresses which are now equal to effective stresses (since the sample is

tested drained). _— . 2

R et e —

4




R pE————,

[ ——

¢

- : ) , 3

Earthquake loading is essentially a cyclic loading of a goil element.
If the sample is loose this loading process produces condition; gimilar to
those indicated by equation (1.3). Evidence of such losses of strength
are extensive, e.g.ANiigata earthquake of 1964, G¥eat Alaska éarthquake of
1964, Both earthquakes produced extensive damage by cauBing foundétion P
instability, lérge landslides, etc., '

Tailing deposits are amongst the loosest deposits which can be N

4

encountered, hence they are -very susceptible to liquefaction. : .

1.2 Objectives of This Research

The aim of this research is to\;tudy the effecégof earthquakes on
tailings depqsits. \ : . .
* Specifically a 80il element is subjected to a number of loading
cycles under the so—calied triaxial cyclic }Qading system, the pore water‘

pressufe and axial strains being measured continuously and then subjected

to a direct loading process.« ' ?Q§

Stability at some simple deposits are subsequently investigated

L T N
using the results obtained from these tests.

.

1.3 Stress Conditions in Earthquake; Equivalent Loadings

In the laboratory Tt is essential to load the sample in a manner
whlch is equivalent to those encountered in the field. 1In the following,
a method due to Seed aﬁd Idriss (1971), which was used in the present
work, is described. , ‘ - '
Fig. 1.1 shows an assumed idealized mode of loading dufing an\earth-

quaké, The sample is subjected to a sequence of stress reversals simulating

the alternating forces applied by the earthquake. ‘ v -

{ : p
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5
? Before the earthquake the soil element is subjected to_the -
principal stresses 03 and ko G; where 0; is the effective overburden

pregsure, and ko is the .coefficient of earth pressure at rest (no

lateral deformation).! oy

During the earthquake the soil element is subjected to'shéaring
¢
stress, AT on the horizontal .and vertical planes, which reverses directions
0 .

..« many times during the earthquake period (Seed, 1979). 3
. o
The amplitude of the exerted shear stress in the field varies

randomly from ome cycle to another (Fig. 1.2). A simple procedure by which
\ 3

a series of uniform cyclic stresses, assumed to be equivalent in their

- *

}
efféct to the irregular stress sequence produced by an earthquake, would be

determined was pfoposed by Seed and Idriss (1971). The method involves the

computation of the equivalent uniform cyclic shear stress, L induced

at any point in a soil deposit using the relationship:
. a
max ‘
’Bav = 0.65 Yh g r . (1!4)

d

in which & x = maximum horizontal grgznd surface acceleration, y = total
unit wejght, h = depth below ground surface, and Iy = depth reduction factor.

The 0.65 factor assumes that the equivalent uniform shear stress, Tav,is
v ! - ‘

657 of the absolute maximum ghear stress. The depth reduccion,rd, recognizes

3

‘that the soil is deformable and does not behave as a rigid body. The
' value of rd will decrease from 1.0 at the ground surface to much lower values
st large depth as shown in Fig. 1.3.
The number of streﬁs cycles over which the equivalent uniform shear
stress i8 repeated may be evaluated either by using an appropriate

weighting procedure or by adopting a representative number of cycles from

studies of different magnitude eafthquakes. Typical numbers of cycles first

e e e R e e By

I




e e s e e -

\ «

-
Fig. 1.3 Dk{ermiqation of Maximum Shear

\

-

&
\
Shear
Stress
Fig. 1.2
’ \
1
1
\ . . ('rmx)d
max ‘ (T
— 0 max’r

average
values

&

.Depth

i

Range for Different
S0il Profiles

.(b)

Stress

t




@2

>y ‘
‘ 7
presented by Seed and Idriss (1971) have been updated by Lee and Chan

C - w-r ) .
(1972) and Seed et al (1975). 1In all cases, the number of cycles corres-

/ponding to an equivalent uniform shear stress (usually 0.65 Tmax) has *
been plotted as a function of the earthquake magnitude. ‘Relationships
deféloped by Seed et al (1975) are presented in Fig. 1.4.

Hence, the irregular gheqf stress cycles induced by the earthquake

-

f(%ig. 1.2) can be rep;esented by equivalent number of uniform stress cycles
-

(Fig- 105)- ) m A , . .
' During the short period of earthquake shaking there would be no

“ Qignificnnt dissipation of the pore water pressures in'the soil masg
under study, so that its beﬁavio&i could be evaluated on the basis of
undrained test conditions in the laforatory. Hence, earthquakes can be

-.~—fepresented by undrdined uniform cyclic loading conditions.

1.4 Stress Conditions in Cyclic Loading

(TriaxiAI'chlic Loading Test)

Cyclic loading triaxial tests have been used to simulate the cyclic

loading condition induced byjthe earthquake. |

Big. 1.6 (Col. 1) shows three stress conditions at different stages
of a cyclic loading test, 1In coﬁhi;ion a, the sample is subjected to an
all-around pressure;. The Mohr diagram fof ‘this stress condition is a point
31 In condition b the

vertical stress is increased by an amount 40/2 and the horizontal stress

(Col. 2) and the stress on plane xx is equal to ¢

is decreased by an equal amount, the resulting Mohr diagram is shown uin
Col. 2. It is seen that the normal stress on plane xx is still equal to
04 but a shear stress equal to Ac/2 has also been induced. Finally in
. condition ¢, the vertical stress is reduced by Ao/g.but the horizontal stress

.. X X /
is increased by this amount. Again, the resulting stress condition produces
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a stress equal to 0y on plaqe xx but a shear stress of Ag/2 acting\in
the opposite direction to that for condition b.

=~  Thus, by bringing the sample to equilibrium under a confining stress
condition and then cycling the vertical and horiz'nt':al stresses between
vonditions b and c in Fi‘g. 1.6, the stress conditions on plane xx will b
the same as those on a horizontal plane during an earthquake (Fig. 1.1).
The effects of the intermediate stress are .negllected as is customary in
triaxial testing. \

The cyclic stress changes required to induce the desired stress

\ ~
.conditions required that at all stages of loading the mean of the major
‘

and minor principal stresses should be maintained constant. This condition
might be termed "constant mean principal stress" and, if the effects of

the ir‘xtermediate principal stress are neglected, minténance of this
condition would proviide the desired stress condition.

The application of simultaneous cyclic changes in both tt(fe vert:icral
and horizontal stresses acting on a test specimen to m\aintai-n a constant
mean principal stress condition is a difficult test procedure. However, in
working with saturated soils this difficulty can readily be‘ overcome. For
example, the desired stress condition shown by conditions b (Fig. 1.6, Col.
1) can be induced on a test specimen by the 3it{1u1taneous application of the
two stress B::' nditions shown in Col; 3, direct addition of .the two stress
conditions i /Col. 3 produces the a;me stress as those indicated iﬁ Col. 1.
Thus, the desired stress condition can be induced by .increasing the axiél
stress on the specimen by an amount Ag, keepipg the lateral stress constant,

*

and simultaneously reducing the all-around confining pressure on the specimen

¥

. b;v an amount Ag/2. However, the effects of the reduction in allearound

confining pressure are well known. It would simply reduce the pore-water

N
\\

e
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pressure in the saturated sample by Ao/2 without causing any change

in effeﬁfive‘stresses in the samplE; Because the deformation of the sample "

is caused only by changes in effective stres;; the deformgtions of the
specimen would be the same whether the change in confining pressuré were
made or not. In fact, if the reduction in éonfining pressure were omitted
from the test procedure, the effective stresses ané the strains in the
sample would be just the same,as if it were incluézd, but the pore water
pressures would be too high by Ac/g: Thus, the effects of the éesired
stress condition b in Col. 1 can be determined by applying the stress
conditions shown in Col. 4 and simyly correcting the peasﬁfed pore water

\
pressures as explained above. s Strains and effective stresses would require

o

no correction at all.

Similarly, the desired stress condition shown by condition ¢ (Fig.
‘ >

1.6, Col. 1) can be induced by the application of the two conditions shown .

in Col. 3, that is by réducing the vertical stesgs by Ao and applyiné';n
increase in all-around pressungequal to Ag/2. The effects of the desired
stress condition therefore can,be determined by applying only the reductipn
in vertical stress and correcting the pofe-water pféssures by increasing
them by Ao/2. It is, o% course, ;ecessary that the cyclic stress Ao should
not exceed the iritial confiping pressure Oqys 88 the vertical stress 0
must remain compresgive at-all times, |

Thus, it follows that the effects of the desired cyklic stress
conditions, corresponding to those in Fig. 1.1, can be d “ermined by
subjecting a test specimen of saturated soil to cyclic changes in deviato;

'

stress +Acg and maintaining the lateral pressure Oy cofwtant, provided Ag

" is less than Oy and appropriate corrections are made to the measured pore

water pressure (Seed and Lee , 1966).

\
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This test progedure has been used for the following studies. V

[

-

.
\ g
v

Probably the first attempt to determine conditions under which

1.5 Review of Previous LignefactiohhStudies

1.5.1 The "Critical Void Ratio" concept

liquefaction might occur was the "critical void ratio" approach suégested

“

. o}
by A. Casagrand, 1936. It was noted that during shearing dense sands tend to
’éxpand whereas loose sand tends to decrease in volume, thus, for any sand’

there will be some initial void ratio, termed the critical void ratio; ¥or

~ . .
which no volume change during drained shear, and correspondingly, no pore

water pressure changes during undrained sheér, will occur. It was rea-
soned, therefore, that sand deposits hasing a void 'ratio above the critical

value and”therefore tending to contract during shear, would under undrained
LT . . . N

| s
conditions, dgyﬁlop a positive pore water pressure that yould possibly be

laige enough to produce liquefaction. Conversely, deposits having an

initial void ratio below the critical value would tend to dilate during

shear, produce a decrease in pore-water pressure and a corresponding

@

increase in effective stress under undrained conditions, so that high

ot

strength and stability would be developed. )

. It was pubsequently noted that the critical void ratio is not a

&

constant value for a given sand but tﬁat'it depends on the confining pressure
to which the sand is stbjected (Casagrand, 1938) because dilation tendencies

are smaller at high confining pressures, the critical void ratio decreases

/

as the confining pressure increagds.
\

a saturated sand at any"given dénsity is potentjally less stable under a

Thug, it has been concluded that

high confining pressure (prodgcing compression characteristics) than under

a low confining pressure (producing dilatant characteristics). ;

o
.
- -

~

N Lo

]
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"This approach can pgovide a valuable guide to the behaviour of
saturated sands gubjecfed to the kind 6% loading for which the critical
void ratio is established. However, as Caségrand (1936) noted in presenting
the concept of a criticaf void ratio, volume cﬁanges gnder cyclic loading

conditions are quite different from those occurring under one-direction,
N * ]

static loading conditions, and it could hardly be expected that the critical =~————-
s ~

void ratio concepts would be applicable to earthquakes or vibratory

loading conditions.

/ & "

3

1.5.2 The shaking table method

The inadequacy of the critical void ratio concept for the vibratory
- 0 @
lpading problems has led to attempts to establish the conditions ‘producing

)

liquefaction in terms of the acceleration at which liquefaction can be

observed to develop (Prakash and Mathur, 1965).

.

placing saturated sand in a box on a shaking table and recording the table

Usually this is done by

i

accelerations at which liquefactiot occurs. However, such results are
inevitably influenced by the duration and frequency of the table motions

to which the samd is subjected and possibly also by the geometry and defor-

-

.mation characteristics of‘lhe container in which the saturated sand is

_placed. Thus, it is difficult to extrapolate the results to field conditions.

/.

s

1.5.3 The standard penetration resistance method

~

After Alaska and Niigata earthquakes of 1964, more éomprehensive

collections of site conditions at various locations where some evidence of

<

liquefaction or no liquefaction was known to have taken place was presented

by - Seed and‘Pgécqcf 1971, and used as a basis to determine the relationship

-

»

'#
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between field values of cyclic akress ratio, Tav/c; (in which Ty = the
‘average horizontal shear stress in@uced by an ;arthquake, and oé = the
-Initial effective overburden pressure on the soil layer involved, stress
ratio has been d;termined by the relationshp Tav/Oé = 0.65 gmax/g~yh/0é-rd
pas mentioned before), and the relative density of the sand, as determined ‘
‘from the Staﬁdard Penetration Resistance. The most recent form of thi?
, data collection is shown in Fig. 1.7 (Seed, Mori and Qhan). Values pf
stress ratio known to be'associated with ;ome evidence of }iquefaction or

no liquefaction in field are plotted as a function of the corrected average

penetration resistance N1 of the sand deposit ‘involved. Thus for any giv

site and a given value of maximum ground surface acceleration, the poss

* bility of liquefaction can readily be obtained with the aid of the pffart

—

f\

(Fig. 1.7) by determining values of Ny fog the sand layer involved, reading
off a lower bound value of Tav/oé for sites where some evidence of lique-
lfaction is known to have occurred, and comparing this)value with that
induced by the design earthquake for the site under investigation.
}:Dmitations of this procedure include the following 1) empiricai
charts of this type do not take into account all the‘qjgnificant factors
affecting liqqefactiqp such as éuratidn of shaking, magni?ude of. earthguake,,

A

‘ 1S
etc. 2) the standard penetration resistance of a soil is Nhot always

T,

determined with reliability in the field and its value ﬁay vary significantly
depending‘on the boring and sampliyg conditions used for its determination,
It appeared necessary to investigate the behaviour of soils

under controlled conditions of stress or strain and under cyclic loading

°

* conditions, so laboratory tests based on simulations of the earthquake

stress condition (Fig. 1.1) have been the principal means of studying

liquefaction.

\
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1.5.4 The cyclic triaxial test )

The cyclic triaxial test has been widely used (Seed and Lee 1966,

Lee and Seed 1967, Finn, Pickeriné/and Bransby 1971) to study the va}@ous

-

factors cémt lé*i'ling the .1iquefact'on,characteristica of sand. Samples of
saturated sand are initially cong’ 1idat;:d under all-around confining pressure
and then subjectecf to uniform cyclic deviator stress with a frequency of
2 cycles per second (stress~contfrolled pulsating load test) under undrained
conditions (Fig.. 1.8a). Stress lconditions on a plane at 45° through the
sample approximate those on the’ horizontal planes in the fieldy.

In such tests, the pore water pressure at the end of. each stress
cycle increases progressively /with increasing number of cycles. The rate
of pore water pressure devel nt accelerates as liquefaction is approached,‘
(the pore water pressure equal to the confining pressure), at which point.
strain amplitude rapidly indreages as shown in Fig. 1.9 (See and Lee, 1966).

The study of the factors affecting 1iquef'action concluded tha‘t‘
the higher the cyclic stress or strain to which the sand is,,aubjedted, the }
smaller is the number of gtress cycles required to induce liquefaction.
The lowerv the confining pressure acting on a sand, the lower the cyclic
stresses, strains, or the number of cycles required to induce liquef‘action.l
The looser 'the sand the lower the cyclic stresses, strains or the number
of cycles required to induce liquefaction. TPe cyclic stresses required to
induce liquefaction or failure of initially unstressed elements of saturated
sand are considerably smaller than those required to induce fajlure undér
static loading conditions (Lee and Seed, 1967). .

In the triaxial té‘gt it is only possible to produce the desired
stress changes by consolidating the sample ini;tialliv under all-around

Q .
confining stress corresponding to ko = 1. If any other initial stress

condition i{s used,there is no plane in the sample which receives the desired

w3
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symmetrical changes in shear stress, corresponding to those on the hori-
zontal plane in the field. The use of ko = ] condition in the test
procedure (rather than the actual field condition of about 0.4) together’

with a failure criterion expressed in terms of the rate Au/20, will

3

cause the stresses inducing failures or liquefaction in triaxial tests

’

'}to be higher than those inducing failure in the field.

1.5.5 Cyclic simple shear test

i - \

To overcome the theoretical }imitations of the cyclic triaxial
test (Peacock and Seed, ’1968) the cy?:lics gimple shear apparatus was
developed by Peacock and Seed (1968) and Finn et al (1971) to more ciosely
simﬁlatexfﬂield conditions. 1In this test, regtangular samples of saturated
sand are consolidated by @‘vertical stress o_ under ko conditions (zero
lateral deformation), and & cyclz:.c horizontal shear stress, AT applitd
with frequency of 2 cycles per second, witlh drainage prevented and with
zero lateral deformation conditions maintained (Fig. 1.8b). 1In this type
of test the build up of pore water pressure-is similar in form to that in
the cyclic triaxial test except that cyclic fluctuations in pore water ]
pressure are relatively small.

In th;a simple shear test, there ;;re difficulties encount-

ered in ens:ring a uniform shear stress across the width of the sample and
along the vertical faces o‘f the test ‘specimen«, which leads to non-uniformi-
ties in stress and strain conditions near the edge, .and at the top and base
of the .sample. There are difficulties too in preparing test specimens in

a uniform condition representative of field conditions because of the

-

difficulties in enclosing test specimens to maintain constant volume or

uniform st;rain, or both (Seed and /Peacock 1971). These difficulties have




‘the previous studies in 1iquefa\ction is presented.
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made the use of cyclic triaxial tests more widely used to simulate the

cyclic stress condition in the field during the earthquake.

1.5..6 New method of comparison of triaxial and simple shear data

A comparison was made between the cyclic shear stress ratio
AG/ZG_,; causing liquefaction after certain number of cycles in the triaxial
test, and the cyclic shear stress ratio AT/(J;, in the simple shear test
causing liquefaction after the same number of cycles in the case where the
effective confining pressure c:; in fhe i:riaxial is .equal to the effective

vertical pressure c"’ in the simple shear. The triaxial tests give higher
T e,

">

results as shown in Fig. 1.10a. However, a new method of comparison has
been developed by Finn et al 1971, taking ‘the difference in the initial
confining stress system for each test into account. In this method the

mean normal ‘effective stress is considered rather than the actual normal

»
b

effective stress acting on the sample. The mean normal effective stress
N

. in the triaxial test is equal to (o:;m;)/Z-o:;. In the Bimple’ shegr test it

is equal to 1/2 (o + k 07). Hence, the cyclic shear stress ratio is

equal to R=Ao/2(7:'3 in the triaxial and equal to r=2A‘r/I(o",~kl\£oc",), in the

_simple shear. Comparing these ratios at ¢! = U‘; at the same number of

3

cycles causing liquefaction, the two tests give identical results as

o

o

shown in Fig. 1,10b,

f ' , T

1.6 Contents of the Thesis

In Chepter 1 the liquefaction phenomenon is defined.. The.
objectives of this thesis are reviewed. The stress conditions in earth-

quake, and in triaxial cyclic loading tests are discussed. A review of

==
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Fig. 1.10 Comparison of Liquefaction Resistance of Ottawa Sand
in Simple Shear and Triaxial Tests
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The testing program of the triaxial cyclic loading tests
(compression-extension tests) to study the liquefaction characteristics
of the tailings deposits is describeJd in Chapter 2.

In Chapter 3, the instability of the tailings deposii:s during
and after earthquake is analyzedr. A quantitative analysis of settling
and liquefaction for different tailing deposits pr;vfiles is discussed.
Finally, a solution for liquefaction and flow problems of tailings

| desposits due to earthquake is introduced and verified by e:’:perimenta'l
Y + o

evidence .

The research results are concluded in Chapter 4.

! °
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CHAPTER 2 e

LIQUEFACTION OF TAILINGS DEPOSITS DUE TO EARTHQUAKE FORCES

In this chapter the series of triaxi:al cyclic loading tests
(compression—-extension tgsts) pexrformed to study the fiquefaction charact-
eristics of the tailings deposits soil will be reviewed. The teating
material, test apparatus, including the ﬁew parts designed especially for
"these special tests, and the ggmi»le *prepar'ation, will be described. The
behaviour of the testing‘x;xaterial, the 81imes, under cyciic stress appli-

cation, and under statfc loading following liquefaction, will be

o A ]

-7 .discussed together with the factors influencing liquefaction. A comparison
will be made between the static loading f0119wing 1iquefaci:ion and the
conventional static loading, and between the cyclic stresses causing
liquefaction or failure, and the static loading causing failure. At the

end of this chapter, the results of the tests will be analyzed.

2.1 Test Material

The soil used in this work is a silty soil called slime, and forms
the underlyiné material of the tailing deposits., It is a fine material
(DSO = 0,01 to 0\0\3 mm) of liquid limit = 36%, plastic limit = 33%Z, and
plasticity index = 3%. According to the Unified Soil Classificatiom System,
the plasticity chart, it can'be classified as,MI. These are inorganic

silts and very fine sands with intermediate plasticity or compressibility

2

3 - » - ‘ff ’ - é o
and of fair to poor drainage characteristics. The slime is cohesionless

material with cohesion ihtercept, c =0,

o

o




2.2 Test Apparatus ]

Cyclic loading tests (compreasmn-—extensmn tests) were performed
mzpthe slime using strain controlled}r/axlal apparatus thh a very slow
strain rate of .0008 ’inch/min. The slow strain rate was chosen because the
slime is sufficiently impervious that pore pressure equalizationsin the
san;ple occurs after lengthy stress application. Hence, the use of a slow
loading rate permits the pore water pressure to develop and equalize in the
sample and avoids developing g~radient or unequal pore pressures in it.

Two new parts were designed for the tests in this work to allow
for the application of compression and extension deviator stresses on the
sample in the same test (the ¢yclic loading condition). The new parts are
a special ram, as shown in Fig. 2.1, and aieecial top cap, as shom‘\ in
Fig. 2.2.

The ram ;:onsists of a cylinderical stainless s’teeltrod and a
stainlegs steerl ball of 1.104 inch diameter brazed to the rod's‘f—t..l\ﬁper end.
The rod is of .2;,95 inch: diameter and 5.733 incheshhigh. It is connected
at its lower end to a cylindrical pin of 0.1 inch diaﬁeter, and 0.759 inches
long, by a set screw at the bottom of the ram. The ball is supportéd by
upper and lower 2 inch square aluminum machined out blocks of .488 inches
high. The two bloéks are kept apart at constant diétance by four spacers
of 1.124 inches high and 0.367 inch diameter, fixed to the blocks. There
is a bolt of 3/4 inch diameter a\é the top of the ram, which connects _'it, to
the proving ring before the test, by placing the bolt in 'g\ threaded hole
at the bottom of the proving ring. The hole is the same size as.the bolt,
and is fastened by a nut. The ball ensures that, during the test, the

ram applies axial load acting at the center line of the sample, so preventing

eccentri“city. There are two marks op. the ram: a vertical and a horizontal

‘one. The horizontal mark is at a distance of 1.141 inches from the ram

-
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bottom which is the distance the ram should be inserted into the tob -y

cap to touch the sample. The vertical mark determines the position of . }
the pin inside the top cap. o .
The second part is a special top cap, as ghown in Fig. 2.2,

The cap is of two parts, connected together: the-lower cylipdrical plexi~

glass part is 1.962 inches in diameter and 1.5 inches in height, and the

.\higher cylindrical brass part is 1.118 inches in diameter, and 0.801

inches in height, 0.433 inches of that‘height being inside the lower
plexiglass part. There ié a hole in the upper part, aloﬁg its depth, of .
the same size and shape as the ram and the pin. Along this hole the ram

Y

. e
can move only vertically, upwards or downwards. Under this hole in the \

lower part of éhe cap, there i§ a cylindrical héle 0.19 inches hiéh andr
0.759 inches in diameter, along which the ram can move vertically, upw;rds
and downwards with a play of 0.09 inch depth. It can also rotate 90°- in
one direction and 270° in the othér direction due to a vertical stopper
at the perimeter of the hole. » ’

Before testing, the ram is inserteé into the tob éap until just
before the horizontal mark is at the surface of the cap, to ensure that
the ram does not hit the sample. The ceil is fixed to the base by the nuts
and so takes its position in the triaxial machine. The ram is connected
to the proving ring by the upper bolt and the nut. Then the gonfining
pressure is applied to consolidate the sample. During consolidation the
top cap moves downward along the ram ;s the sample settlés,‘due‘to the
decrease in its volume. The maximum allowable settlement for the samﬁl;
to settle while the ram i; still inside the tJ’ cap is 1.141 inch (the

top cap hole depth), which is always more than the consolidation settlement.

Thus the ram will not leave the top cap during consolidation.

{
N 3
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After consolidation and

triaxial cell is moved upward to ins the ram into the top cap again,

_until its lower part touches the sample (the horizontal mark is at the
. & L ‘

surface of the top cap) and the ram is r%tated about 45° - 90° just before
the ram's pin hits the vertical stopper, that is, the vertical mark on
the ram is about 4504 =~ 90° from the top cap hole as shown in Fig. 2.3.
After this, the ram is locked into the top cap and will not 1e;ve the top
cap and the sgmple during the extension cycle of the test, The test can
now be started. \

The ram travels a distance of 0.09 inches, which is equal to’
the play inside the top cap without applying ény load on the sample (the
deviator stress dial gauge reads zero). Hence there is no de‘formation in
the sample at the end of each half cycle when the deviator stress changes

rom compression to extension, and from extension to compression, as ghown
in Fig. 2.4a. In view of this, the play is feduced from the displqéent
recorded oh the displacement dial gauge and the corrected stress displace-

Q
ments are obtained as shown in Fig. 2.4b.

\

2.3 Sample Preparation .0 : ’

Samples of 2 inch diameter and 4 inch height were prepared for

the tests. The material was mixed 1 to homogenize it before sarpling.

Every sample in the membrane insidp the\ forming mould was consolidated by

the external axial load for about two hours. A hanger weighing 4.27 1b.
was put on the top cap on the sample for about one hour, then five pounds
load was added to the hanger for another hour. During the external
consolidation the sample was connected to the burrette to drain_the water.

o

At the end of two hours a negative pressure was applied on the sample by

AN

>afplying the cyclie loading, the - .

e

"
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lowering the burrette about 20 inches below the level of the sample middle
height. The external consolidation and the negative pressure were applied
to obtain firm samples, since the material in its initial'condition is

/
very gsoft. After so, the forming mould is taken out and the di

.of the sample height and diameter are measured.

Then, the sample was consolidated under an all-round confining
\

pressure of 5 1b per sq.in. for about 20 hours, which is approximatley equgl
to the confining pressure on the slime element in the field condition.

The change in the volume of the sample during consolidation was measured and

subtracted from the initial volume. \\_///ﬂ

2.4 Description of Tests

Cyclic deviator stress of + Ao,t (Gl - 03),of constant amplitude

was applied on the saturated sample. The cyclic stress did not excged the
’

confining ﬁressure, 0y = 5 psi, so that the vertical stress, 01 was

9

compressive at all times for all tésts. The vertical displacement was
mea;ured by\a.dial gauge attached to the cell. The deviator stress load

was measured by a dial gaﬁge connected to the proving ring. The dial

gauges were set to zero before testing. The pore water pressure during the
undrained tests was measured by a Null Indicator and a manometer. The

axial strain was calculated as the vertical displacement, divided by the
sample height after consolidation. The deviator stress was calculated as
'the load read by the proving ring dial gauge, divided by the sample cr&ss
section areaduring the Feat: A' = nroz [1- %-(Gv - 651)]2, vhere r_ is

the initial radius of the sample = 1 inch, §v = the change in the volumetric

strain which is edual to zero for undrained tests, and Gel = the change

in axial strain.
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2.5 Behaviour of Slime Under Cyclic Stress Application

One sample was consolidated under 5 1b per sq in confining pres-
sure. The water content after consolidation was about 58Z. A cyclic
deviator‘stress of + 1.2 1b per sq in was applied by the strain(;ontrolled
triaxial machine at a constant strain rate of 0.0008 inch/min, as showg
in Fig. 2.5a. The resulting changes in axial strain, measured and corre-
cted pore water préésure were measured and are shown in Fig. 2.5b,c,d.

It is noted that the sample showed gradually increasing deformation
while pore water pregsure built up gradually duriﬁg the cycles. During
the ninth cycle, the pore water pressure increased to a value equal to the
applied confining pressure and the sample developed a larger strain than
‘“ﬂuring the previous cycles. In fact, the soil had liquefied. Tﬁe effective

confining pressure was reduced to zero, as shown in the plot of effective O
stresses on the 45° f}ane (effective stress path Fig. 2.5e) during the

] 1

test.

q

2.6 Behaviour of Slime Under Quasi-Static Loading Following Liquefaction

-

The effect of cessation of cyclic loading and the application

of a static load to a liquefied sample of slime is studied here. This
simulates the case of applying a static shear stress on the liquefied
slime layer)after the earthquake groundlmotions cease, The shear stress
:can be caused, for example, by the own weight of the inclined slime layer.
The effect of quasi-static loading on a liquefied sample of
sli;e is shown in Pig. 2.6(a,b,c,d). The sample was first caused to
liquefy by the cyclic loading pattern shown in Fig. 2.5, and when the
liquefaction started the cyclic loading was stopped. The pore water

\ <
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Deviator Stress, Ul - 033
(pst)
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Pore- Water Préssure,
{(psi).

Fig, 2.7
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‘,’ — —__ Following Liquefaction
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mparison Between Static Loading Following Liquefaction
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under the undrained condition at a strain rate of .0008 in/min.

- - . . N 42
pre'ssure in the sample was equal to the applied confining pressure. At
this stage the sample was subjected to static lc;ading applied at the same
constant rate of strain, .0008 in/min. The pore water pressure a:tarted
to decrease as shown in Fig. 2.6¢c, and -the sample diiated, whiLE/; bc’aused
an increase ?ln the effective stress, as shown in Fig. 2.6d. The sample{
did not fail under the static loadj:n‘g following lviquefactio\n even until
it was def\ormed by a value of 137 of its original height, when the test

was stopped. The angle of inte{'pal friction of the sample was 52.50,
-1 01—03“ /(ol-ho3
2 2

pos‘sesses a high shear strength.

A

calculated as sin -u). This means that the soil

J
)

2.7 Comparison Between the Static Loading Following Liqﬁefaction .and /
’ /
the Conventional Static Loading !

A sample with wa%er conter;t after consolidation similar to that
of the previous test sample (Fig. 2.6), was consolidated under 5 psi
confining pressuré;. The sample was subjected toq.monotonic static loading

The stress-strain, pore water pressure-strain\ relationship and
the stregs path for both tests are shown in Fig. 2.7 (a,b,c).

It is noted that the liquefied sample under static loading has a
higher shear strength than the one subjected to conventional static loading
not following cyclic loading. The angle of internal fraction ¢, for the '
first sample is 59.i°, at 10,5Z axial strain, and it is equal to 46.5°
at the same axial strain for the second test. '

This r}asult is contrary-to the result observed by Castro and
Christian (1976). Castro and Christian stated that the s'tgiMained )
shear strength of the sample subjected to static loading following cyclic

+

loading is equal or very close ko the static undrained shear strength for

[y
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samples that fail ;;ithout ‘inivtial cyclic loading. It appears that in

the test carried out in thé course of this in‘}estigaticn the cyclic loading
has rearranged the particles in such a manner as toaproduée a .higt;er B
shear strength. This may be due to the fact that the conventional undrained
test described previously was only strained to an’axial strain of 10.5%.
Above this level of straining the,results were felt not to be accu;ate
enough i;x view of the inhomogenuity induced in the sample.

H

2.8 Influence of Water Content on Liquefaction

A major factor in develc;ping liquefaction in\,{ saturated soil
is its water content. To study the‘effect of this factor, a sample was
prepared the game way as mentioned before, and consolidated 1n the moul&ing
form for 3 hours. The sample was initially cons'olidzlated under a-confining
pressure, '03, of 5 1b per sq in., The water content after conscolidation wag
41%, which is less than that of the first san;ple, Fig. 2.5, by 17%. Tlie
samplfe was ‘subjected to cyclid stress appliéation of the same maénitude
as in the first test, + 1.2 1b per sq in as shown in Fig. 2.8a. The
resuiting axial strain and measured énd corrected pore Water pressure were
measured, as shown in Fig. 2.8b, ¢, d. The gffective ;treés path is shown.
in Fig. 2.8e.
It was noted nthat thé pore wate;: pressure incr;aaes gradually but
t a lower rate than in the first test, with high water content. So, the
.fect:ive stress decreased gradually during the cycles, as shown in Fig.
2.8e, The sémple gradually lost its sHear strength, and hence its resistance ¢’
to deformation, so that the axial strain increased .cycle by cycle as shown

in Fig. 2.8b. The pore water pressure did not increase to the value of the
. . . ¢
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confining pressure at the ninth cycle as in the first test. Thus, th’e
case of zero effective stress had not' been reached, and the sample had not
liquefied. ‘ ’

It can be concluded from this test that the lower the water

content of the sample the greater the number of cycles required to cause

lique faction. This result confirms the previous finding that the

slime of low water content may not be liquefied during an earthquake of a
certain intensity and duration but the soil of high water content may be

liquefied easily under the same conditions.

2.9 Influence of Cyclic Stress Level on Liquefaction

Another factor which influences the development of liquefaction'
in saturated slime is the cyclic stress ievel to whicp the slime is
subjected. To study t:h‘is factor's effect, a sample was prepared the samé
way as mentioned before and was found to have the same water content after
consoTidation as in the_ first test, Fig. 2.5. The sample was consolidated
t;nder the same confining pressure of 5 1b per sq in, and the water content
after consolidation was 60.5%, which differs only 2.5% from the water ’
content— of the first sample. Cyclic stre;s of + 4 1b per sq in vas applied
to the sample, as shown in Fig. 2.9a. h'l'he resulting axial s‘train, and‘
measured and corrected pc;re water pressure, were as shown in Fig. 2.9,c,
d. The effective stress path is showm in Fig., 2.9e.

It was noted that the pore water increases only during the first
loading cycle. It star!:ed decreasing during the second loadin;; cycle and R
continued decreasing during the third one. This means,‘ that because of the

l K .
high cyclic stress application on the sample, the pore water pressure staf-

ted to dissipate and the sample started to dilate during the application of

o ——————— e s e e
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the cyclic loading before the pore water pressure reached the value of

ithe confining pressure (zero effective streés). Thus, the sample lost

only part of its shear sftrength duFing the firsg cycle, but started regaining
'that loss during the second cycle. In other words, the dissipation of

the pore water pressure during cyclic loadiné means that it will not increase
again apd\pehce‘the sample will not bé liquefied.

This test impljes that a sample of certain water content under

certain confining pressure is more likely to become liquefied under low

’

cyclic stress as in test |[Fig. 2.5, than a sample of the same water content
o " ¢

and under the same confining pressure,’subjected to high cyclic stress.

AY
"

LY

2.10 Influence of Water {Content and Cyclid Stress Level Combined on

Liguefactionu
\ .

To study the effect of water content and cyclic stress combined

1 £ y

on liquefaction, a test w%s performed on a sample of water content of 49%

aftet consolidation, undet 5°1b per 8q in confiping pressure. The sample

was subjected to cyclié stress of + 2.4 1b per sq in, as shown in Fig. 2.10a.

o

The water content of the %ample is less than that of the first samplé,ﬁ“

Fig. 2.5, by 9% and the’ cylic stress.ia‘hiéher by + 1.2 1b per sq in.”

El
’

The resulting strain, pore water pressure, and the effective streSﬂ'path mr b

[
¢

are gshown in Fig. 2.10bsc,d,e.
( ) During’this test], the pore wéter pressufe increaged during the
first, second and third léading cycles, but it started to dissipate during

the four;h and the fiftﬁ'cycles. ' The pore water pressure did not inérease”

o

to the value of the confiningu}tessure, so the sample chad not liquefied.
The sample lost shear strepgth during the firsf, déhond,‘gﬁd third cycles
«bécause of the increase in| the pore water pressuré and the resulting decrease

in the effective stress during these cycles, as shown in Fig. 2.10e. But

) o
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the sample regained shear strength during the fourth cycle because of
the decrease in the pore water pressure and Ehf resulting‘incréase in the
effecfivé stress.

It is therefore concluded that the slime of high water content
(58%) under low cyclic shear stress (+ 06 1b per sq ih) (Fig. 2.5) is
more likely ;o become liquefied thanothat of lower wate; conéent (492)
under higher cyclic, shear stress (+ 1.2 1b per sq in) (Fig. 2.10).

The resllts of the tests showing the effects of the water content

of the sample and-the "level of the éyclic stress it is subjected to are.

-

v

shown in Fig. 2.11.

12.11 Stress—-Strain Relationships During Cyclic Loading

A typical stress-strain relationship during cyclic loading is
shown iﬁ Fig. 2.12a, for examplé for a.sample of 4§Z water content under
cyclic stress of + 2.4 1b per sq in. It is observed that the strain incre-
ases cycle by cycle due to the loss of the shear st¥ength of the sample
and hence the loss of its resistance to deformation during cyclic loading
applicétion, as shown in Fig. 2.12b.

o

2.12 Comparison ﬁeiween Cyclic Stresses CausinsﬁLiggefaction and Static

Loading Causing Failure

It is qp}ed“that the cyclic deviator stresses requi?ed to induce
liquefaction or ‘failure are, in general,. substantially lower than stresses
required to cause failure under static 1oéding conditions.

| Fig. 2.13 presents a comparison of strengths for samples ﬁaving

an initial water content after consoidation = 58%, and tested at the same

confining pressures 5 psi, and at the same strain rate, .0008 in/min, as
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Cyclic Stress =+ 2.4 1b per sq.in.
Confining Préssure, 03 = Q‘Jb per sq.in.

Water Content = 49%

——

e

Axial

M

Strain

o

Cycle §

‘Flg. 2.12b Cyclic Loading Test
Stress-Strain Relationship
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\‘ _ Fig. 2.13 Comparison of Cyclic Stresses Causing Liquefaction (3)
\ ' and Static Loading Causing Fallure (1), (2)
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follows: (1) Deviator stress required to cause failure in static drained
S ‘ \

test (2) deviator stress required to cause failure in static undrained

test (3) cyclic deviator stress required to cause liquefaction after nine

loading cycles.

2.13 Analxsis of Test RBesults

2.13.1 Triaxial conventional fests

In part one of this section, the results of the tests carried out

are analyzed in the light of a concpet proposed by Luong (1981). In part

' two, the rationale for Luong's concept is examined using certain energy

concepts first proposed by Poorcoshasb and Roscoe (1961), and in the light

@

of plasticity formulations for the cohesionless media proposed by
Poorooshasb, Holubec and Sherbourne (1966). In fact, it'is shown that the
projection of the "Characteristic State Line" omn the T - 0 plane coincide

with the projection of the "Critical State Line" on the same plane,
3 ' ) \U‘Q

.

-

The "Characteristic State" Concept

Test results agree with the concept of "The Characteristic State"

for cohesionless soils, introduced by Luong (198l1) for sands. "The

Characteristic State" is defined in drained conventional triaxial tests by
(01-03)/2 .

a. deviator stress level q/p (= ) corresponding to a zero plastic
Z01+U3572

(irreversible) volumetric strain rate (constant volume), or in undrained =

3

conventional triaxial tests by an effective deviator stress level q/p'._
(01-03)/2 . . ‘

(= ) corresponding to a zero pore water pressure generation
|(01+037§|-u )

rate (constant pore water pressure). CL
Figure 2.14 illustrates stress-axial strain and volumetric strain- ’

axial strain curves for two slime samples which were tested under 5 and 20 psi

»o
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v

effective confining pressures, as obtained in' the conventional compression
g o N : L '
., drained tests with 0y increasing. The curves are similar and each shofs

’ an initial volume decrease (sample contractancy) fol}gwed by constant

\
\

volume oﬁkvqlume increase (sample diiatancy). LN

“ .

Fig. 2,15 illustrates stress-axial strain and ﬁgre water pressure-

ey

. axial strain curves for two other samples tested under 5, and 20 psi

’

effective confining pressure, as obtained in the conventional coﬁpression

*

undrained tests. A pore water pressure increase characterizes the first
| ,
“As the deviator stress increases the pore pressure

stage of both éests.
gener;tion rate, u decreases, passing throdﬁh'zero}to become negati?e: that
is, the pére/p;essugé,waé cogstant tﬂen started to decrease. This pore

water pressure ‘géneration’ behaviour

) e |
!

. dilatancy in a drained, test.

1

parallels phases of cdqpractaﬁcy and

! f

~ The stress level corresponding to gitﬁer the zero volume change

rate, és = 0, (constent volume) in a drained test or the zero pore water

[ Yy
L]

ptessure gengration rate, u = 0 (constant pore pressure) in an undrained
' . 8 T s
test defines the "Characteristic State Line, Ch.S.L." which is practically

thé same for the two sets of tests under 5 and 20 psei, confiﬁing pressures
. ‘ . .

l ag shown in Fig. 2.}6a,b. . -

¢

P

The Characteriatid*Stgte Line defines the region of contfactancy
behgviour of the slime (ef- > 0, 4> 0), beyond which the goil dilates

(Es <0, < 0) and e;pefiences larg? i:reversiblexgeform;tions. ‘
Coétinuoug\dilatancx pay;lead ;; failure.

<

<«

‘

v
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‘The "Critical Void Ratio" Concept

Poorooshasb and Roscoe ('1'961) suggested energy correction *f%or ;
’ i .\0.. ! [
_ the observed shear strength in triaxial dralned tests equal to

Gv/GEl . A

1 - -(Gv/Ge )

P

where P = L (o1 + 203),.6v is the change in”the volumetric

fl

strain, Gel is the change.in the axial strain. Hence,

.

- erérgy correction where ¢ = deviator stress, O

Qeorrected = Yobserved 17%-
’ Sv/be, T
c. q=SP~P - o
N ) ‘ 1 - '5(5\7/661)
where S is a constant
q GV/GEI ’ oV
P 1 . 1 °
o - -3-(‘6v/6€1) dE:1 T dv
{ J \
, a +6 6v 17 = S ° »
173 °% ) r
if fjv.= 0 - . -%- S (on the C.V.R.L.) ° ' )
if 6v > 0 : %r< S (below the C.V.R.L.) L
ifdv<Q ﬂ>S(abnveJ:heCVRL)

The "Cr:.tlcal Void Ratio" line (C. V R. L ) is defined as the
line in the stress plane (T ~¢plane) which passes through origin and
the stress state at which Q\Q corrected dé&at;or is equnl to the observed

/-f—_"ﬁ
deviator stress, that is, the energy correction .equal to zero. In other
worda , the change in the volpmetric strain 8v is equal ‘to zero. Hence, ~
the soil volume is constant, ghown in F{g. 2.17. The soil contracts:
and its volume decreases in the drained conditions (8v > 0) or the pore

pressure increases in the undrained conditions if the deviator stress is

I

g
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Deviator Stress, c>’l -03

Volumetric Strain &v %

- Shear Stress, T

Fig. 2.17
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Y

lower than the "Critical Void Ratio Line" (q/p < S). If the deviator
stress is higher than the "Critical Void Ratio Line" (¢fp > 8), the soil
dilates and its volume increases in the drained conditién (Sv < 0), or
the pore pressure decreases in the undrained condition.
/' s . '
' Test results agree with the "Critical Void Ratio" concept, hence

the "Critical Void Ratio Line" is the same as the Characteristic State" line

suggested by Luong (1981).

The "Critical State" Concept

Before defining the "Critical State" concept two concepts should

be defined. They are the ,plastic strain increment vector and the plastic

<

potential function.

The plastic strain increment vector dezj is the incremental

'
o .

change in the strain associated with the incremental change in the stress.

<

It is the resultant of two components, the plastic shear strain increment
component dyP = (de;-de,)./2, and the plastic volumetric strain increment

: P. - riexi . -
component d_ (de;+de ) /2 for trisxial tests where 0, = 04 (e2 €5)-

Poorooshasb, Holubec, and Sherbourne (1966) gshowed that for cohesionless t

]

soils, the gradlent of the plastic strain increment vector d p/n:ly is indep~

_ endent of the grad:.ent of t:he atress increment vector dq/dp, being a function

~ only of the state of the element. In’ other worda, for a point in the stress

4]

plane T - 0, i.e. (q = (o5~ 03)/2 P'(Ul'*'Ua)/Z) plane, the plastic strain
A
increment vectors have gradients which are ‘the same for all the loading

stress paths passing through .that point; The piastic st{ai'n increment vector

dvp/dyp depends only on the stress state (q,p) and tﬁ_e void ratio of the

soil at that point e, i.e. d'vp/clyp = £(q,p,e), Poorooshasb, Holubec and

Sherbourne (1966). _— i . ) . . .

#

-

]




Dyt a5 B e i

76

The plastic potential | is a function of the stress state and

the void ratio of the soil element, These authors showed that it is rational

to express the function Y in the form:

a ¢

Y =P y'(n,el,

where n = q/p (= T/0). : TS ‘f.'

.The gradient of the plastic potential function Y determines the inclina~

tion of the plastic strain increment vector associated with an incremental

“
8

change of stress.

§

The "Critical State Line" (Cr.S.L.) is defined by the line passing
through origin a'nd the pbintas of the zero plastic strain increment vector
gradient, va/de =0 (vertiéal plastic strain increment vectors in the:
stress plane, as shown ip Fig: 2,18) .- The vertical plastic strain inprement
vector means that the Lv:)lumet:ric strain increment component).is equal to zero
and the plastic strain increment is equal to' the shear strain increment
n‘cowmponent ~only, “(dvp/;iyp = 0). In other’words, at these points there is mo
change in the volume (constant volume) in drained tests or there is no change
in the pore water pressure in undrained. tests. If the.deviator stress

a

applied on the soil is lower than.the "Critical State Line" Cr.S.L., the

2

soil will contract. That is, it decreases in volume in drained conditiom,

!

/(dvp/dyp > 0) or the pore pressure increases in undrained conditions. If

@ ‘

the deviator stress. is higher than the "Critical State I,-iné", Cr.S.L., the

a

- soil will difﬂtez it increases.in volume in drained condition (dvp/d P < 0),

 or the pore water pressure decreases in undrained conditions.

i

|

[

. The "Critical State Line" for two conventional®drained tests

s/

under confining pressure of 5 psi and 20 psi is shown in Fig. 2.19. The
’ Ll J

- results of these tests agreed with the concept. Hence, it is noted that

‘the volume of the sample for both tests was decreasing until the deviator

stress reached the "Critical State Line", when the volume started to be

i e

constant,
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2.13.2 *Triaxial undrained cyclic loading testg\

| It_was seen that liquefaction of saturated slime was-observed
under an undrained alt:ernatiﬁg loading on both sides of zero deviator stress
(compression—extension tests). Each load cycle reduces the mean effective
stress as a regult of incredses in pore watnefpressure.. This process
continues as long as the mean deviator stress is lower tl;an the Characteristic
State Line, Ch.S.L. (Critical State Line, Cr.S.L.), as shown in Fig. 2.5e,
Fig. 2.8e. After aeveralﬁ alternating load cycles, the mean effect:'i.ve stress

reduces to-zero vith a deviator stress on an unloaded path. Liquefaction -~

1 i

\

is occurring when the effective stress is zero.

| The contractancy behaviqu; (or 'increase in the pore water¢pressure)
of the slime was obtained eacp time the‘ mean deviator stfess level is
lower than the Characteristic State Line, Ch.S.L. (Cr1t1ca1 State Line, .
Cr.S.L. ), as ushown in F1g.,2 9e, where the pore water pressure increases
only in the f1rst loading cycle, and in Fig. 2.10e, where the pore pressure
increases only in the flrst and ‘gecond loading cycles. o

The dilatancy behaviour (or decrease in the pore water preasure)

~

of the slime durn(g cyclic loading was evident c{nly when the mean deviator
stress level becomes higher than the Characteristic State Line, Ch.S.L.
(Critigal ~é()tat:e Line, Cr.S:L.), as'show;l in Fig. ‘2.9e, where the pore
pressure started to decrease in the aecondioadigg cycle, and i.ln F;'.g. u2‘.10e
when the pore pressu;:e‘ starte;d to decrease in the third and fourth loading
cycle. 0 .

These concepts explain the reason why the slime under high value
of cyclic stress was not likely to liquefy, because the mean deviator stress
levels were higher than the Charact;enstlc State Line, Bence, the pore«water

J pressure d1ssxpatgd during the cyclic loading and the zero effective mean

stress condition was not reached, as shown in the tests in Fig. 9, 10:
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“ CHAPTER 3

INSTABILITY OF TAILINGS DEPOSPTS DUE TO EARTHQUAKE FORCES

In this chapter, the instability of tailings deposits during and
after the earthquake will be studied. The" results will be compared
with a simplified procedure for predicting the distance of flow introduced
by Lucia, Duncan and Seed (1980), although the two solutions are not
exactly the same. Quantitative an\alysis of settling and liquefaction

for different tailingsdeposits profiles will be discussed, decemining

the condition of the liquefaction process to be completed, and the

_ estimated time of liquefaction. At the end of this chapter, a simple

" solution for liquefaction, and flow problems of talllugsdeposits due

to earthquakes, will be introduced and verified by experimental evidence.

*

3:1 Behaviour of Tailings Deposits Soils at Liquefaction:

Tailings are frequently angular, bulky grained sand and silt (slimes)
particles. It has béen known that slimes particles (Chapter 2 of this
theéis) and sand (Seed and Lee, 1966) ;u:e susceptible to rapid and large
reduction in strength, due to very minor dist;urbances if they are |
deposited 1in a loose cond:{.tion and they are saturated.

Tailingsﬂare commonly deposited using hydraulic methods, where the
particles ‘separate l):y size due to gravity in a peripheral discharge s&stem\
or by cycloning (Dobry and Alvarez 1967). As théy serttle in the water
in which they were transported, tailings often éccumulate in loose deposits,
In most tailings deposits, all voids between the {)articles are f£illed

with water. ‘ o
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for example, Ch‘ilean tailings dame failed due to 1965 eiréhquake.,and

81

o

Rapid loading of this type of sail structure, either by seismic
(1iké earthquakes) or by static means, results in a rapid build up in
pore pressures. The‘ induced shear stresses are resisted at the points
of cbntact between soil particles because the water in the voids has no
shear strength. The soil particles move under the shear stresses and
tend to densify, which results in compression in the pore fluid. lThis

transference of compressive stress to the pore water results in reduced

compressive force at interparticle contacts, and a codsequent weak'ening

sl

of the soil stiucture. After a small amount of strain, particle to
pafticle contact may be lost, and complete breakdown of the structure may
occur, This "lique faction" phenomenon resultis in nearly completed loss
of strength A

The breakdown in structure and the.loss of particle to particle
contact results in the earthquake induced shear séresses being trans-
ferred t;o the water in the soil, which has no shear strength. The soil
mass 1is then driven by forces fo‘r whichl it does not have sufficient

resistance, resulting in the onset of the "fllow" of the mass. This flow

of the liquefied tailings has resulted in many deaths, moTeover severe environ- -

mental polution might occur, the degree of which depends on the nature of
the tailings ‘and their proximity to rivers and streams. i In recefit years,
Mochiko;hi tailings” dam due to 1978 earthquake may be sited. During flow, _
at any given time, there is a‘lv}ays some particle to partic‘le contact, and
this rcﬂ.»sult:ﬁ~ in some small shfar resistance fm; the flowing soil mass. This
shear stfengéh is termed the residual strength, and the magnitude of the

residual strength is a function of.the soil type and its initial density. -

¢
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The flowing soil mass will come to rest when the shearing resistance in the’
soil due to its residual strength is higher than, or equal to, the shear
stresgs.

-

13.2 Simplified Procedure for Predicting the Distance of Flow (for a

definite slope, after the earthquake ceases) By Lucia, Duncan and

" Seed (1980) - »

-

A study of some case histories indicated a consistent pattern of
behaviour, of the liquefied tailings deposits during and after ‘earthquakes.ﬁﬁ\
Liquefigd soils have a low shear str;ngth vhich enables t};em to come 'to
rest on small sloges. All of the liquefied saturated tallings materials ,
continued to‘ flow until they reached an inclination of 1° to 4°.
| The authors assumed that the flowing soil mass will come to rest

when the shearing resistance in the soil, due to its residual strength,

is equal to the shear stress induced by the‘ low slope angle. Hence, at = °

‘the moment the flow stopped,' the shear strength of the liquefied mass
required to give é safety factoruof 1.0 was calculafed. (This ass'umptior:
neglef:te inertia forct;s', considering that t'hey are negligible at low “
velocities, just before the flow stops).

The vauthors considered the most critical mode of failure is as
shown in Fig. 3.1. They found that considering the shear Q‘along the base,

and active pressure at the back of the lique‘f‘ied wedge, required-greater

This mechanism was therefore used by them to develop dimensionless

stability ‘charts. For this condition, the equation of stability can be '

written for a factor of safety of unity as follows:

s - ’ \ . .
3 h J

shear strength than the most critical circular or noncircular slip surfaces. -
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.__Shear Strength (Residual Strength, 5) s
, e T’.\S' =‘ - Shlear St?ss . ,' ' = 1.0 - i
- ] ' N v {
Yr . : ' 0
- §he'ar stress - shear strength'= 0 . v .
. o . (‘ ' )
. According to Fig. 5.1,: :
v:' . Su'L , v , . . . ' N .
w sin B4 E2 cos B — s B * E, fos B=0 , N (3.1)
"\ Equation (3.1), in a dimensionless form‘is -as_follows: )
- “aw E:E;n B E2 Wu'L o El ‘co‘s\B ~ )
—= + 7 - 3 - 5 =0 (3.2) .
YEp Y ypeos B yHp -
' Equfition (3.2) wean be ‘solved in terms of the dimensionless parg- '
meter, N where" . .
0 - -~
YHT w '
) N = §— . (3.3)
[ o u . ~
where .Y is the total urg.it; weight of the tailings. :
P . .
.
HT as shown in Fig. 3.1 “ N o
’ S, the residual shear strength of the tailings after liquefaction

~
and during the. flow. Su can.be determined by using values
/

y . x .
for similar materials. X

3
¥

B tﬂe dowvnstream slope, angle. v
!
. No varies with a and B. The authors established charts to directly

determine the stability number, No’ for given values of o and B. The

[

'distance, L, through which liquefied tailings may flow before coming
AN

to rest, can be estimated based on these charts as follows:, &
‘ i .
1. Determine the value of N, for a number of assumed values of a from

the charts. For each of these values, calculate HT where
¢ 2
No su
By = =3

(3.

-

5
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1
2. Plot the values of HT versus the c‘orrespon?ing values/ -~ These

values of HT- and o will def\%ne a "strength curve", as-showp in A

% .

Fig. 3.2. \ ) o

v

‘ N
’3. Estimate fge volgne of- tailing?ﬁt’j’ich would be involved in the flow,

Q .

vf.' It is “considered that the mo$t -appropriate assumption will oftén"

be that 100% of the tailings will flow. -

s

«¥ Tyt . s

¢

4, TFor a number of assumed values of o, calculate H_ using this formula®

T
J -
- 2 2 4V T '
By = '41 Ho *hpp- A . (3.3
where \ ‘ o
- tan o 2 - . -
.»Al .‘tana~ tan B) . ' (3.6)
2 v
J o, 2tan a
A = Tana- tan B ' . . (?'7) -
. :
tan B . ) N
" . . A3 " tana- tan B b ‘ (3.8)
© !
48 d * -
. Hc = Y = the c‘r:l&{:al vert(:ical he;.ight ‘ (3.9
Ve = volume of ma'terial which flows.
. , .
These values of HT and the correE\pondmg values *a will define a - . ) 4
"yolume curve' as shown in Fig! 3.2. . .

.

*5. Where the strength curve and the volume curve intersect, all condi-
- H
e "

tions with regard to strength and geometry are satisfied simultan-

eously, with a factor of safety equal to one. The values of l'b:

and o at the, ppint of intersection are those corresppnding_ to the

+

:'l-imitiné stability conditidn''. The valueé*zf the flow distance,

L, can be calculated according.to Fig. 3.1, as follows: \

I
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Fig., 3.2 Prediction of Distance of Flow

(Lucia, Duncan, a:g Seed 1980)
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L = < _ , (3.10)

\

3.3 Suggested Approacix for Predicting the Distance and the Time of -+

°

Flow- (for infinite slope)

‘In this approach the inertia forces are considered as acting forces
duringAand after the 'ehrthquake.ﬁ'fhe system analyzed is also different
° - v LY

from that of Seed et al {1980) in the sense that an infinite slope is

¢
analyzed. ot

0

Assume the profile of the tailings deposits is %¥s follows: a layer

/

of sand is overlying a continuous layer of saturated slimes of an inclina-

'
[

ﬂtiox"x, 8, .The, flow of the overl¥ing layer will be studied here during
three phases as shown in Fig. 3.3. These phases are: Phase I during the

earthquake, Phase II and Phase III after the earéhquake ceases. During

: ' &
- Phase IIsthe shear strength of §}ne slime increasés until it reaches its

maximum value Tcr' During Phase III, th shear strength of the slime is

constant and equal to T

- ’

.

3.3.1 During the earthquake (Phase I) .

i

The shear stress induced by the e:arthquake’ alternating motions
1 /s

ljquefies the underlying slime layer (as observed in tests of Chapter

»

2 of this thesis). Hence, the slime loses its shear strength and cannot
' - o

’ resist the shear stress applied by the overlying sand layer. The sand

« -

layer will flotr over'the liquefied slime layer without any resistance to
‘ o ) . .
to its movement. So, according tosFig. 3.4a:

The Shear Stress = Inertia Force

t
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Fig. 3.3 The Three Phases of Flow Due to Earthquake
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O 'O e» - v
u

ho Yp sin g =

where ‘Y“o:. the total unit weight of the overlying layer

g: the gravity acceleration

. /
AN - -
. L 2]
N -

ux: the acceleration of the overlying sand layer flow

in the x-direction .
ﬂ‘ ,

N \ °

“So, for t =0 to from equation (3.11)

o .
vhere ‘tot is the duration of the earthquake, N
\_1x=g sin © & -
- .u =/u'dt = g sin B°t
x 9 , ) S .
: - L - . ,
ux:-,{uxc:lt—gs;rl.n62 ‘

where ‘;x: "the gy\elocity of +the overlying sand layer Cf].ow.

4]

v s ]
ux: the distance of flow of the overlying sand“ layer. L

At the end of the earthquake period, t = t
. M .‘ . ‘

= i -
u g sin 6 ¢

- t
u =g sin f + =
A" X &

onNO

N

(3.12)

N
L]

Equation (3.12) represents the distance of flow of the overlying layer
s * .Y . : .

at the instant the eaxthquake ceases. - v

3.3.2 After the, earthquake ceases (Phase II)

After the earthquake stops, the slime will gradually regain the
ghear strength it lost during the cyclic loading of the earthquake, (as

indiéated in Chépter 2 of this thesis, the slime has an angle of intermal

- friction of 52.50, as the applying static loading following liquefaction

4

" R €
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R v . aﬁiaxial‘étra\ii equal to 13%.) Hence, the underlying slime, layer willp N
- . s - y
! resist the shear stress applied by the overlying sand layer. The sand -
layer wilg continue flowing but its flow will be resisted by the shear
.
K - strength of the slime, as shown in Fig. 3.4b. ‘
e - i The shea¥ stress - slime shear strength = Inertia force -
L - - h vy D :
o . _0'0 N
,- ho Y, sin -1 p u_ (3.13)
'4 . .
- . 1T = shear modulus, G * Engineering shear strain, ny (3.14)
& ‘ ‘E \
= 2am -
' _ Normal stress ’
where E is the elasticity modul&s = xial strain
‘“ U is the Poisson ratio = wot the saturated soil
. E !
G = 3 y
du du
! A - 1'.. = }'_ _—_j.'_ __1
) Strain temsér, eil,, 5. [ui‘,j + “j,i] 5 [ 3 + =7 ]‘
so, with reference to X,y axis the shearing strain, Exy is defined as:
L 1 L du A - .
i 4 . . . - + ° = = [— A 3 ——l *
L . . t':xy 2 [ux,y uy,x1 2 [ dy dx ]
% . ’ q (’/ ‘a‘i“‘k\ ’
Loy , Because there 1s almost no movement in y-direcg:ion, iJje. Exlj;o, hence
| [ N
; - ‘€ = -!‘- d_uJ.{_ 2 ° R
: ) / . Txy 2 dy .
% ’ duX . Y cha
! =2€g =—= . 3.15
- 4 <
“ L
o . ) N\
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Substituting Eq. (3.}5) im-Eq. (3.14), we [get:: . . C !
- 4
' - , dux v
. . - .
7[ du_ I -dy
- hs i
%7 G [y ](-)\ 0
T ! 3
A u = -E'hs at the surface of the slime layer
e
. T = e 'ux \ (3.16)
s . .
,Substitgti'ng Eq.l (3.16) in Eq. (3.13) we get:
-~y G e h Y
h v sin§ - — -y = 2925
oo . h x 4 x
s .
‘ g
- - S8 .
u =g sin 6 - -, C
oo s e .
e 2
Let =B
R N AN . A
u = g sin 6 - 82 u .
x X
- 2 .
u + B u =g sin 6° - . 34D

The typical solution of _the second degree differential equation (3.17)

" is
' hyh : .
u =228 54n 9+ a cos Bt + b sin Bt (3.18)

X G

‘where a, b are constants and can be determined as follows: at t = O u = o,

substituting in Eq. (3.18),

hyh
a= — OGO 8 sin 6 ‘ . : (3.19),
» A
. ’ -
. Substituting Eq. (3.19) in Eq. (3.18), we get: =
Sl
L] .
u * -a + a cos Bt +b sin Bt ' (3.20)

1]

5
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b} - b =
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f s . , | - ) i » .: .. ’
ﬁx'= —.a Bsin Bt +DbB cos Bt - ’ ©(3.21)
A . v - . M
. . .«
at t =0, substituting in Eq. (3.21): « “
. )
. b L -
.- u B .
&x
b= N 7
B i :
But, t = O for Phase II means that t = to of Phase I, i.et
u o =u . =g sine-to'= bB .
. g sin O-t
b= —-——B—-~—9— : (3.22)
. t\\ ) -
, Substituting from:Eq. (3.19), (3.22) in Eq. (3.20), we get: |, .
h Yohs gsin 0t .
u = -2 . 8in 8 (1 - cos Bt) +————C% 5in Bt (3.23)
X G 8 ‘.-

. where B =V H(—;-EE— : . ’ ’
olo's

1

" Equation (3.23) represents Ehe distance of flow of the overlying layer
at any time after the earthquake ceases, before the g\derlying, \slime layer
'regains its maximum shear strength Tér' Eq. (3.23) can b;z differentiated
to obtain the velocity of flow, &x' l;x equal to zero at the instant tﬁg
flow stoés. The time elapsed until the flow sto;s can be determined by
solving the l.lx equation 'when l;x = 0 with the aid of the computer. By

substituting this time in Eq. (3.23), we can determine the distance of
0 N ~ \

flow, u .
X
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L Phase III
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During phase IIT, the slime bes constant shear strength, T _.
vhere T ™ (g-u) tan ¢' (3.24)

- - . 1
vhere u: is the pore water pressure with minimum valug’of -14.7 psi,
assuming that it is = ~7.psi, considering that the soil is

. not fully saturated in the field.

o{‘is the total stress on the slime layer.

get the least value of Tor

-

Adsume @

v

\

= 0 to

Y

. $' _is_rhe angle_of intermal fttct‘r‘_‘—'SZ_So (from test results
s+  of Chapter 2 of this thesi@x) ' ?
Subétitutimg the values of u, o, and ¢' :Ln Eq. (3.24), we get
T = 7 tan 52.5° = 9.12 pst = 641 gn/cn’ (3.25)
u = %-hs at the surface of the 'slime layer (3.16)
T
critical cr !
ux -G—— hS . A (3.26) .
vhere u:r: is' the distance of flow after the earthquake ceases at the
instant the slime' reaches its maximm shear strength. 'The- corresponding
time of flow, t 2’ can be determined by substituting the value of u* from
Eq. (3.26) in Eq. (3.23) (i.e. ucr =u
. r
If u_ from Eq. (3. 23( less than ofual to u :, '

Phase I .and Phase 1I only," will be considered. Hence, the total
distance of £low during and after the earthquake can be predicted by adding
the valde of Eq. (3.12) to the value of Eq. (3.23) . . P

i
’ - . ™
\
" ;
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; If u from E‘g/ (3.23) is greater than u .. p R
N . . . @
'*  The distance of flow after the earthquake ceases will be -
R u =u'f +u_ as shown in Fig. 3 31 ’ (3.2
! x X x3 v P , :
[ 2 . < N
where u:r can be determined from Eq. (3.26) )
I 4 '
u g will be obtained as follows, o
According to Fig. 3.4c during Phase III: : AT
The ghear stress - the slime shear-strength—=—Imertts force .
. 'Y h ’ o
. . - o o .e
. Yolo S0 6 Ter © - " g %3 y
‘ v P ) . ) : Yoho .. '
s Yh sin - T dt = \ 3-dt .
e 0O cr g x .
N Yoho i . }
(Yoho sin 8 - Tcr) ty . = 2 u 4 + Cl// (3.28)
E - ' = “ . = nCcr ’ ‘/ >, -
¥ At t, =0 3 = Uy . (3:29),
: ” . ¢
‘ ~ Substituting from Eq. (3.29) in E;q. (3.28) o
! . ' o ' c = - Yoho ser
! . 1 g x *
Substituting the value. Cl in Eq. (3.268), we get:
, Y.h sy h -
- =.20 - %0 jcr *
(Yoho &in e;cr) t3 g x3 8 X *
. A Yoho g . Yoho h- cr
- . 7 %3 = (Yoho. sin Q—Tcr) ty ¥ 5 U -
Yoho . Yoho cr |
/] . = - . X . \
; i . u 4 dt = [ (Yoho sin 6 'Tcr) t3 dt+:f 2 u et
; : ' | 2
.y h ’ - t., vyh' N "
. oo - - 3., 00 ecr,
. B Ux3 (Yoho 8in b ATcr) 3 + uy ‘t3 + ) (3'3.0).
! L] “ 1
" . - * ’
- \ ( L
6 ¥ e

-
RE. o
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b a
- 0
=r ® =
\ C 2 i ‘
\ Substituting from Eq. (3.31) in‘Eq. (3.30), we get:

N ‘ R .= -
| ’\ c, =0

Substituting the value of C, in Eq. (3.30), we get:
L

2
t2
- - sin6 . gy 3, ger.
Y3 C g Tcryh] 2 Tt
00
LS
-t _sipb - gy [ ser
Y3 [ 8 Tcth] t:3+ux
)
w ) 4 . .
At the instant the flow stops,,uxg =0 ) .
[sinB_Tcr_ gh ] t3+’6:r=0
? g Yo ) p
oY k’
-u
to= X
- Cave ,rein O
‘ ER® . ]
. g cr 'Yoho ,
IEquatioﬁ (3.33) determine the time of flow during‘Phase I1I.
. J Substituting Eq. (3.33) into Eq. (3.32), we get: |
‘ ¥
. (ﬁ;r)Z | ~(ﬁ§r)2
u = - g
%3 gin O sin B .
R R R L
8 cr Yoho g er tho
«CT
| ‘ -(u. ) )
: u, = T
%3 z[sine -7 .-—2<B ]
g er v h
(‘-1(:1')2 ' oo
- - . x .
o - ux3‘ = 2[T .8 _sin ® ]
‘ C cr Yoho g .
. ] W . A
' 1
-~ ‘ *

96

(3.31)

(3.32)

(3.33)

(3.34)

.
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where I.I:r is obtained from Phase II by substituting for the value
N . .
of t, in Eq. (3.21) , L
. “ : t -
T, canbe determined from Eq. (3.25). ;

Equatrion (3.34) determines the di\s;apce‘of flow during Phase III.
- . 'S o :
Subgtituting Eq. (3.34) in Eq. (3.27) we get the distance of flow after

‘

the earthquake ceases: v
. ’ NP | '
. .cr,2
T u , ) ,
-u = ._C.E - h + _( X ) . ’ = (3.35)
x G 8 2[T .8 _ sin 9]‘ ' X
LT, B

k. » ‘\

. R -
. The total distance of flow during and after the earthquake can be

»

+
predicted by adding the value of Eq. (3.12) to the value of Eq. (3.35).

. ¢ . “i"
& , ‘ w
. —
3.4 Quantitative Analysis of Settling and f.iquefaction for Different
Tailings Deposits P&ofiles . -~ <
aata
3.4.1 1In Case the Slime Lﬂer'ﬁverlies Sand \

+ Consider the soil profile of tailings deposits as shown in Fig. 3.3a.

i 1

It cc;nsista of two unifor{n materials. & First, ah underlying loose, fine
to medium sand layer with initial porosity o where thd settling velocity
pf its grains is A. Above it lies aflatively dense, fine slime layer

“of initial porosity_na. The settling.velocity of its gréins is C, which

is much smaller than A. ' '

/
—_—

An ear;h’ciuake causes the underlying sand 1ayer\to liquefy, but not

the overlying slime layer directly. As shown in Fig. 3.5b after the
/ < ’

ea}-;h{uake ceases, the suspended grains of the sax;d jayer settle at

v

P ’{reloci,ty A to' form a solidified soil at a new porosity, nc. Removal of

L3
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th%;:ﬁpport of the soil ins of the sand layer from the bottom grains

L4 .

e slime layer causes fhe former to unravel from the bottom at such

:'PL”.a rate that the falling grains form a suspension at.porosity ns}

Subsequently, in Fig. 3.5¢, the lower sand layer has solidified entirely

and the upper slime layer ﬁartially, to leave an intermediate zone of

-

liquefied slime. No disturbance is as yet apparent on the surface.
- N J ‘

Finally, Fig. 3.5d, shows both materials solidified at their new'porosifies
LPRL the case where liquefaction has reached ground surface (the lique-

A? faction process is'completed).

Y & ) ]

«

Condition of Liquefaction‘p;octss'to be completed (liquefaction reaches
~

LY

'

the ground surface) .

a

' In Fig. 3.5, the sand\}ayer contracts forming a.denser layer of
pofosity ne < o, and the™glime layer expands forfiﬁg a looser layer of .
porosity n, > ng- 'If the slime layer is able to.accomodate the porogity
+ . change induced by.liquefactioq/ggg;ﬂbly within its thickness, liqUEfacE?gn K
L 'does not reach fhe ground surface, and no surface subsidence takes placéz; -
although subsidenge does occur at depths below zhefgurface. ‘
The contractio; in th;ckness of the sand 1a§er can be obtained by
.considering that the ;ﬁlume of the soil solids reméins constant and it
1s found to be eanl to (ni - nf)hol(l—nf). S$imilarly, if the entire
- slime layer{liquefies, its expansion thickness is equal to (ne-nd)hé/(l—ne).
. _ 1If the stable porosities aﬁd layer thickiégses are such ghat the latter
value for maximum expénsio; of the slime layer exceeds the amount of~

contraction of the sand layer, the slime layer will not liquefy all the

v L
way to the ground surface. If the expansion is smaller, the slime layer

4

i




99 °

(@) | ‘ Sand n
’ o
: ’_—Ve """""
(b)' ///é{z;{//"/‘////ﬂh (n -n
o © sapd — ng Tl'“)
. EEEmn
0 : \
(d). | /j//*,AJ/{]/[//[[ater

n, < L& n >n
f‘nl e 4

1

o
Fig. 3.5 The L phases for the ?irst

1quefact10n Process
Tailings Deposxts profile



T AR 3 AT s s St

T

. : the earthquake ceases, béca%se during that time a layer of water (Fig.

0 “
- ) ! . ) 100 -

°

will be entirely iiquefied (Scott and Zuckerman 1967). Thus, the R

o

condition for complete liquefaction of the slime layer is

(ne - nd) (n, - nf)

1 © 6'
—m-e-y h8 &W hO . (3.36)
The estimated time of liquefaction process: . : <
The particles of the upper surface of the sandllayer—begiﬁ settling
n - : -
as soon as the sgfid becomes liquefied at t = 0 after the earthquake

ceases. They will ‘continue to fall until they strike the solidifi-

cation intérface. The distance they fall is the contfaction in the
’ .
thickness of the sand layer, (ni - “%)ho/(l‘“f)v and if they have a

settling velocity A, the time te that they are in motion is: .

)

£ = (ni -0 ) ho
’ f (1—nf)A
‘ . "\

Similarly, the bottom grains of the slime layer begin falling as the

Y 4(3.37)

‘'sand graing settle at t = 0% The time it takes the bottom grains of

the slime layer to fall the contraction distance of the sand layer, ts’
i/‘ . ~ -, 4 ’
is: .
(n:.L - nf)h
c

o/

(3.38)

-

o ¥

Equation (3.38) determines the time elapsed until the liquefaction

’ #

process is completed and reaches the ground furface. At the same time,

tg ig the time aloﬁg which the slime layer is susceptible to flow after

.

[ . . -
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, »3.5b,c) lays under the ‘slime layer, This water has no shear strength

¢

to support the,dlime ‘layer ar;d to resist its flow. After time equal
to t_, ‘the liquef;ction will be completed all Ehe way to the ground
surface, and the slime 1a'yer will be supported again by & layer of sanci
(Fig. 5.5d) whichhas shé.lt?\sttength to resist its flow. In this case

the total time of flow of the 9ver1ying slime layer is thé time involved

) 2.
. 8 '
u, =g sin 5 \ (3.39)

in liquefaction, ts. Hence, the distance of flow after t:he‘earth})lake

N

This distance of flow during the earthquake is as before (Eq. 3.12).

The total time of flow during and after the earthquake is the sum of

the values of Eq. (3.12) and (3.39). ' J
0 . o

. ’ ¢

3.4.2 In Case the Slime Layer Underlies Sand
Consider the soil profile of tailings deposits as shown in Fig
3.6a. An earthquake causes the underlying slime layer to liquefy, and

the overlying sand layer to contract forming a dense layer of porosity -
. f

[}
Dey Figh 3.6b. The time for the liquefaction process to reach the

ground surface is:
(ni - nf) h0

tf' zI—nfsA

In this case, during the liquefaction process phases, the over-

lying sand layer is supported by the underlying slime layer. No layer .
J

of water will appear between the two layers. (The velocity of sand

. . . . .
particles are many times- those of slime particles, so separation does

not take place, and the analysis shown in Sectioh’ 3.3 is applied).

Py

o
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3.5 A Suggested Tailings Deposits Profile

&

t i ident from the previous analysis that the most dangerous
It is evide h %&\ y : g

v

situation is when the slimq\ii?er is deposited

layer. In this case a layer of wateér is encountered between the layers, |

A

the dissipatdion of whiéh,rpquires a long period of time. The dissi- ' - »

pation may be achieved by installing drainage systems, like vertigﬁl'sand

e

or gravel drains. Quite apart from.the fact that\the installation of
- )

such drains are commercially unfeasible, they also. suffer ‘from the dis-

«

advantage of clogging. Hence, they become non—funct%onal after a period
of . time. \ . |
A; alternative method which is quite inexpensive to install and

" does not suffer from the clogging phenomenon is the method suggested here.
Theﬂprofile consists of two layers, an underlying loose sandylayer in

the shape of dunes, of height ho; and an overlying layer of slimé of
height hs at the sand dunes. During the eérthquake the,sand will

contract and a layerlof water will exist between the slime and the sand
layer;, as shown in'gig. 3.7a. After the earthquake ceases, the lique-

o -

- faction process will proceed upward to the ground surface. The lique-
faction will reach the ground surface at the sand dunes.(where h8 is
yvery much less than ho) faster éhan'it reaches'the ground surface at
other areas (according to equation (3.36) mentioned before), thus forming
the so-called sand blows or sand boils, as shown in Fig. 3.7b,c. The
excess pore water pressure developed in the underlying soil iayer éue
to the earthquake induced forces, will be relieved by the‘venting’of

\\ water and sand through these sand blows: The liquefaction proce;s will

\be completedein a very short time, as shown in Fig. 3.7d. In other words,

ﬁPe time that the slime'layer is susceptible to flow and hence the

. ¢ .
. - o

r e e e e = vty = oa

e
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- i

distance of flow is short compared with that in the case of the original
£~ 4 s )\(
profile of the tailings deposits. Thus, the high pore pressure which

cauges the underlyingﬁsoil to liquefy.will dissipate, the soil will
S

not liquegxgaﬂﬂ'ﬁsﬁég?;;ill resist the flow of the overlying layer.

[3
.

: 3.6;\Experim€hta1 Study

Two tests were performed on two‘smallhmodels of the existing
tailings deposits profile in the field, and the suggested one, to study
the liquefaction procgss in each. The Fests verifieé the preference
of the éuggested profile to speed up the liquefaction process and the

development of the sand blows. Each model was positioned on the shaking

~

table and spbjected to vibrations of speeds of 3600 vpm and of a low
amplitude 0.005 inch.

The first model is shown in Fig. 3.5;‘ Fig. 3.8b shows the
beginning of the liquefgction proces;, as the sand contracts, developing

a layer of water between the slime and the sand layer after vibrating

the model for 15 sec. In Fig. 3.8¢c, the liquefaction process proceeds

'

upwards towards the Ahrface, as the slime particles start to settle after

.

30 sec. 1In Fig. 3.8d, the liquefaction process iixcompletéd and reaches

L]

the surfate after 20 min, and the slime layer becokes supported by the
'sand layer again. T -’ l

The second model is, shown id‘Fig. 3.9a. After only 5 sec. of
vibrating time, the sand blowS‘ﬁegan to develop at the Band dune forming
small vents at the surface as shown in fi&. 3.9b. The liquefaction
was complete and reached the surfac; after only 4 miﬁ, as shown in Fig.

3.9¢c. Fig. 3.9d shows the -sand blows forming =& uniﬁorm crack along

the sand dune at the end of the liquefaction process.

»

o

8

v
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The tests indicate that the suggested scheme is a fairly inexpen-
A

sive and effective method of prevention of earthquake induced instability.
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CHAPTER & . ’

CONCLUSIONS . hR )

This research can be concluded as follows:

4.1 Liquefaction of Tailings Deposits Due to Earthquake Forces
o N ’

The study of the slime behaviour under cyclic,ioading conditions

of the ‘triaxial cyclic loading tests (compression-extension tests)

.

indicates that:
1. The slime experiences loss of shear strength, and hence, loss in
its resistance to deformation during cyclic loading application.

The pore water pregsure increases gradually, which/results in

the effective stress applied to the soil decrefising, yntil the

pore pressure reaches the value of the confining pressure (zero
effective stress condition), i.e. the soil gets liquefied and - s
looses all its shear strength and behaves like a liquid.

. /
2. The slime of high water content is more susceptible to lique-

faction under eyclic loading copditions than that of low water
content. x
3. The slime of certain water content subjected to low cyclic
( stress is morﬁggikely to liquefy than thaf of the same water o~
content which is subjécted to high cyclic stress, because the
pore water pressiire starts, in the later case, to dissipate
during the cyclic loading apglicat'&ﬁxdue to the tendency for v

” 5\ : »
.

the sample to dilate causing a décrease\in the pore water

pressure. i Lo

~111- , ' 3 _ S—
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After the slime liquefies, if the cyclic loading is stopped
+ (the earthquake ceases), and a static shear stress is applieé
to .the liquefied s}ime (like weigﬁf componéht of the inclined
slime layer in the field), the slime regains a high value of
shear strengtﬁ (¢'= 52;50) and resists failure until it reaches

o

high values of strain.

- When a saturated slime is subjected to cyclic loading followed

1]
with no drainage by undrained compressive load to failure, the
static}undrainedwbhear strength is higher than that for satura-

ted slimes that fail without initial cyclic loading.

. g
The comparative study between the static loading following lique-

faction and the cbnventional static loading indicates that the
cyclic stress required to induce liquefaction or failure is lower

than the stresses required to cause failure under static loading

. conditions at the ggﬁe confining pressure. ' This result confirms

the important fact that soil behaviour under cyclic loading is
quite different from that developed unS?L static loading
conditions. I&¢ is impossible at this stage, to predict soil

behaviour under cyclic loading conditions from the results of

tests performed under conventional static loading conditioms.

1

The éyclic loading tests agreed with the poncept of "Character~-

istic State" or "Critical State", which was proved, as

discussed .earlier, that these -are essentially similar concepts. :D

“Characteristic State" defines the stress level along which the

soil experiences no volume change in drained conditions or no

-
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e o

pore water pressure generation in undrained conditions. When the

/

stress applied to the slime is lower than the stress levél associated

P . ’ . . R .
with characteristic state line, it contracts 1£\dramage is permitted;

- alternatively the pore pressure increases if drainage is not allowed. .«

4,2 Instability of Tailings Deposits Dt(e to Earthquake Forces®.

When the atress level is higher than the level corresponding to the

'CH.S.L., the slime dilates under drained conditions; alternatively

the pore pressure decreases for the undrained conditions.

(3

-

The study of an infinite slope of tailfngs deposits subjected to

underlying liquefied layer.

4.2.1 In Case the Slime Layer Underlies Sand ‘ P\\

y

The distance of flow during the earthquake, u

u
X

t

=gsin6'-22

x?

is:

-

' earthquake forces indicates that the overlying layer flows over the

(3.12)
S

The distance of flow after the earthquake ceases u s can be obtained

from the relationship:

and

\

’

+hyh . g 8in O°t
0°0 8 . 0
ux e sin (1-cos Bt)+ ._a..._B._._-..._

cr

o

In case ,Jix <u

cr
In case u_ > u
x x

NE

*CI.2
- (ux )
s & _ s8in 0
2[ Ter Yoho g ]

/

r,f ‘

sin Bt

s

(3.23).

(3.35)

4o
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4.2.2 In Case the Slime Layer Overlies Sand

+

The distance of flow during the earthquake, Ex’ is given by
L d

" Eq. (3.12). The distance of flow'dfter the earthquake ceases, u

is: .
| o .
2 u, =g sin 6'-‘;- (3.39)

where te is a great value. .
It is evident that the most dangerous case is when the -slime layer is
deposlted on top of the flow sand layer, because the time of flow (and /
hence, the distance of flow) is greater than that obtained under the .
other condition. That is, because of the time differentigl between the
'slime particles and the sand ﬁarticles settlement.

A new profiie of tailings deposits of underlying sand layer of
the shape of dunes overla};ed by the slime layer, is  suggésted to solve
the problems of liquefaction and flow of the desposita‘. When the new
profiig of the tailings deposits is subjected to earthquake forces, the
liquefaction process will(proc’:eed‘ from the sand :iunes very rapidly to
the gFound Jsurface, causing sand blows or sand boils. The excess pore
water, pregsure developed due to the eat:thquake f(;rces will dissipate .
.through these sand blows. Henc;:he underlying layer may not liquefy
and will resist the flow of the overlying layer. ' The experiments proved

'

this behaviour.

-
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SUGGESTIONS FOR. FURTHER RESEARCH {

A

The following topics are considered suitable as an extension
to the'study described in this thesis:
1. A more detailed study of the phenomenon of liquefaction in the
1ight\o< "Critical State" théory and recent criteria of yielding
and instability. -
2.. Extension of the analysis of infinite slopes to cover the case of
N Y

finite slopes. \

3. A more detailed study of and preparation of design charts for the

“dune' - deposits, suggested here.
P

{

-
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