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ABSTRACT
* WO P‘ORMS OF INSTABILITY IN
GEO’I‘ECHNICAL ENGINEERING T

2’ M - ’

. . Jacqueline Leclair

v

Tnisﬂthesis'presenfs an.attempf to anél&Se two distinet
types of instability situations which may be encountered "in
) - - - £
The flrst 51tuat10n is concerned with the’ flow of llque—
fled sand. For this purppse, a Spe01a1 flume was built and
the experiments conducted. The sand Was brought to a state of
llquefactlon through the, application of an upwarqugydranllc

gradient. From the tests performed, it was observed that the

»

'application of the Unsteady-boundary-layer Theory was possible A

and therefore proceeded to the treatment of the problem as

L

suth.

1y

The second problem deals with a special mode of hydrauiic

fracturing of glays as/reported experimentaliy by Lefebvre,
a g po .

=
TR

- Py o \'\\\\»«‘ e - . . .
Phll;bert BoZogzuk,;,—and Pare (1981) The analy51s uses the

.Mlndbln formulatlon and .the superposltlon principle. It is.

shown that fracturlng,ls the result of the hydraulic forces |

exceeding the tensileostrength g; the clay .which are indirectly

related to the in-sjtu stresses.
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CHAPTER 1 - . L ;

INTRODUGTION R | \

- v

-'In this chapter, the prdctical implications of the insta-

v ... bility of sand deposits due to liquefaction and those of the
; ! O

ingtability of clays due o hydraulic fracturing will Dbe
discussed. 1In addltlon the scope an\ gpgectlves of thls .

A

thesis will be presented.

-~ w

1.1 Background

/

1 1.1 Instablllty of sand dep031ts due to' llquefactlon

The mining industry is an important component of the

Canadian economy. The principal waste material from'the mining

-

and milling operat%ions in which the valuable minerals have‘oeen.‘
recovered is called "mine tailings". See Fig. 1.1 for a tjpicai
mine'waste disposal system. |

Talllngs have a wide variation of graln size distribution, -

depending on mlll operatlon, but usually range from coarse ‘sand

- to colloidal material (Fig 1.2). Because talllngs have'no com-

‘ mercial value, thelr dlSpoéal is often glven llttle or no

' ‘con81derat10n. ) |
There is one aspect of tailings deposits that involves ‘

public concern- that a failure of a dam in which large volumes

I

| of water and semi- fluld talllngs are released may not only
cause exteQ§1ve downstream pollution but also pose a serious
threat to life and property. S )
“ A characteristic common to most tailings dam failures is

. that mine tailings tend to liquefy and flow over substantial

-1- . ,

V¥
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~a restricted range of depths in the hole.

L
oL + ‘)a

"disténces. Failures of E1l Cobre Dam, Chile (1965), Aberfan,

les (1966), Euffalo Creek; WeStIVirginia (1972), Mochikoshi
Dam, Japan’(1978)‘are ekamﬁles of such catastrophic dam
incidents. In these J‘incidepts, 450 1ives were lost, égd
the loss of property was approximately $200 Million§
Jeyapalan (1980). ‘
This thesis will analyse/the behaviourvoﬁariquefied sand
deposits as they are of great importanee ih assessing ‘

the potential for damage in case of a tailings dam failure.

b

%
+ - -

1,1.2 Instability of clays due to hydraulic fracturing

Hydrau}ic fracturing: If 1liquid is pumped into a borehole
to a sufficiernt pressure, the tangential stresses in the
surface of the hole due t? the external stresses and the
pressure will become ten31le, and extension fracture will
occur if this stress exceeds tﬁe tensile strengtﬁ of the
materiai. A joint or fissure intersecting the hole which is
ﬁeld "closed" by the initial compressive stress field may be
"opened" by tensile stresses when internal pressure is applied.
For example, for a number of underground drill holes into '

Rand quartzite the holes would not accept water at pressures

below 1. 5 - 2.5 tlmes the overburden pressure, but at’some

pressure in this range would suddenly take water qulte freely
' The method is much used in the 0il industry to increase

yields. In this 6%se a length of the hole is/ sealed off with
packers at 1ts ends so that pressure-can be

Jepger and Cook (1979)



The use of hydraulic fracture in coh s1ve s s,io

determine laterd]l stresses .in situ is relatively recent

e A v e

(Bjerruﬁ et. al, 1972; Bjerrup and Andersen,'1972). The
idea of using this method in soil mechanicé“was conceived by

Bjerrum and Andersen while interpreting results from ordinary

\

S @
inasitu permeability tests in clay. It was then dlscovered

\ A

that when establlshlng a water pressure hlgher than a certain f

crlLlcal value, the permeablllty apparently 1ncreased abruptly.
.The§reason for this is that cracking o#curs in the soil around
the piezbmeter tiﬁ when the water'preséure gets large enough
t@;cause tensile stresses in the sgii next to the piezometer,
'thus resulting in a sudden increase in flow of water into the . o
soil. ‘ |

Another instance where hydraulic fracturing of ciays'has
been encountered is the ffaéturing of the core of an embénkment
dam. The formation of hydraulically induced cracks in the core.
can occur when the water pressure at a given depth exceeds the
‘total stress of the core at the same’ depth, as - will be
described later in this thesis. |

This the31s will present an analysis of this spe01al
mode of hydraullc fracturing based on the Mlndlln formulatlon
and the superposition pr1n01ple.. ) ’ . ;

|

1,2 Scope o6f the Work ‘)

The purpose of the reseafch studies described in this
thésis is to further the understanding of the behaviour of

liquefied sand deposits during flow, and to provide an




. t 6
analytical approach fo the specialimode-of hyq?aulic fracturing
of clays. . N ' °
. . ‘ - .

The study involves the following types of \nvestigations:
a) Review of the available literature on tMe behaviour
of liquefied tailings and similar earth materials. | i
" b) Review of the Unsteady-bogndary—layer Theory.
'c) Review of the available literature on the stress—straia
{rate %elationships of~non—Newtonian fluids.
g) Experiheﬁtal study of the flow of liqaefied'sand

o

dep081ts.

e) Review’ of the llterature on hydraulic fracturing.
f) Review of the Mindlin formulation.
g) Experlmental study of hydraulic fracturlng in clays.

)

1.3 Organization of the Thesis , R

‘

The studies undertaken to achieve the objectives of this

-~

" thesis are described in subé%quent chapters, -

Chapter 2, and 3 are devoted to the liquefaction problem.

In Chapter 2 the apparatus, material, and test results are

discussed and in Chapter 3 the results analysed a

.

€hapter 4, and 5 present a discussion of hydfaulic

fracturing tests performed‘and the analysis of these results

respectively. o .

. The thesis is toncluded in Chapter 6 in which a summary
of the main findings and recommendations for further research-

is presented. o ’ \ T Lo .



CHAPTER "2 S

’

. FLUME STUDIES ON LIQUEFIED SAND . PRI

'2.1 Introauction

In this cHapter, a series of flume studies on liquefied .

sand will be described. The details of the test material,
_ the test apparatus as well as t;ﬁ description of the tests

)

and results will be presented. ° ;

2.2 Test Materiall

'y
The soil used in this work is a sand mixture with particle

sizes ranging from silt size to medium-coarse sand. The sieve

’

analysis shown on Fig. 2.1 illustrate a typical gradat;dn curve

of the mixture used in this research.” Some properties of ‘the

sand -are given in Table 2.1 shown below.

.

_ Table 2.1

A &

Material Properties

Material ' Property \ Numerical Value
Sand Mixture | . Qohesionv : \\‘ c=0
" - Maximum void e = 0.87
' ratio max
) 3 " ) " Minimum void e .= 0.62
. v , ratio min-
. e " Specific G, = 2.65
) Gravity
" o Angle of . °° WL )
: ' Shearing : ) CP = 32°
Resistance '
\
3 ‘ -
u_?—
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2.3 Test Apparatus : o : : (

The experiments on liquefaction of sands were performed
on a 1 foot wide, 8 foot long, plexlglass walled flume which.
was bullt especially for this research progeet 'See Flé 2. 2L

The bottém of the flume,consistSjof a 8 foot long, 1 foot
wide, 4 inch high, 5/8 inch thick aluminuﬁ chamnel. The sides
of the. flume consist, of 2)piexiglass sheets 3/4 inch ih thick-
ness, 8 feet-4 inches in length, and 2 feet-3/4 in. in height
which run longitudinally; and 2 alu@inum plates 1 foot wide,

2 feet-3/4 in. high and 5/8 in. thick which run traneversally.

The hydraulic system is composed of 2 lines of tap water

carried by two 3/4 in. inside diameter copper pipes which

before ﬁerging into one 12 in. copper pipe have their inde-

pendent valves to control the flow,as required in the experlment

The 1% .in. 1n81de dlameter copper pipe finishes into a distri-
bution box made of aluminum sheeting with dimensions:
8 in, x 5% in. x 1 & in.. The.purpose of this box is to
eliminate to some degree the turbulencelof the water enteriné,
ithe system.’ Odt of the box run 3 copper pipes 1% in.'inside
diaﬁeter which extend over a distance of 4 feet. Along their
length, these.B‘pipes have 280 holes (1/8 in. in diameter) -
increasihglhlspacing as the distance from the source increases
to make up for the head loss across the length of the pipes.
On top of these 3 pipes lies a stainless steel screen
with Qimensions: 11 in. x 48 in.. The function of this screen
is to‘obta%n a pressure distribution aérqq& the lopgitudinal

area as uniform as possible. Four inches above this screen

rd
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®lies a stainless steel mesh which auppérts the sand deposit, -
this allows an even distribution of pressure across the. sand

bed. )

{ .
The drainage system consists of an élbow 1% in. in
.diameter with a 1% in. inside diameter copper pipe which -
is adjustable in height. This piece allows +the Water level

to be maintained at the d¥sired height.

2.4 Descriptipn'of Tests
The tests were always performed folloying the seqeence
described below. '
a) The flume is filled with water.
b) A bed of sand is deposited under water throﬁgh a
"funnel from a prescribed height to ensure fﬁe.deposition of -
the sand in the loosest dondition. The total height of the
bgd of .sand varies from one test to another,ibut'ih general
it.is in the range of 8 to 13 inches. . )

‘4 The'élope anglg‘of the sand deposit.,is also varied, from
test to test; however, the maximum angle is always- prescribed
by the aggle of repose of the sand used.

. ¢) Water ig‘allowed to flow across éhe sénd bed with, the
aid of one of the valves described above. Then, the sand 1is
brought to a state of liquefaction through a sudden application:

~of an upward hydraulic gradient applied with the aid of ithe
second valve. As the pore water bressufe tgnds to ;eveis

~ comparable or equal to the normal stress,( , <then according.
to equation 2:1, the soil loses its strength and flows like
. ] ’ \\ '

.




.‘12-

;0

a viscous fluid. '’

S T—>o0 o ]
. (O-u) sin¢)->0 ‘
u—>a ‘
Thus, ‘simulating the instability caused by an, éarth-.
quake. - _ ‘ﬁ -

d) The liquefied sand movement is photographed using
. 8 . .

a 35 mm. Nikon Camera. ’ , )

e) The series of tests are.perforﬁed varying the initial

slope of the sand depdsit, the height of the bed, and in some

instances the gradafion of' the sand.

2.5 Test Results ' :

Some typical results are shown in Fig 2.3.through Fig.,2.8$‘

i

'7‘="(‘G'—u ) sin(}) ’ ‘Eq.'2.1 ‘.‘.
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CHAPTER 3 L IR,

ANALYSTIS OF THE FLOW OF LiQUEFIED SAND DEPOSITS

3.1 Introduction ~ §

This chapter describes the analysis ppocédure useq to study

the mode of fai;ure of‘liquefiéd sand deposits. Also.presented

-

in thié chapter is a review of published literature on ‘the

behaviour of liquefied tailings and similar earth materials;

'a'review of the available literature on the stress-strain rate

relationships of non-Newtonian fluids, and\arreviewlof the

dnsteady-Boundary-Layef~Theory.

3.2 Literature review on the behavior of liquefied tailings .

" and similar earth materials

The available literature on the flow behaviour of liquefied
tailings is very limited. Some related work from various
sources is reviewed in ‘this section.

3.2.1 The Dam-Break Wave

(
This problem deals with the course of events folIowing

the sudden removal of a dam holding a semi-infinitg body of.

wafervat rest. See Fig. 3.1 : c

T ‘\ (xvt) . , .

TE=T ¥ ” > 7757 .

Fig. 3.1 *
The Dam=-Break Problem '

-19-
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~The \‘classical'“ solution ;for this _i)rbbllem was degived.by v
 Ritter (1892). He made the follow.i/ng'assumptio,ns:
a) The downstream bed is dry and horizontal. , // ‘
b) The water behind the dam extends indefinitely.
'c) Fluid fricti§ﬂal effects are negligible.‘
d) The pre‘ssure' distribution in the flqw is hyero;tat;'Lc.:
e) Thf dam ‘is‘ lost instantaneously.
f) The water particles on the free surface before the
" breach will continue to remain on the free surface .

during flow.

‘i :
g) The channel” is .very. wide, ’

Based on these assunmptions, the mass conservation, and
the one-dimensional .momént;lm conservation equaté&’ons (saint
Venant's eciuations) that govern the flow of fluids from
behind' thé breachgd dam are: ] '

| ‘Q_q;ug_g+2cac=o ‘ .
ot X ox o | Eq. 3.1

cgg+~20_c+2u c= 0 . \
X ot ) X o ‘
whére: ' . e

- ¢ =\Vgh = celerity

velocity of flow

W=

.h = flow depth

x = horizontal distance ’
t = time \

g = acceleration due }to grao.vityi Ty .

H = dam height S
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\
the initial conditions tﬁe\ing: g :
u(x,0) =0 f
c(x,0) =1 for x<0 Eq . 3.2
c(x,0) = O - for x>0,
/Nlth the following boundary condltlons: R 5 |
u(-1,8) =0  fog t>0 Lo : -
: Eq. 3.3
c(-1,t) =1 __for t2>0 ) ' )
/’/’/ ) \'\
The above problem is solved by the method of characteristics, |
and gives: ' : . -
; 0 + (u+c)§$ (u+2e) =0 on ¢’ . /
‘ . . ! Eq- 3-""

n
o
o -
s
0

?§_ + (u-c) _o_f (u-2¢) -
t ox ’

L+ - - ‘ s
where c¢ and c are two families of characteristics curves

I

givé.n by:
- et .d_x = u+c - _ :
a , . , , Eq. 3.5
" eT i dx = u-c "

dt
The complete solution is presented. in various textbooks
of open channel hydraulics, \aﬁxong tl;.em,, Henderson (1966). N J

After loss of the dam, there are three zones on the ~

Zone & — ~ Zone-— Zone
I : II III

P
I\
|
|
| . }
) v : i
) .
§
|
|
|

Fig. 3.2
Zones after loss of a Dam
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Zone I is referred to as the guiet .zone-within which

-
-4

the negative'wave travels with a constant velocity\—co,
where c, = \/EH;' . In Zone IIT the depth of .water 1is
zero, and in Zone II the characteristics of the c' family

’

are divergent. The positive wave travels in the downstream ;

‘direction with a constant velocity 2c, -

Ritter's solutions to this problem using the method of

characteristics are:

u=2(1+x) A
3 - k - o Eq. 3.6

(o] =_1;(2 -_}E)‘ , ' “.P { o
3 t

There are computer programs commercially available to

determine the extent of flow movement once a water storage . -

dam has failed. The resulting flow from the breach of such
a danm is turbulent, and therefore boundary resistance is in- -~

cluded in the analysis %sing an empirical Manning's n

reQationship. Unfortunately, these analysis-techniques cannot

be uded for flow failures of most tailings deposits because.

the nature of the flow of liquefied tailings is diffei‘eri’t

from that of wafer, in that viscous frictional effects are

appreciable in liquefie& tailings.

-

v

3.2.2 Analyses of Turbulent Flow

This type of analysis ig useful only in the study of’
flow of p_r}osphate tailings, sinqe ali the other fcypes of .
failures of tailings deposits are known to be laminar.

\ The analysis is carried out by introducing a turbulent

resistance term in the Saint Venant's equations:

&



Qu + uQu Qc
ot - Ox ,qx o2
Qu + 2Qc + 2uQu = 0
oc ot ox
—— “ |

, xnl/6. ‘ @
R = r = Chezy Coefficient :

n .

T
noc

for Metric units.

Manningh' S n

N

h = Hydraumlic_, radius, which is the ratio of
rarea to its wetted perimeter.

23

constant = 1,489 for Engl,ish’units;, and
1.0

" Eq. -3.7
the water
]

There are two methods for solving these equations:

A) Dressler's Method:

In thi.s‘method a simple perturbation expanéion is used to de-+

{

termine correction functions in the tip region of the’ f‘low, .

where the boundary resistance forces are of the same magnitude

as the

where:s’

inertial forces. These solutions are:

/

(1+m) + *R'thl(m) oean

t 1]

(2-_-m) + Rtklim) + e

u(x,t) =

2
3
c(x,t) 1
' 3

Y

h,(m) = -108 +_ 12 -8 + 8\/_(2_‘m)3/2
1 7(2-m)? (@) 3 189

km) = 6 N -2+ 05 (2-m)¥2.
' 3(Em) 3 135 .
m = |

ot

Eq. 3.8
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B) Whitham's Method:

. Where the'tip region is treated as e‘bodndary layer in
whlch the equatlons are solved in an 1ntegrated form, and /'
out31de the boundary layer reglon, the inviscid dam break
wave solutlons for ve1001ty and depth of flow are used.

' The above procedures for analysis‘of turbulent flow dam
break problems are simple and practical, but they cannot be
used‘}or analysis of flows.on sloping beds or for analysis
of flows in valleys of varying cross -sections. ‘

The current procedures for inundation studies for water
storage dams use finite difference computer solutlons of

. . , *
St. Venant's equations. ’ )

~

3 2 3 Analysis of Laminar Flow

There are malnly ‘two methods of treating, the ana1y51s of
laminaw flow, both take into consideration only viscosity

but not yielding shear strength, and the solutions are ap-

_ plicable-only to NdWtonian fluids.

t

-

analyses of flow characteristics of liquefied tailings, or

] . . .
liquefied sand which have a threshold shear resistance as
well as viscosity, and their stress-strain rate relaflonship

is not linear. »

* These two methods are:

‘A) Tip Theory: ?
. 12 -
In this theory, the tip region of the flow can be studied

sepérately“and joined with the- inviscid mainstream solutions

Therefore, these results cannot be direcfly used for the \



where:

‘25
satisfying the requirements for mass-conservation and dynamic
force equilibrium at the interface. The Tip Tﬁeorj i$ based
on an approx1mate treatment of the boundary layer in the tip .
reglon of the' dam- break wave, using Pohlhausen s 1ntegrat10n

technique.

The solutions are:’

up(t) = 2VER (1 - 1.5938( 03)1/5 )
. . H, 3 Eq. 3.9
L k() = 2VEHZ1(1-1.3282( _Z_{_é_t_)l/5)‘.
| HS - 3 .
where! 9

L’e kinematic viscosity of fluid
H, = dam height

t = time after dam break

B) Perturbation Method:

In this method, viscous effeets are considered by adding

a viscous. effect term to Saint Venants equations:

%&+u©_u_+‘20©_e+ﬁ_u_u_o
t ox x -
- O[{' c Eq. 3.10

+20u + 2udc =0

0 0x

o
E1S

R=2T7 ", - g ‘
v, VA,

The solutlons for the above set of equatlons are valid
only for w1de hor;zontal channels and are g;ved by:

u(x,t, R) = 2 (1+m) - 216(1+mlRt + 30Rt™ ., -
23 }1(2-m) 22(2-m)> o
"_10Rt ( 2/3 m/3)3 S . Eq. 3.l1.a
2 | q. 3

=3




1

c(x,t,R) = 1(2-m) + 27(1+m)Rt + 21 Rt __ + .
11(2-m)*  22(2-m)°

-~

o th
+ 7R(2/3 - m/3)Y/? " Eq. 3.11.b
- g |

A third method of analysis of léminar flow of liquefied

taillings was déVelopéd by Jeyapalan, (-1980). He .considers

the effects of a yielding shear strength by adding such term
< RN

to the Saint Venant's equations:

Qu + uQu +2c¢Qc + Ru +8 =.0
ot x ox o2

¢ c.
c Qu + 2¢QQ.+ 2u Q¢ = )

- A -

 Ed. 3.12

where:
. R= 2 7.
YES TH
S = T . w

The solutions are given byl \ . : N

+ u(x,t,R) £ 2 (1+m) - 27 St - 216(1+m)Rt + 30R% -
. 7(2-m)%  11(2-m)*  22(2-m)°
~(-35t + 10Rt)(2 = m)Y/? Eq. 3.13
. 198 3 3 |
¢(x,t,R) 2 1(2-m) - 3St + 27(1l+m)Rt + 21Rt . ~ <
3 10 41(2-m)*  22(2-m)3

; (<35t~ 720 (2 -
hf? 96.° 3 3 .
'The procedure for calculating the free surface profile
at any time after the dam breach is shown in Fig.3.3. The

disturbed portion of the fluid is subdivided into twd zones.

Zone 11 occdpieé the region from the position of maximum flow

velogity to the zone of quiet, whereas Zone I repreéénts~the

) M L}
.

o —y e &

%

«spu i T
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R
. - R

% . .
s - . .
- " . a

[ 3 - .

. . . . o1, .
tip region, in which the:velocity is assumed to be constant.

\ g . __ _Zone II- < 2 —> Zone I
a ' ‘] X f ,:)
i
|
[
. 1
."\_‘_,A [ ]
» N Nh'
N~ : .
“ a(mf) x| 7™
© ‘ ' O - . - " . ,
\ 5 —1 / © . + B ! >
N Flgn 3.3 P . m 4
Procedure for'Calculating Free Surface Profifé
\
The free surface proflle is given by: -
N .
h(x,t) = c?(x, t)H; " for Zone II °
‘ " ‘ . n E .Eq. 3.14
- gh = 277u . . for Zone ‘I, where '
dx 7’h ‘ . - ;

~\}@.e viscouk res1stance and pressure g:ad;ents are approx1mate1y

equal, ] - e I
o

3.3 Review of the literature.on non-steady boundary layer

! theOry ) - o ’ ’:
- ‘ / © ® %I‘ B \.1

The most common example of non—steadx boundary layers
occurécwhen the motion-is started from rest.  When this

hapgens both the body and the fluid have zero velooities up
to a certain instant of t;me. The motion begins at that 1
1nstant and it can be considered that elther the body 1s
‘.dragged through the‘fluld at rest, or that the body is at
rest and the external fluid mot;o? varies with time. -In
this-latter case an initially very thln-béanary‘layer is-
formed near the body and the transition from the velocity of

-

-~ I
' ' ),




' where:

iboun&gfy layer.

- g 28

the body to that in the external flow takes place across it.
Immediately after the start of the motion the flow in the -

whole fluid space is irrotational and potential with, the

-~

exception of a very thin layer near the body. The thick-.

9

ness of the boun?ary layer increases with time, and it is

important to invdstigate at which instant sebaration (reverse:

‘ flow)(fir§% occurs as the boundary layer continues to build

‘ip.
The fundamental equations of\non—steady boundary iayér
are given in Schlichting (1979), and they will be presented

N

below fof two-dimensional flows:

Qu+udu+vu-i1Qp+
Ot Qx oy pPox Oyz

: Eq. 3.15
(5u‘+ @v =0

5~ &

the boundary conditions being:

wheny =0, u=v="0 ‘
Eq. 3.16

I3

when y =00, u = U(x,t)
the pressure impressed on the body follows from the;non;
steady Bernoulli's equation:

+ U QU ) Eq. 3.17
0x

26
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1
D

\ - U(x, t) denotes the ve1001ty of the edge of the |

° !.

Th integrat®on of the non-steady boundary layer

‘equations\(3.15 -,3.17) can be carried out in mostfcases'by

g process of successive approximations, the method being:

, JQased on the following physical reasoning. In the first

SRY

L ot

7
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instant after the motibn has started from rest, the boundary

~ layer is wvery thln and the v1scous termz;Q is very 1arge,‘

éy
whereas thé cbnvective terms retain their normal values. . The
v1scous term is then balanced by the non-steady acceleration

él_ together w1th the pressure term 1n which, at first, the

contribution of ?TU is of importanck/Selecting a sysfem of
- . - t .
coordinates which 1is at rest with respect to the body and

assuming that the fluid moves with respect to the body at~ .
- ~ k L

rest, we can make the assumption that the velocity is composed

of two terms:

u(x,y,t) = u_(x,y,%) + u (x,y,t)  Eq. 3.18

'

Under these conditions, the first approximation, U,

satisfies the differential equatlon.‘
buo _ 2 ' , ) _
g— Vou L - . - Eq. 3,19

)

w1th the boundary condltlons’

4

at y = 0, . ]
, Eq. 3.20
o) u = U(x,t) i .

at y o

<N

The equation for the second approximation,‘ul, is
obtained with reference to Eq. 3.15,‘}n’Which the convective

teérms are'éaléulated from U, and in which the convective

. pressure term can now be taken into consideration. Hence,

we have: .
Oul - (32“1 = U0y = uoéuo -V ouo | -‘

29,

1




The fluid is at rest,

’ 30
’ with the boundary conditions being:
uy = 00  aty=020 .
) - . T i qu 3.22
uy = 0 at y =z o ‘ o
In\addition, we have the continuity equation fquuo,
- vo'gﬁd Ugy Vqe, Higher-order: approximations uz,(uB,
" can -be obtained in ‘a similar manner. ﬂ
- " 3.3.1 Motion started impulsively from rest, .growth of
the boundary layer. .

and the golid body is set

impulsively in motion, at t = 0, with a constant velocity,

; " the motion is considered relativé ta the solid‘body. The

' .

I - ' b&*—u%g+:véu=
| - 5t &x &y

with the conditions:

‘ - tg<o, u =

K : ' t >0, u o=
where:

. .Ui(x): the velocity

A

B

zero thickness, ‘therefore,

. . '\ au =y o

ﬁq o) y2

boundary layer equationkis:

AU 2 “ ,
Uy ‘—-—i‘c""UQ—%, Eq. 3.23
Oy’ .
0 .
- Eq_l 3-2’4‘
Ul(X)

corresponding to the inviscid flow.

. © At the beginning of the motion the boundary layer is of

du,

the convection. terms and U1
; X .

.can be disregardéd; whence,'to first approximate,

Eq. 3.25

.where the boundary conditions are:

=



| ‘ . *
Lo ) . , 31 !

‘w.=0 .aty=0.. ° - .
toe . ’ Eq-3-26

Mo © Uplx) - at y = o . : B !

s . , - ) . N . . r

Equation 3.25 is the familiar one- dimensional heat !
conductlon equation whose solutlon has been worked out as: |

u, = U1 é -n* an . Eq. 3s27 |
where: ' j
= X - ‘ S

| 2(vt)? : e

the velocity v_, which can be found from (3.27) and .the
equation of conhtinuity, vanishes at y = 0; it does not

tend, however, to zero for y = @, but increases with y; for
oderate values of 7), V is of the order of (vt e
‘ To find the next- approximation, a‘stréam function
yU (x,¥;t) is introduced such that:
u = %?E LV = o~ %#i Eq. 3.28
. R X
ol and yV is expressed in powers of t, namel&
) HV(x.y.t)n 2(l/t)% n ) + tUlj 1 f1(77) +ood
‘ . ) A
Eq. 3.29
From equat{ons 3.29 and 3.25, the éduatiqg for f_ is
fo + 2771";' =0 . : Eq. 3.30 . !
with the boundary conditions: .
Eq.3.31

£,(0) = £_(0) = 0; \f;(o?)é 1

which corresponds to the solution (3.27).
r |

For f,, and from (3523) and (3.21),
ER ‘e : ‘v_ '2 e S A
r, +2n% - e =b(£ - £, -1) Eq.g.32 S

. .
'
' e -
[ ¢ .
- N .
' , .
'




-

¥he boundary conditions being: ) o . S

£,(0) = £,(0) =0y f]'_(co)‘ o ' Eg. 3.33

.-

the solutlon worked out by Blasius_is:
Zj 2

N d77 _+7’g7__e-.27)' +

N
4]

£j = ) ° dT) +2(277 1)

e J/n n d e_77
| \/77 71 \/77 77.

[‘7787’ +(2n* £'77 d??} - Bq. 3.3

+

P
3
+

w|&
]

AY

-whence,
du

u = uofé +uy 1 x1 fl + vrenes , Eq. 3.35.

' The condition for sepafation is: Qu = 0 at 7= 0;

: . y :
whence the time of separation can be calculated from:

1+ (1+4) ts_(_i__lf_}_ =0 ... Eq. 3.36

3T dx
and the distance travelled from the commencement of the. motion
p .

is:

s = uot , - - . Eq. 3.37..

3.4 Literature reY;gwobn the stress-strain rate relationship .

of non-Newtonian fluids

\d

Fdr an elastic 'solid.body, the shearing stress is
proportional to the strain (Hooke's Law) and the constant

of proportionality is the modulus of rigidity, G.

P T= G)/ i ‘ Eq.‘3.38 ////

whereas in the case of fluids, experience shows that the /////

sheariné stress is proportional to .the rate of chénge/gi>f
B //// e
o

o
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L

strain, 4Y _ ,.or Y. The constant of proportionality being
dt )
the viscosity,#, a characteristic constant of the material

/ .
at a given temperature and pressure. .

.

For New‘box}ién fluids, this r';elationship is linear and
given majchemaf:ically and graphicaily by Eq. 3.39 and Fig. 3.4
respectively. ' '

\k ) ) | d :J: : I"{' ., ) . Eq . 3 . 39
#% ‘ y
s /\

.
T b
N

B %

Fig. 3:4

Stress-strain rate curve for a Newtondan fluid
’ -

In the case of non-Newtonian fluids, however, the
functional relationship is non-linear, In fact, many models
can ‘;e‘ used for the deécription of non-Newtonian flow
characteristics and the important criterion is that of the
degree to which they are able to Tit the éwailablé data.

<

Some of these methods will be presented below. .The lis‘t:is
v
. ’ ‘5
,exhaustive as new models continue to be developed. Mest of
them are semi-empirical or have been developed from molecular

theories., -
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a) TheP0stwald-de Waele Model, sometimes referred to as
the "powef'law". However;, it is not a.law, only an attempt
at empirical curve fitting with maximum simplicity. It is
the most criticized, and most widely used equation in all
rheology. It has the advantage. of being the simplest, easiest
to manipulate, and suitable for use as an'igterpolation formula_
even though it may fail to fit the #otal range of eXperiment2£
data fqr some materials, the expression can be very useful
for a two-constgnt fit of rheological dafa over a restricted
range of éhear rate. Iés mathematical representation is given‘
by Eq. 3.40." The s%regsfstrain rafe curve is shown on Fig. 3.5.
“ 7= xY" o Eq. 3.40
where:
K aﬁd n are material pargmeters which in generai'vafy
with pressﬁre and temperature (and composition in case
qf mixtures) and they can be determined empirically.

A | ' . B

T —_— ‘ 7
——
= il

Dilatant, n>1

=4

\

Pseudoplastic, n<l-

Y

¢
o Fig. 3.5
Stress-Strain Rate Curve for the Ostwald-de Waele Model

ot v W o S
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* «b) The Ellis Model, which is only
Ostwald-de Waele model. ~ Its funct?gggjy

by - Eq. 3.41, and Fig. 3.6.

' 7= lueff_y

> where:
1-n
1 = 1 [1+ 7 \n
Hetr  Mo- -\ 73
| \-stress at /.é,ff = M
* S .
T 4 Pseudoplastic

\_Dilatent
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modification of the
relationship is given

o

_Eq. 3.41

. Al
. r/ . 1

; and T% is the shear

- :

Fig. 3.6

~
Tl

4

Stress-Strain Rate Curve for EllisModeJ,

c) Eyring Model. The relationship’lfor this model is

shown below..

T= A sinh™! ( Z_ )
‘ ' B
" where:’

A and B are maferial donstants.

N

Eq. 3.42
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,/ y «- . .
Fig. 3.7 ' C .

Stress-Strain Rate Curve for Eyring Model

. e) The Bingham %lastic Model. This model'incorporates
the idea of a finite yield stress’ which is that stress to
be overéome before the material will sustain a non-zero rate
of strain. Yielding fluids are really part fluid and part

solid, for this reaébn this model has been widely used in

.the study of liquefied sands, and will be used in this reseach

prqject. ‘ : 7

' The expression.for the stress-straiﬁArate is given by
equation 3.43. ) :
| T=T vl

v tHp Y  for 7‘>,Ty A

) ' , Eq- 3').’;3
Y=0 - L for 7'<:7&
where:

T. 1 Binéham yield strength
¥ )

g }Lb 1 Plastic Yiséosity

@t
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J O

=~V

L
Fig. 3.8

Stress-Strain Rate Curve for Bingham Plastic Model .

3.5 Analysis odeest Results

_From the‘flume experimenté conducted as part qf this
‘research study, it was found that the perturbation. technique
developed by Jeyapalan (1980) for the analysis of laminar
flow of liquefied tailings was applicable and conforms wiFh
the results presented in Chapter 2.

Thérefore,‘the governing equations are given by Eq. 3.12,
whose solution for a horizontal bed was derived using the
perturbation technique and the Bingham Plastic model, and are
given in Eq. 3.13.

By caﬂculating the velocity over a time interval, a new
‘displacement and‘thé resulting flow profile can be calcullited.
The updated flow profile can then be used to calculate the tip
velocity for the subsequent time interval. If this pfocedure

N

is repeated until the calculated tip velocity is found to be
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zero, thgn at fhis stage the flow is considered “frozen".
Thg analyticai results can be presented in the form of

prediction charts based on dimensionless resistance parameters:

; . R = 2 U§ H ] and, . S=ly :
. -yHo ' ) ’ Ho N
' Typical predictive charts are shown on Figs. 3. 9 and

~
o’

' 3.10.
~ “An example is‘presented below to illﬁstréte the use of
these charts. -

. Consider, ‘ ' .

60 ft. , ‘ N

110 1b/ft7 - l , )

H,
Y
7

25 1b sec/ft?

\T, = 25 1b/£4°

then,
" R =2 2.2
tik B2

.25 = 0.0038
110(60)

i

0.0055

and S

from Fig. 3.9 : the dimensionless inundation distance, Xet 31,
and from Fig. 3.10, the dimensionless freezing time, tet 81.

To. find the dimensional variabies, we ﬁérfofm the
following calculations:

x} = xp H = 1860 ft.

t% t‘e’)HO/g = 110 sec.

ut =( %£ ) = 16.91 ft/sec
. tf

+ and,

[
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0.010

0.408

0.006

0. 00U

0.00%
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0.002 ' 0.004 0.006 |- 0.008
' R - Viscous Parameter |
//
Fig. 3.9
Variation of Inundation Distance with Resistance
Source: Jeyapalan, (1980)
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0.008F

0.006

0.004

- S - Strength Parameter

0.002

300 \ ' ’

' 1 i f | i

C 0.002 ~ 0.004 " 0.006 0.008 0.010
o R - Viscous Parameter

. Fig. 3.10
Variation of Freezing Time with,Resistance Paraméters
Sourcet Jeyapalan,(fgéo)f 5 : ) .
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4.2 Test Material I T

© 'be class1f1ed';{ .

" into the clay mass.

I

' CHAPTER 4

am .

HYDRAULIC FRACTURING TESTS -

A § ' S . - . _
. . P 0,

4 1 Introductlon

' ThlS chapter w1ll descrlbe a serles of 'tests on hydraullc

/

““fracturlng of - clays ' The details of thé test materlal, the:

desorlptlon of the,test/'and resﬁﬁks will: be presented as well.'

i
[

i
The, sggl used in thls work was a Labrador clay of llquld

limit =35 plastic llmlt°"25% and plastlclty index =.10%

: Accordlng to the Unlfled Cla351fleatlon System, thls elay can

<

i

!
i

b.3 Descrlptlon of Tests

The tests apparatus .is shown schematlcally in Flg. L,1.

‘ The procedure followed is presented below.

o

A plezometer madekof copper tubing 0.315. 1g inside diameter
was used. Inside the piezometer, a plunger was provided jt'.o'~

prevent .the clay from filling the tubing when this is driven
r‘J ’ * ‘ . A '

The actualfdriving'pf the piezometer. into the soil -was

Lo . - - ' ) :
carried out by two different'procedures without any evident

_difference in éhe results.. These methods were:

‘ﬂ a) To contlnuously drlve the*plezometer into the 9011 by

r
»

v - : . o v ,
'b) To apply a 5-1b. weight on top of the piezometer

o v , , ‘
. . .
. .
hand. . . O e . , ) -
‘e by e .
. L.
. .

¢ . .
\ - ' .
f ‘ ‘
- B . 1 ?
- . < - - .
’ .
. * . N 1 . « .
f . - v
« B .
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sothat it penetrates into the soil very slowly. '

e

In both cases the piezometer was driven until the Wesired

. . depth was attained, which in.most tests was from 6 to 7 in. .

.Once the piezometer reached the required depth, the
plunger ‘was removed, and'the piezometer'wés filled with oil
comlng from a cyllndrlcal reserv01r connected to the plezometer

through plastlc tubing.

The cyllndrlcal reservolr was provided w1th a bleeder valve

which was opened to ensure that alr\was not entrappeqblnto thé '

system. This reservoir was also connected %o a manometer which

tes yas carried out.

The hydraulic fractﬁring test was performed: by gradually
incieasing the hydraulib pressure in the piezometer using the

manqmeter'from‘the triaxial equipment until the soil fraéturedi

Once the test was completed, all the fiowg were cut-off,
the valveslwere closed, and %he‘fitfingé'qntiéhtehed.X ‘In
general, the separation of the sample into two pieces was done
quiﬁejgasily after the sample had failed and the?/tﬁe\giegometer

~yas removed. o '

From the separated pieces of the sample, the cracks were

-

observed and studied.

4 4 Test Results

~  Some typlcal results are 1llustrated on Flgs.“'Z and 4.3

/

meazi;:d,the pressure, in pounds perxsquare inch, at which the

J-R

SRR WU S
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‘ g o CHAPTER 5 - o : . /\
ANALYSIS OF A SPECIAL MODE OF INSTABILITY OF o'/
R : CLAYS DUE TO HYDRAULIG FRACTURING ' s

1

5;1 Introduction

" This chapter’wil; breseﬁt the analysié'procédure fo study
a special mode of instability of cléys due t Hydraullc ‘
Fracturing. A rev1ew oﬁ-publlshed literature on hydraullc “ .0
- fracturing and 1ts‘d;verse utilizations will be dlscusseq. |
In addition, a review of the Minﬁlin formulation which is used

in the -analysis of thé problem will be dealt with briefly.

5 2 therature review on hydraulic fracturlng

' The flrst few lines of this sectlon will describe what
hydraullq fracturlng is. .

'If liquid is pumped into a piezometer to a sufficient
préssure, crackiqg occurs in th; soil around the piezqmetern
tip when the liquid pfeésure is large enough to cause t%néilg

Ve stresses in the so&l\next to the piezometef. This is known

as hydraulic fraqturing.

5.2.1 Hydraulic fracturiﬁ%aéplied to_rock formations
The method of hydraulic fracturing appliéd to rock
fdpmations is a weéll known technique and has bégn used by the. . \‘\
. .petroleﬁm induétpy since‘1949. The oil industry recognized
that the producti#ify b?‘é well cou}d‘be,iﬁcreased by increasing

the permeability of the formation.

- .
‘ L6 : '
J . - - ) . B
) .
: :
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by

‘ Prior to, the. use of the hyQPéulic fracturing technique,

" the petroleuin industry utilized explosives; acidizing agénts,/
and other methods to improve the productive ability of oil o
and ‘eas wells. 'But, it was thought that another artificial
means were required particularly for wells which prodﬁced from
formations which did not react readily-with acids. Therefore,'

:the hydraulic fracturing process, "Hydrafrac", wés develéped/‘
andiit was applicable to any type of forﬁation. The method was
also applied to gas and water injection wells, wells%ised for
solution mining of salts and, with some modificatiog,'to water
wells anq sulphur wells. (Clark, 194&).

/ The préceés is still used and consists of the following

‘steps; o . .

a) Formation breakdown: This is aone.by injecting.a viscous

.liqﬁid, or gel, (o%l, gasoline) cbntaining a granular material
(sénd) for a propping agent, under high hydraulic pressure fo
fracture the formation.

b) Breaking down the viscosiﬁy of the gel by injecting
a gel-breakef splution and then after several hours, putting
the well back on production. The gel-breaker causes the viscous
liquid to change from a high to a low viscosity so that it may

be readily displaced from the formation. -

- The sequence of steps is shown diagramatically in Fig.

5.1,

s
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5.2,2 Hydraulic fracturing applied to measure the in-

» 8itu lateral pressures . in clay

'Al'thoggh hs;draulic fracturing has long been used to
determine the modulus‘ ,oif I;igidity, G, of the rock around a
' borehole‘ or a tunnel, its ﬁse to measure the in-situ lateral
pressures in clay is relati\;ely 'recent.

The idea of using the hydraulic fracturing method in
so0oil mechanics Was éonceived by Bjerrum and Andersen in 1972
while interpreting results from-ordinary in-situ permeability
tesits in clays. Basically, they discovered that because the
soil that they were testing had a low permeability, there was‘
a: temptatlon to use high pressures 1n order to glve adequate
flow readings w:Lthln\ta reasonable tlme This led to very
false results owing to cracking in the soil around the
piezometer tip when the water pressure got large eﬁough to
cause tensile stresses in the so0il next to the piezometer. 'Up.
to this 'point, this danger was not.generally ‘recognized by -

. geotechnical engi.neers. ‘

Bjerrum and Aﬁdersen did :a theoretical analysis of the
‘problem and they concluded that the excess ¢ritical wéte;‘
pressure req‘uiréd to produce a fracture was related to the in-
situ effective s'tr'esses, which were g, in.a vertical and\(o g,
in a h9riZon1;al direction (where O;=effec't:ive overburden ‘
pressure=YD; and K, =coefficient of earth pressure at rest).
They also showed that if K was greater than 1.0 (1. e. .over-
consolldated clay), a horlzontal crack will appear, and if K

was less than 1.0 (i.e. normally consolidated clay), a vertlcal

-crack will form. They also found that the critical waterpressure

-
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was -dependent on the tensile strength of the soil, and on
st?ess changes occurring in a thin zone in the soil close to
the piezometer during its -installation. So, they considered
that the disturbance around the piezometer might lend éoﬁsider-
able uﬁcertainty if}évaluating'the horizontal effective stress
by measuring the water pressure required to fracture the soil,
‘théfefore they decided that when a crack first appeared,.the
water pressure at which it closes aégin might‘be more reliable
as an evaluation:of the lateral stresses in the ground. IfQ
and the'initial pore'water pressure wére knowp, then they could’
calculate Ko' .Thgy emphasized th;t thg method was valid onl&
for normally?consblidaﬁed qiays because if{g)is larger than
1.0 and’g hofizontal crack aevelops, the method will measure
. the weight of the'bverbgfden and not the in-situ lateral
stress. A sketch of the field apparatus is shown in Fig.5.2
and the procedure is given in Bjerfum and Andersen (1972).

After the hydraulic method (to determine the coefficient
of earth preséure at rest, Ko) was outlined, other procedures
like the Total Stress .Cell Method, the Conventional Pressure-
mefér, the Self—bqring Pressuremeter, and the Camkometer were
"déveloped. ,Even-thoﬁgh the hydraulic fracturing test is
attractive Tof its simplicity and for its apparent good per-
formance in fhe cases reported by Bjerrum and Andersen; the
metﬁod is associated with méjor problems related, among other
. factors, to the clay disturbaﬁce caused by the introduction
of the piezdmetgr, and the basic assumption in the determi- .°

nation of Ko which says: "that'frécture in the soil is con-

s
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is not necessarily correct for natural clays.

“in'the core, can occur when the water pressure at a given

52

trolled by the in-situ state of stress 6nly". This assumption

5.2.3 Hydraulic fracturing in zoned dams ;

Prior to 1970 there was no mention of the hydraulic
fracturing concept for embankment dams in the literature, and

little or no discussion or recognition of the phenomenon

among geotechnical engineers. The last sevéral years, however,

bave seen a complete change, wiﬁh wide acceptance that hy-
draulic fracturing is not only possible but that the coﬁdi-
+tions conducive to its development exi§¥ frequently in dams.
The possible developmgnt’bf cracks in the cores‘of zoned
dams (soft core and stiff shell, for example) is one of the
major problems confronting the dam engineer. The hydraulic-

fracturing, or the formation of hydraulically induced cfécks

depth exceeds the total stress of the core at the same depth.
The possibility for hydraulic fracturing would be most
critical when the reservoir rises to maximum pool quickly
and the core does not have sufficient time to cénsolidatef
(Kulhawy and Gurtowski, 1977) |

N 3 S:) | e

5.3 Review of the Mindlin formulation

One of the fundamental results in the theory of elasticity
is the Kelvin solution for a force applied at a point in a
so0lid of indefinite extent. Suéﬁ solution may be used in
studying stresses.due to a force applied at a great distance

from a boundary. Another classical problem dealing with a

L
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‘ ndrmal force'applied at the plane boundary of a semi-ihfinitg"
., s0lid was solved by .Boussinesq, and found praétical apﬂii-
cation in the study.of the,distributioﬁ of foundation pres- I[
sures, contact stress, and othe? problems in soil mechanics.
The solutions described by Mindlin (Mindlin, 1936) fill
in the gap between Kelvin and Boussinesd solutions byﬂgiving
the stresses for the case where the force‘is applied near
the surface. éuchﬁa condition is apppoached*in a number of
practical problems including the case of a guy wire anchor,
or by inteérating these solutions along a line. we may :
approximate the conditions produced by a friétion pile. .
Mindlin solved two cases: ‘
a) A force normal to the boundary of a semi-infinite
solid. o S y |
| b) A force parallel to %he bouﬁdary of a semi-infinite
solid. . )
In this study onvhydraulic fracturihg éf clays the only
cage in which there is an application occurs w@eﬁ the force
’is normal to the boundary. This case will be presented here..

For the solution of a force parallel to the boundary, refer

to Mirdlin's paper published in 1936.

. ‘. -
5.3.1 Mindlin solution for a force normal to the boundary

of a semi-infinite solid

The semi-infinite solid is considered to be bounded by
‘the plane 2=0, the positive z-axis penetrating into the
body. A force P is applied at (0,0,c) and acts in the positive

.2 direction. (Fig. 5.3) The boundary conditions are:
(O'z) 2=0 “(Trz) z=0 =° ‘ Eq.5.1

U xmfalemnaren Welew R ¥ e %
7 .
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~ The equilibrium condition is:

P = - 27Tr0' dr -, (z>c)

. Eq. 5.2
e ' - |
After some mathematlcal manlpulatlons. the dlSplacements

o

and stresses are:

u=____Pr g + (3-bV )(zc) - b(i- -V )(1-2v) +
' 1677G(1-0U ) 23 3 | RZ(R2+z+c) \ .
1 : 2 K . A
) + __._(____)_6C:ZSZ+C'>: . . ,' , Eq' 5'03 e
R3 _ _ | ;
W= p 1 141} o 8(1-V)2 - (3=4V) + (z-0)?
, 1677G(1 U : Ry . R
_ ’ 1, .
—+ (3~uv)(z+c) -2¢z + 6é2(z+c)2>', :Eq.\ 5.4
R3 o Rs . o .
2 , 2
cr= ] (1-20 )(z=c) ~ (1-2V)(z+7c) + 4(1 v)(1-20)
s “B'Tfﬁ v) < % ' Rg R, (R rz+c)
‘ 2 | ’ L \2 ;2 ) 2
.= 3r7(z-c) + 6c(1-2V)(2+c) -6c"(2+¢)=-3(3-4V)r"(z~c)
R . ‘ : R o
2 ) 1 . ‘.' 2) N .
- 300;'_'71(z+cl> . R , Eq. 5.5
R - ., ’
Pél 20) ((z c) + ('3;41))(z+c):-6c - Q(1-V) +
% (1= N Rg ' : Rz(szz‘-&-c) :
+ 6c§z+c) e f +¢). T | , 6
B B Eq. 5.6
, R3 (1 z’v)R ‘
Gi‘ P [ (1 2D) (z- c) + (1-20)(z-c) - 3(zgc)3
ot 1- \
o R R R
- 3(374?})Z(Z+C%2—Bc(z+c)~(5zf-cl - 3M_z§gg}2 . Eq. 5.7
R 'R
v ) 2

M et
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BN The basic assumptigﬁigaré:l ' " @ .

2

Tp . Pr |- (d-20) # 1-20° - 3(z-c) _ S
CEACETDE B E R? . "
e | 5 T
‘ 753(3ehDZz£z+§)-jc(32+q) - BOQZ(%+052’\« o ﬁq, 5.8u,
2 . o T2
where: - ,‘ - :’ e .
. G = modulus of rlgldity‘ o  1 ““‘“ *! ' 'tffr‘i

V.= Poisson's ratio ‘ I .
1 ' (I‘ j"l(Z"-C) . )% ) ) ' .:
(r? + (z#é}z )? | "‘, o ‘

o}
n

L

Ry

"a) The solid is assumed to be isOtroﬁic,'aﬁd'homogeneous. ‘
¢ b) The solid 1s assumedto respond perfectly elastmcally

to stresses - .o ,.“

5.4 Analysis of a special mode of instability of clays due ‘to

hydraulic fracturing -

A

Py

- In 1981, Lefebvre, Phlllbert Bozozuk, and Pare publlshed

a paper reportlng experlmentally a spe01al mode of hydraullc

fracturing of clays. They performed . .various: hydraullc fracture'
'tests in two. soft clay ‘deposits of dlgferent geologlc origin ‘and

‘they found that the fracture mode was not unique. Instead, two

1.

distinct set of fractures developed; vertlcal fractures radlated

out from the piezometer tlps, and cracks.%ncllned from 20 to

35 degrees from,h the hor120ntal formed an 1nverted cone-shaped

. fracture surface with 1ts apex at the top of the plezometer.

- N . . ' L] .
b . \
. . .
’ : : o
. 1 N
. _ .
/
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. The hypothesis that a unique fracture mode, that is, that -

‘only vertlcal fractures developed 1n normally’consolldatéd

clay, as BJerrum, et al, (1972) reported, was not verified. -

N

In the present the81s, a theoretical approach to the

‘solutlon of hydraullc fracturing'of over- consolidated clays

“is outllned

The analy31s uses the Mindlin formulation,

presented in the precedlng section of this thesis, and the

superp051tlon pr1n01ple

The -analysis . shows that fracturlng 1s the result of the

'hydraullc forces exceedihg the tensile strength of the clay

'which_sre indirec%ly related/to the in-situ stresses.

The mechanism of failure is assumed. to be divided into -

“two parts.

L 4

(see Fig. 5.4)

_“
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From the ground surface to the tip of the plezpmeter,

that is, case (b), the SOll 1s assumed to behave as when a -

\ plle in clay is being pulled out-'therefore, a solutlon for lf

thls type of, problem 1s glven, among others, by Poulus and

Davis ( 1980)

-

>




. 3Thls assumptlon is justified since the c1dy is over-consolidated.

_solved using the Mindlin formulation.
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Ny '

N

Furthermore, from the tip“o,f the piezometer to the interior -

of the clay, 'c':a‘Se (a), the soil is being compressed by the
applied hydraulic pressure. |
In this mode of failure, the change in length of the

pieZOméter during the entire hydraulic fracturing test is

constant since the piezometerlis assumed to be rigid in

com_par'isoﬂ witﬁ. the. soil. ',
_- The following assumptions are made in the szcudy of thils
mode of‘hydrat‘zlic fracturing of OVer-consolidate;i clays:
1) The soil is assumed to be iéofropic, homogeneous, !
énd Qf gonsiderable exten‘tf::}pmpared with “the dimensions of
thé piézome‘ter. l

< . 2) The soil skeleton is assumed to Dbe llnea.r eldstic.

3) The piezometer is assumed to be rigid, and with a

"l'ehgth great compared ‘to “E}Té‘*d;anieter. ,

’

With the assumptlons given above, case (a) ‘can be

£

Therefore consz.der the -case shown on‘Fig. 5.5

’
“

o
'

»
S B~ - o
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The Mindlin expression for the displacement in the z-

<~ ,di]_c'ectioh is given by:

(2=£)% 4 (3-MV) + 5-120+81° 4

w(z) = P
IETEI-0) | g2 R, R,
1
v o E?2E (Evmeat® + T Eq sk
2
oot 6§z(z+§.) }
R3 :

where for isotropic materials G =_E

(1+D )
¢

Let &I(g z) be thée influence value for a unit load atg

r

causing movemen‘t_w at z. That is, I( ,f,z) = w(z) « Thus,
e ‘ - o, N . . ’ P
equation 5.4 becomes: ‘ \
’ , ‘ ) J 2 . '
o T(gy2) = 1+ U (z-&) =2
f' 77- 1_2v § ('\ "'~ CRCRCRE B B ) + 6§Z§Z+f )
. ) R

. S 1 o :
: Eq. 5.9
' Therefore, the total dlsplacement 1n the 2z- dlrectlon due .

,4 to the - dlstrlbut d load along the plpe axis is:
w@ = [2(E) af g - &d-slo.a

to which the c‘omponent:

wz(z),=7Tr?u;;(_I,.z) 7

Eq“ 5' 100b
must-be added. '

Hencex w(z) = wl(z) + wz(z)

/

v T or, w _['gé ) g I(g z) +7Tr uLSL,zZ ‘ EQ- 5. 10-0} ,

Now, because any solutlon can be expressed in terms of

‘a, serles expansn.en where" the anm\mt of terms depends on the




—

7 =
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accuracy required, assume that the solution of P(.f) is given

in the form: P(é.‘ ) = bnén : ' ‘Eq. 5.11

-and substituting into Eq. 5.10.c we have:

w(z) = 1 (Zb fx(f z)A§+7Tr uI(L,z) )  Eq. 5.12

Therefore, the s\ollutlon' for the coefficients b, may be obtained
4 -

from: ’ , B . -
b (L I(E 12D+ by (T LI, 2AE) +
ot 'bn(sz‘x(g,z)Ag) - E w(z) Eq. 5.13

—Tr2uI(L,z) =

To ellaborate, consider (n+l) 2z points: 0, 24= L, 2= 2L,...,
‘ : n n

)
¢

n

Blg. .

Then, Eq. 5.13 reduces to:

b (RI(£,0AL) + b, (TI(£,0) +...+b(ZI JO)ETAL ) +
e f 1 ‘f 6

«ee = E w(0) = -TIr uI(L 0)

. . ) - m
b°<21(§..ﬁn;_)A,g>+ by (T I(E .%L_>§A§)+...+ by (T »mL)E N
... - Ew(mL) = - 7Tr?uI(L,mL) . Eq. 5.14
n-. n , )
The 'influence value, I, can be khcwn for a given Poisson'é .

ratio 'V which is a ﬁrope;'fy of the ma{:erial, and for a given

‘position of the load P, é’ Therefore,

i

l
|

‘ énobo + cn1b1\+_ e o4 0 -EW(‘n)

ZI(E z)gﬂf is equal to a constant, ¢

nz ",
\ Hence, . / L '
b + C 1b + -..-.'-—EW(O) = —7TI‘ uI(L 0)

o ’ . Lo .
.

\
‘-TrrfuI(L‘,L)“‘ N

=

S
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B %a,éily accounted for. i v

.61

If th'e‘.cihange of length,L is to remain constant during
the hydraulic fracturing test, then: = o \ ,
" w(0) = w(1) = w(n) = w | Eq. 5.16

. Therefore, the above set of (n+1) equations has (n+2)
unknowns: bo' bl’ ceees b ; and w. ‘Oné more équation is

needed to obtain a umque set of values. This additional

- equation makes use of the condition of equilibrium, which

s

is: , ,
A 1
P(£) =0 or, b 1™ =0 Eq. 5.17
g df , n o1 _ )
Therefore,
c =L; c. ‘=L2' c =13 5 ete
n+l,0 T ' n+l,1 5 ? n+l, 2 3 ' '

and if -7Tr2uI(L, mL) is denoted as Am' then:
N n ”

le)
(o]
(o]

o]
o
H

Q
o
1)

I
t
>

o

0
N
(o)
le)
n
'._l
0
)
N
[
t
1}
>
™o

© Eq. 5.18

®n+1,0 ®n+1,1 n+1,2°"

The above procedure is valid only when the -loading is'
rapid, otherwise, diffusi‘on of water at the tip of the

piezometer 1ntroduces another variable which cannot be

~»

|t it o ptntinmnn <o bon a s 4 Bl i 37 e -
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' .The .foll‘.owing' computer proéram'was dévelofed to calculate
* the stresses in the soil due to case (a) of Fig. 5.4 ‘only.."
T}xe data required 'by' the program is given below: '
~—‘Poiss<}>n's ra%tio for the soil, '
- Modulus of eiasticity for the soil, E, in psi. :
: - Length of pie\zometer or pipe, L, in inches.\ |
= Radiué' of pie'\zometer or pipe, r, 'in inches.
. - Water pressure, in psi. : \ |
: lA.*sample calculation is\\ given in Fig.5.6, and the computer
program is reproduced bélow. ) ', ‘ ° . |
) . ’ » ! : l\ L | |
‘ ) ) N g

b T U




430
631
635
636
6350

LI

E(I,) = E(I, L) + D(XI, N
AT 0 = E(T, 0
Z=7e0x

IF Z ¢ = L THEN GOTGO 420
NEXY J

nwevYy -

-
-

+

<

3 .

PSYMNTAX ERROR

ILXST, - .

100 PRINT *? POISSON’8 RATIO" L. -

101 INPUT MU )

110 PRINT "? E OF SOIL" . -

111 INPUT € o , '
2 PRINT "2 PIPE LENGTH" ' R V

+«Z1 INPUT L ) - '

130 PRINT "7 PIPE RADIUS"

131 INPUT A ,

148 PRINT *7? WATER PRESSURE" s

141 INPUT U ' . .

158 PRINT "NUMBER OF SEGMENTS REQUIRED" .

151 INPUT NS y ' .

160 DX = L / NS

170 "FOR I = 8 TO NS .

180 X = I = DX i

190 K1 = (1 + MU) /7 ((B = E x 3,14) x (1 ~ MU)Y)

200 K2 ®'(X — L) /- (A 22 + (X ~L) ~2)~1.95

210 K3 & (3 = % = MU} / CA A2+ (X — L) ~A2) ~ .8

220 KA = (S - 12 28U + 8 X MU A Q) / LAAD2 + (X + L)~ 2) .3
2308 K3 = ((3 - 4 x NU) = (X + L) A2 =2xL (LX) 2 XL AD) /(AN
X+ L)A2) A~ 1.5 ! '
240 Ké = 6 x X x | X (L + X) A2 / (AA2+ (X +L)A2) A 2,5
258 B{l) s <« 3,14 2 (A A~ 2) B U X K1 8 (K2 ¢ K3 + K& & KS + Ké&)
288  PRINT "Xm=X ’
2640 NEXT I

2786 I w NS + 3

280 B(X) = 9 ’ ' -

299 FOR I = 0 TONS + 1 , .

308 _ PRINT “B(“I*)«"B(X) -
310 NEXT I - '

318 PRINT »,» .

3146 PRINT “,» . - : -

317  PRINT ».% .

318 PRINT "X‘’M CALCULATING.DON'T BUC ME" '

400 FOR I = 8 TO NS

410 X = I = DX .
~420 FORJ = 0 YO NS

430 7 » J = DX N

A0 K2 8 (X = Z) 7 (A~ 2 ¢+ (X =2) ~2) 41,5

440 KI = (3 =~ 4 x NU) / CA » 2 ¢ (X = Z) A 2) ~ .5

479 K4 » (S = 12 5 WU + 8 5 HU » 2) 7/ (A*A2 & (X +2) A~ 2) 4.5
480 KE = ((3 = 4 x HU) X (X ¢+ 2) ~. 2.« 22T x (2 +X)» 2 X 2A2)Y /7 (ArA2 e+ (
X « 2)~2) » 1.8

490 Ké = 6 x X X Z 8 (Z + X) A2/ (A ~2 ¢ (X «2Z)A2) ~2,5
S08 C(Iyd) = K1 % (K2 « K3 + KA + K8 « Ké) 9

38 NEXT J .

540 NEXT I ' ’

600 FORI = ¢ TO NS v

6310 FOR J = Q0 TO NS , N

615 Z = ; .

620 D(I,J) & C(XI,J) 2 DX x Z # J ‘

o S




L

1079

REAL &
-870 U = NS +° 2
-688 FOR I = 0 TO NS
690 AT, NN = -~}
708 MNEXT I
710 I = NS -+ 1 | .
o 720 FOR J = 0 TO NS
730 ACT, ) = (L A (J+ 1))/ We
T 740 MEXT J \
750 FOR I = 9°TO NS + 3
768" FOR J = 0 TONS { 1 .
778 PRINT “AC I%,"J")evA(I,d)
780 NEXT J
799  NEXT I ,
791 PRINT ".: .
792 PRINT “.~
793  PRINT "IN cm.cm.num.o.x?"
794 PRINT ",
800 FOR I =0 TO NS + 1 .
910 ACI.NS + 2) = B(I) .
820 NEXT I
. 830 FOR I = 0 TO NS + 1
949¢ FOR J= 0 TO NS + 2
850 Z<¢o,J) = ALO,d)
. 068 ANCI,G = ACI,0 / ALIL.I)
. 870 NEXT J
© 980 FOR P e X « 1 TONS + 1
296 FOR J = I TO NS + 2 .
‘900 AM(P,J) = ACP,J) - AN(I,J) X A(P,I)
—— 9852, )= AMP )
P18 NEXT J | C,
.?15  NEXT P -
920 FOR 8§ = I + § TONS + 1 .
925 FOR T = I + § TONS + 2 .
930 ACS,T) = ANCS,T) ‘
935 NEXT T-
940 NEXT 8
,P43  NEXT I
‘950 FOR I = NS + 1 TO O STEP = 3 .
P35 FOR O = NG + 1 TOI +'1 STEP =~ 1°
260 SUN(I) = SUMCI) « Z(I,Q) = X(Q)
265 NEXT 0
970 FOR R = NS + 1 TO 0 STEP - %
973 X(R) = (Z(R,NB + 2) - SUR(R)) /' Z(R,R)
88 NEXT-R
7S NEXT I .
. 998 Fon:-usoxtoosrtr-x -
9% PRINT "ALFA("I")a"X (1)
- 1000 NEXT I
- 1018 ¥ = @
- 1015 SuUM = 0 .
. ' 1026 FOR I = ¢ TO NS . .
N 1030 BETA(I) = X(I) =Y ~ I
1040 SUM = SUM + BETA(I)
1080 NEXT I~
. 1055 88 = SUM .
1045 PRINT -'z--"r."sxom\-'n -
1047 Y m Y & .1 x|

IF Y < = L THEN: GOTO 1.15

e
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CHAPTER 6
CONCLUSIONS

-
*

The main conclusions that can be dpé.wn from this research:

study are as follows:

6.1 Analysis of the Flow of’'Liquefied Sand Deposgits

- The experimental and theoretical studies of the fipw of
liquefied sand deposits indicate that:
1. Mine. Tailings, which have a wide variation of grain size
distribution, tend to liquefy and flow over substantial

distances posing a threat to 1life and property.

2. The flume experiments conduc;bed as part of this research
study indicate that the extent of the flow of llquefled
sand is limited 1f the downstream slope is horlzon‘tal.
However, the steeper the downstream slope, the more

_critical a fa:.lure would be. ‘ , ’,A‘j/j.'

3. The s‘hape of the valley plays an important role in the

extent of damage that a .failure could cause.

t

4. The behaviour of liquefied sand deposits during flow is
non-Newtonian and iﬁan be best represented by the Bingham

P'l'astic Rheological Model.'

5. ’I'he perturbatlon techm.que for the analysis of lamlnar
I‘low of liquefied tailings developed by Jeyapalan (1980)

was found.to be appllcgble.

Y
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6.2 Analysis of a Special Mode of Instability of Clays due

to Hydraulic Fracturing.

. The study of the hydraullc fracturing of clays can be

concluded as followsx o

1. If the tesp is conducted in normally qonsolidated élayg.
then the‘probleﬁ is similar to the solution of a spherical

cavity as given by Bishop, Hill, and Moot (1§45).

2. If the clay is over-consolidated, then the hydraulic
fracturing will be in the form of a tension zoned as
observed in the laboratory experiments and as repdrtedd'

“ by Lefebvre, et. al. (1981).
4

3. The Mindlin formulation has an application in the theoretical
analysis of the ins¥ability of over consolidated clays

due to hy@raﬁlic fracturing.

4, The hydraulic fracturing is the result of the hydraulitc
forces exceeding the tensile strength of the clay which

are 1nd1rect1y related to the 1n—81ty stresses.

6.3 Suggestions for Further Research

The following topics are considered suitable as an’
extension to the study descrlbed in this thesis:
1. The earthquake flume can be modified to study the flow
failure of liquefied sand deposits in steeper slopes.
This createé an éxtré—driving force that w?ll require

different analyses procedures.

2. Further research is needed fojfind a reliable way of
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. . measuring the viscosity and the yield shear strehgjth of
' liquefied sand. T}jese two parameters are esseritial for
o the Bingham Plastic Model. ) .
Lo . . v' , .‘
' ' "3. The study of the hydraulic fracturing of clays can be
extended to the case where the loading is not rapid.
' | v, Jd "
M g j.
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