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Equatfons are'derivéd describing borehole‘prESSures~responsiblef
for the three cases of hydrofracture and the:threefcases of sToughing

failure possible during driTling. Equilibrium and thefMohr-Cou1omb

failure criterion are used in the derivations. The material is

assumed to be homogeneous, jsotropic and under gegstatic cond1t1ons

with a nonpenetrat1ng fTu1d fxTTwng the borehoTe. Hydrofracture

'nrnssuvn pred1c“1ons usvng theserequatwons correlate welTl W1th

"»average‘fﬁer;results,

-~

f;vminimum*predicted'va]ua for hydrofracture pressure.‘

One of thefmose-infTuentiaT material parameters which affects

‘these*equatiohsyii K' ‘No d1st1nct re]at1onsh1ps are found between

K and'other/mater1al parameters through Taboratory measurements

“of KO for nineteen soil samples. K_'is h1gh1y dependent'on material

0
type and stress history. K0 for Toading is constant and;ranged

'.from“0.48 to 0.71 for thematerials tested. To predict K‘1 during.’
" drilling, results of previous Taboratory measurements of K, must =
‘:'befcataJogue¢'fcr'the‘m&terﬁaT deing drilled. It must also be

'Aasswmaithamzthe material s normally consqlid&tedVthchryfestfa



iv

Two: complete sets of measurements of horizontal stresses
with induced: pore pressures show: the effech ver stress concept to be
erroneous. for predicting total stresses inm a parous mech umr with hi ch
pare pressures. The matrix stress concept which utiTizes ethbm unr

is showm te be more Togi ca::T and: accurate when- the area of water,

A‘w" is takem to be 0.7I.
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INTRODUCTION

K

Statement of the Problem _

When ther fTuid pressures i & borehale: becomes sufffciently hi gh*
cracks i thes surrounding formation are initiated and propagate away
from the welT im nearl ¥y vertical ar horfzontal planes. This process is
knowr as hydraulic fracturtng or hydrofracturing. |

[ntrusiver dike and siTT formations are Targe scale examples of
natural fracturing processes very simfTar- to the man-mades process af'“_

- hydrafracturing ( #.2%,3%)_ It s beliaved that pressurized magma
chambers. exfsting somewhere beneatir thes surface of the eartr act as
squrces for-thes intrusfons. The fTuid: pressure of the moltamr rock fnf--
such & chiamber increases. the stresses narwal to the chamber causing the
sumunding_ rack te straim tor the paint of fracturing. Onces the
fractures are inftiated the averpressured magma infiTtrates the crac.ks
causing & wedging effect wm'c!r helps ta further extend the fractures.. .
Thes magmee Ta;ter' cast and saﬁdﬂ"“ Tes f’crmng; & salid intrusive sheet.
SJmTar" cccuwences a.srsm appears' nr the Formatmm of salt drammsms

and mud vaTcances around: the warld (18, 26, 40).

Irr the formatiom of mtrusx ver structures. thes resulting Fractures
represent & rel’e&s;'mg (o energy from the averpressured sources. T’he -

maveTmume pressures wiichr coulds buTd up e ther source would: be thepressure

The styTe and: format of this thesis follows that used by therJournal
of® the Geotechnical E’ngmeermg;ﬂ*rwy on,, Amer‘rcan Sac‘rety af C:wﬂ
Engineers.. .
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necessary to initiate fractures m the surrounchng formations. Once the

cr'acks begin to propagate and -enough energy has ‘been re1eased thereby
sufﬁmenﬂy reducing the pressure -in the source, the crack pmpagat1 on

- will cease.

Knowledge of the magmtudes of ﬂmd pressures necessary for. hydro—

B

—fracture is important in operations where such fractures are mten-
s tionally induced, such as in oil and gas w.eﬂ stimulation, .s:queezev -
cementing, :wasd:e- disposal, The hydro--

fracture pressure is also important during drilTing operations for oil

and tectonic stress determination.

and gas epr orat'lorru In: this mstance unmtentmnaT hydrofractumng can

_ cause & loss of mrcﬁlatwn* and a drop in the borehole fluid 'leve'r
resulting in @ blowout from a ‘previously encountered layer. Therefore,
it 15 des;1 rabTe tor nrevent such & dangercusz and economc d’tsaster' by

mai ntan n‘mg the: borehoTe fluid pressure amt & Tevel which preven‘ts

- ﬂ'acture_af the surrounding material. To do this, the pressure

.necessary to fracture the formation must be constant] Yy known or pre-
d:i,cted: for the entire uncased length of the borehole. Although theories

~concerning hydrofracture pressure are numerous., -accurate predictions of

_'hydmfrac_:tufex pressures during drilling are rare ;because of & lack of

. knowledge of the material parameter's as well as a lack of recogmﬁ on

of the basu: mechanisms involved. ‘ - , 'Q

~s

The hydrofractures pressure is & func:tmn of the compressi bﬂ1ty and

f-“strengttr par'ameters of the formatior, and the initial total stress state

' "'mf the formatior. The t‘otaﬂ stresses depend upon the formation pore

- ~pressure&, gravity, and tec:tomc activity.

In the absence of tectonic

activity the horizontal stresses in the earth are equal in avery



st vy i et

directiom, which describes the geostatic condition. For the geostatic

~conditior, the ratia of horizontal to vertical stresses in the soi 1:

pd

matrix is the: Tatsvral- eartlr pressure coefficient at rest, whicir
is referred to: as Kc’
Pertaps the: most influentfal factor in the mechanics of hydro=

fracture is this ratic, K‘cx” yet very Tittles is known about its magnitude

_ at great depths. Because of the varfability of K o I the eartir, some

way of detamfmng; this value for the surrounding material during cﬁn«

tinuous dritling ts needed..

Objectiver

The goats of tirfs researcir are as folTows:
, T R theurye far- hydrafracture pressure pred:rctmrr wilT be derwect:
base;& ore mecttantcs. mvu:Tvect: wmcm may na:!: haves beers considered by

-

previous authcrs.. K

Z. Labaratory tests will be used to analyzes the behaviar of Kb;
far~ varfous matertals under conditions wirich may exist ir the earth*.;k -

This r’s dcne fms are a-ttempt tw ands @ re]‘a;ti anstﬁps be‘tweem K’ and
‘matemaﬂ? patameters witiclr wiTT enmable the estimation of K‘ f’mmz

Tnformation om:ameda from cuttings during the dr‘rTng: process..
Ther completiom of these twe goals wilT afd i the estma;t‘rorr o‘F' the

Tacatrze& stress stater under geostatic conditions and Facﬂrta:te & o
continuauss pradfctiom of the hydrafracture '




,e’“«}
R

Ta

CHAPTER I1

THE SIGNIFICANCE OF THE HYDROFRACTURE PROCESS

-AppTlications of Intentional Hydrofracture

v

Intentional hydrofracturing was first applied to .Squeeze- cementing

‘operations prior to the 1940's. Squeeze cementing refers to an .dherati on
._whereb&__drﬂ]’ stem casings are rigidly cemented to the wall of the bore=

- hole by pumping cement or grout under high pressure through perforations

. in the casing. This process cam hydrofracture the surrounding formation

~ allowing grout to infiltrate the cracks which adds to the rigidity of
. the casings (58). This same pmncw'le is used inm prestressed rock and
soil anchor- instalTations.
Hydrofracturing is used -extensivel y in stimulation efforts in which

tt_xert fractures are induced to Jincrease downhole permeabiTity to enhance

~ the flow of petroleum or' natural gas. Clark (12) first introduced this

-‘concept td'tt{ef, "petroi.ehm@- industry inm 1949. Recently, "massive hydrauﬁ..c' |
fractures" have been accomplished éxtend‘ihg; as far as 3500\ ft (1067 m)
radially from the well (43). Presently the success of massive hydraulic
fracturing ‘is relatively unpredictable because of a general lack }of '

A uhderstandi ng: of the fundamenta]'.~mechan1' cs involved. i

Hydrofracturing is sometimes used to decrease the fiow of water

?thmugh* or underneath earth dams. This is accomplished by drilling a =~

- ser"res of haTes as'[ong the dam and ther injecting each fole with grout

.until hydrofracture occurs. The objective is ta form a conti nu’du's'

R

"curtain® of fractures along the dam fiiled with 1mpemeab'le grou.. which

intersects the channels of fTow through the: dam (50).



qu- cost,. high volume: void spaces created by massive hydraulic
fracturing have been used as industrial waste disposal reservoirs.. Thi s
applicatiom has gained wide: acceptance and: has even been consi derecﬁ By
the: Atomic Energy C’oumsm amr as & means af disposing of radicacti ve i
matertals (23, 44). . | ‘ \‘-_
Hydrafracturing has alsa beer used as & means of determining i e
situ stresses at great depths (19, 21, 24, 29, 45, 46). It is assymed:
that the fractured formationr fs eTastic within the r&ngé af stresses
used. The basic i?d'eas,,. ther, is to determine the principal stressegz by
g entaring ther knowr pressures necessary te fritfate fractures andPaisson’'s
R o 1 o mtn: equatians of eqm'ﬁbr‘rum for eTastTc ma:ter‘ra,Ts.. By revers~
— ‘ ing this basfc idea,. the hydrofracture pressure could be pred:rcted: TF

—-Lthes stater G:F stress af’ thee formatiom were knowr or cau,Td: ber predf cted:
~ (45). | |

Dangers: of Unintentional Hydrofracture During OriTTing

Are accidental hydrofracture during driTTing causes & Toss of the
detTTing fluid te the fracture. FTufd ctreulatiom ceases and the - -
height of the columme off muds i ther hole drops, consequently Towertng. the
downhole: pressure. Ther fTuid pressure necessary ta propagate one oF_-‘
theser cracks fs usualTy mucir Tess tham thes pressure needed tao i”n‘i"cj‘étQ

- 1T, and: therefore the fracture will continue to extend until the FT::fd;
pressurer acting at ther Teading edger of* ther crack fs below thér pressﬁré.
necessary far- propagatiom. Thes FTufd pressures at ther Teading edge of
ther crack: decreases nat: onTy: becauses of the decrease im downhale |
pressures but &ls@ hecauses of frfctiom encountered by the fTuid aTong
the sides of the cracie (2ay. |
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As the cracks propagate,the fluid level continues to lower, and
drilling crews continue to pump.‘ more and more drilling mud into the:- hole.
In addition, they pump & variety of additives <into the hole in an ai:tempt

'1:0 impede: the openings of the cracks. Such an occurrence of hydro-

. fracture is often uns1gna'l‘led and may catch a drilling crew by total

.z

-

surpm se,

If no zones of abnormal pore pressures (i.e. pressures in excess of

"hydrostati C pressure) have been encountered in the well prior to hydro-

fracture, the fluid Tevel in the hole would eventuall Yy approach the

~ natural water level after circulation Toss. However, it is obvious

that if abnormally pressured zones ﬁwere:zpene?trated;, the decrease in
fluid pressure in the well would allow a réleasing of energy from the
overpressured formatian possibly resulting in & catasftfophf‘c blowout.

Not se obvious is the fact that a blowout could still occur im the |

absence of any abnoma:]ﬁ pore press,ures:.f This could happer if a porous

sand Tayer containing pore water saturated with gas im sol ut'n on was
prevmusl y intersected by the well. When hydrofracture occurs and ‘thev'
~ fluid pressure in the well drops.,, the gas may be allowed to pop out of =
soTutnon* in the form of gas bubbles.: The gas bubbles may be so
abundam: as to decrease the unit wei ght of the fluid in the well enough

that it cannot even accommodate hydrostatic pressure. An ensuing 'bi_'owo.ut

»_71’._& then highly possible. According to Dave Powley of Amoco ReS'earEh~ -
.Labaratories (42‘),_; this is & relatively common occurrence fn"of‘Fshare'
-'drfTTing:‘ opera:tfohs. Im most cases, however, closure of blowout pre- _

..venters keeps the weT'l under contro'l until a special crew can be

mob'fhzed and enough heavy mud is mxe¢ to ¢i r'culate into the welT and



agaim .e_s.tahlish-- the proper pressure gradient.

[ order to decrease the: possibilities of unintentiaonal hydro.u-;__‘
fracture,. the pressure needed: to hydrofracture thes well must be accufite=—
Ty: predicted during det1Ting. If it is predictsd that a parﬁcul’ar‘s 'N
segment of the well is weak and highly susceptible tao hydrofracture,

thenr casings carr be set and: dri1Ting camr proceed safely.

4
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.THEORETICAL. CONSIDERATIONS OF HYDROFRACTURE
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3

: 1'n_ the Earth

. Importance of the Existing Stress Field in the Analysis of Fractures

It is the existing stress 'F'xe‘ld in a formation which most affects

» the behavior of soil or rock during natural fracturing and hydro-

~ fracturing processes. Assuming the -formation to be ‘omogeneous and

_ isatropic, the orientation of fractures is. dependent upon: the direction
and relative magnitudes of the three prinm‘:p'a».'l stresses in the:_ eaf‘r__'th"ss,
Crust. _ | i

Hydrofractures are usually considered to be -extension fractures:
(24) wmch are the result of extension strain. Such frac:tures are
'___omented in planes perpendicular to the least principal stress. Because

extension fractures are'directly dependent upon strains, a constitutive

relati onship describi ng the stress-strain characteristics of the

material is needed to predict borehole pressures responsible for the
. development of these fractures. Unfbrtuhafte'f y stress-strain relation-
'ships are not Iava-'ir]ab]'ee. for soil and rock during drilling.
o Hydrofréctures may also be the result of shear failure. In tms
: case the fractures are ori ented as shown in Fig. 1 with respect tor the

pr'mc'rpa'f stresses. Shear faﬂure can be described by using a faﬂure

crﬁ:ermrr writter anly im terms ch stresses, thereby avoiding the need

] for stress-strain relationshi ps.

Jv o

. The: relative magnitudes and directions of the principal stresses

in the earth's crust depend not only upom the material but alsg om the



. extansiam
FT“&C‘EUP&

' she&f'
fractura
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Fig. L = Qrtentatiom of Fractures with Respect
te Princtpal Stress Ofrections
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. assumed to occur in horizontal and ver't'lca‘l dwectwns. Assum‘mg;_hpﬁ—f o

10

prevailing geologic conditions. Tectonic activity can be responsible
for altering these stresses, as can erosion and deposition. Neverthe-

less, the three principal stresses in the earth's crust are usuaﬂy

 zontal and vertical orientation, eight different combinations of the

.

"‘-rjel ative magnitudes and directions of the principal stresses exist.

- Three of these combinations, shown im Fig. 2, appl y to geostatic con-

' ditions where both horizontal principal stresses are equal. In the

other five combinations, shown in Fig. 3, the two horizontal principal

~ stresses are not equal, due to tectonic activities. Note that the major

| principal stress, GTT"; can be either horizontal or vertical. Also shown

in Figs. 2 and' 3 are the corresponding orientations of ‘extensigon_ and:

~ _'shear 'Fractures which would develop under failure conditions.

Irr each case there must be axtension stram in the mrecm orr O‘F the:

“ minor principal stress and contraction strains in the{ direction of the
_major principal stress sufficient to cause failure. Failure can be

_defined in n‘.ari_y ways. Often failure is assumed to occur when strains

-continue without an increase in stresses. Others assume failure occurs.

‘w1th a complete loss of cohesion. The 'Faﬂuree criterion does not con-

‘sider whether exvtens:ion‘ cracks or shear p'lanes deveﬂ'op ‘Fi"'rst.' :

- In order to predict formation behavmr dur'mg drﬂhng or durmg

'-hydrofracturmg processes, the existing or predm Tled stress *F1e4d must

...ber knowrr ar pred.mtect, Several field methods have been 'tﬁ'ed; for

measurmg m S'rtu, stresses in the earth, yet mast of these methods

_a.‘_‘-,measure only single components of the stress field, or & stress ratio

(25). Because of the time 1nvo1ved and difficulty wwth which these
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~

- measurements. are made:, direct methods could naot be useful im predicting

hydraofracture pressures: during drilling. In order tao maintain continuous.

dri1ling with & minimumr threat of unintentional hydrofracture, am "c
indirect method of constantly predicting the Tocalized stress fi eTcif__.is

needed..

Vertical Stress Jeterminationm

If the state of stress fs geostatic, the total vertical stress_‘fan* v
& matertal im ther earth s equal to thes pressure induced: by thé wetghts
of the celume of overburder above the material. Therefc.re, the vertical
stress carr ber calculated: by integrating the unit weight of the matema:T
withr raspect ta deptir as follows:

wheres: crw‘ = tatal vérﬁcat? stress (avef'hurdem stress)
Y = tatal uxﬁt wetght of matertal
z= deptw vertical coorchna;te.«

| TFrrs ca'fcw'[a,tmm s routinel ¥ performedt ctur‘mg: dri1Ting ust nq:
matertaEl unit weights obtained from density Togs.. Density Tog data TS
gathered using formation densrty toals deS.Tgned& to measures Fcrma,t'l o?r
 densitfes i sitw (6C) - S

Thes averburdem stress gradfent s usually about T psi/fe (2Z.& kW
mz:/n?)' af ctem:m, and: many times e gpproximating the overburder stress &
gradient af T psf/ﬁ:(ZZ.&kN/m?}m)ﬂ fs assumed constantiwhich corresponds

tx @ constant matertal untt weight. This assumptiom,howevers cam result
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in significant error, because in many cases the overburden stress qgradi-
ent is found to be substantially variable with depth. Eaton (15) cites

gradients around 0.8 psi/ft (18.1 -kN/m-Z/'m) near the mudline and ‘mc‘r'é'a’s-

»'mg to slightly more than 1.0 psi /¥t (22.6 kN/mZ/m) at depths. approax:h‘mg

10,000 ft (3048 m).

-

' stress was de*F‘med hy Terzagh'r (5%) .as_the?;' total stress minus the tore

~

- ‘Effective Stress and Matrix Stress in a Porous Mediumv..,,w,w_m,... N

---  --Soils and rocks- at great depth are two phase materials ccnsmtmg
. of solid particles and fluid which Fills the pore spaces between *the

“solids.. Because of, this the total stress im any direction is a combina-

tiom of the stress transmitted by the solid particles and the stress due
to pore pressure. In describing soil and wock stresses in the earth the

"effective stress"™ concept ’ha's become the most widely used. Effective

. N

- pressure,. and is wmtten as:

¢=?+u - v e e m e v e e e e & % 4 ‘4- o ¢ e e s e e '(-2)

Wh-ef'eg' o = effective stress ' S | SR
| ‘o = total stress

= pore pressure |
Gersevanov called this effecﬂ ve: stress the. "fictitious

stress" anct expressed the above equa.t1 or in tensor' nota.t:rcrr as reparted:

by Scheidegger (47).

.Because the effective stress concept does not cons1 der the areas’

over which the individual’ stresses act, this concept does not sat'x sfy
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equilibrium. For this reasom Skempton (52) and Tater Thompson (56)
used equilibrium to relate stresses in a porous medium which yields the:

fallowing expression: , o mw
e = T AL+ UA P 9
crAt GSAS % - e . . (3)

where og = Stress acting across gr&fn-—'ta-graﬁ m contacts ( inter-?
granular stress) | |
| A’t = tataﬁ a:éea af any surface thraugh sail
Ag = grain-ta-grafrn contact arsa |
A, = arex am wivichr pare pressure acts = AT"" A
This equatiaorr carr alse hee writtemn as:

By Tetting. A“t =T, A:w» becomes & dimenstornless ratia for water area per>
unit area of sail (fwazter and: mineral)
and: ' =R T = matrix stress = force transmitted by thes saﬂi

matmx: per~ umt: arez QF saiT.

LT L i o A St - AT R e

yields. oracr"” #ﬁ}fu, e e e e e e e e - e .. e e e . v < (5)
Nates that if A_ =T ther the matrix stress im fg. & is identical to

ther effective stress i Eq. Z. | | . '
It is generalTy acceptedr ttrad: some: Fm‘rtev are& across grai n-to- o
grain. cmtactswstsas showser fre Fig. & (3T). Labaoratory me&sux’ements.
h&ver showns this area te range from zemz te 3.3 ( 7, 3Z, 52, 54). Because
aof” the- difficulties and urrcer*tamt‘res Tnvalved ir making these measurea

ments, there ig d:rsagreement as tor the ma.gm tude a;rrd.: importance of the
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contact arsas..

Im considering total horizontal stresses, the effective strass €on-

cept implies that:
T T S (&
Tk _( )

where Ty, = total hortzontal stress

;;r = effective hartzontal stress
Lf the pore pressure is changed and the: effective hortzantal stress held
constant them

A0, P A e o e h e e e e e e e e e e (T)

However,, accarding te the matrix stress concept: derfved from equiTibrium:
. L2 e ' e e e e 8, )
O*hs‘o'mi"‘“%u': .ﬁ..».r..-.‘...k-.,.‘., (8)

wheres 0'}";; = matrie hartzontal stress

| Cﬁangfngg thes pare pxressure wiriTe halding cﬁ; constant should yield:

Er 7 would matchr E¢. % anly i R, =T implTying thats Ao=0. A
refatively: sfmp?’é‘ procedure of changing ther pores pressure and: measuring
ther changer irr total stress gfves one way e which the waters area cam bes

determined. This procedure was performed irr the experimental portiom of
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this research and will be discussed im Chs. VI .and_ VII.

Literature Review of Hydrofracture Pressure Theori as e

In scaled down laboratory fracturing tests Ha1mson (21) ﬂ'lustrated

' - the comp'[ex1ty of the hydmﬁ'acture process by shovn ng that the crack

-1m1:1 ation pressure is 1nﬂuenced by *the« cnmbmed effects of pressuri-

-zation rate, hole geometry, depth of penetra‘h on of the fra,ctum ng 1 u1d
tensile strengtfr of the formation, and most mportanﬂy the state of

stress surrounding the hcﬂe.
In 1957 Hubbertand Willis (24) used-elasticity theory to describe the

state: of stress around .a borehole pf‘i'or“ to hydraulic fracturing. They

then ignore this anal ysis to formulate & simple equation for predi cting —

fracture propagation pressure using & monpenetrating fracture fluid.

Thef point out that since rocks are usually intersected ..by one: '.of'more—i
" systems of joints and bedding Taminations, the tensﬂe strength of a
- 'Foma.t'z on. is essentially zerc- In the Fformulation, effective stresses

| are used and: 11: is assumed that the major principal -effective stress is

- in the vertical direction.  The Teast effecti ve stress is horizontal and”

_'1’ s. _sajd;_ to be proportional to the vertical effective stress. Therefore,

—

. T ',,f‘,;v(m)

.- ~where K = ratic a*F harizontal to vertical effective stress

e‘F'Fect'rve vertical stress

,Lfé-{ubbert and mm«s; (24) make- the: gross: assumption that-for normally con-

solidated formaﬁons: the value of Kc} ranges from one-third to one-half.

P

D e b i g

P VR
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As a failure criteriom it is assumed that fracture extension occurs when

the injectiom pressures exceeds the formationm pore pressure plus thef;,_,

N
Bl

Teast principal effective stress. Therefore,

F.=u+g

T h=wfgﬁk~w;-»,m.,,,“-“..,@m

where P# = horehu]’e pressure necassary to propagate: fracture.

[ T967 Matthews and KelTy (34). attempted to: improve the estimation
of K by replacing it with am empiricalTy derived term referred to as
the matrix stress coefficient, k. This coefficient is generated from
vaélues of fracture initiation pressura zlready obta:inéfi:« for & particular
_geagraphtc regiare. They found that k“;f decreases: with depth for th»:e_ y
Texas and: Loutsfana GuIf Coast areas. A substantial amount of fracture
- data frome anr area must #lready soist T 'dr;fer' to determine the relation-
ship of g WECh deptir.

I 1962 Eatom (14) ré;ﬂace& Ky of ther formatiomn with the veteranm
exprassiam from efastic theory relating Ky t® Paissan's ratie,. v,

assuming zere straim im the harizontal direction. This expression’ is

K‘z*m - e e e e e . e e e e e e e e e e e e e . .(_12)

-

This introduces thee a:ssump»t'i‘om that the fractured formatior acts as :éﬁ* :
elastic matertal wiricir,. for- Targe strains,. could prove t@ he fraccurate.
| §cﬁ¢f¢eggar (4&) , T 1967, used:s @ two-dimansianal approactr fre am
attempt ta determines the? stress state irv the eartht’'s c:rﬁst from ﬁydraw-v

Tic fracturifng datz. He used elastd City theory ta describe: the stress
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state existing at the borehole wall for the fracture condition. The

following equations result for penetrating and non-penetraﬁng fluids:

(i) Penetrating fluid

- P22 Bogg=opp) Lo (13)

(i1) Non-penetrating fluid

P: >3a3-c22-»u R 6 '8

..Wher@ Pi’" = i-nj-eéﬁdnr pressufé?necessary to iﬁit‘fa‘te fracture
oy, = intermediate total principal stress
0*33 =minor tota'( principal s*tres&
In‘ both cases, o'zz and Ugg Are assumed to be: in the homzontaT di ret:tmm
The: inequality signs areg used here to: take into account posswb‘l& tensﬂ e
Strength of the formation. R - - ‘
| et Tyﬁi'cél'iy" the crack propagation pressure is less 'than the crack
initiationm pressure. A typical bottom-ho'fe pressur-e curve: ﬂ‘lustrat‘mg
the d'xfference between the pmpagat‘f on pressure and initiation pressure

is- shown in Fig. 5 (46). If it is.assumed that the propagation pressure

is equal to the Jeast principal stress, then from Eq. 14 it carij’ber

~ .

. ish_owm that the crack initiation pres'sureel is greater than the propagation |

pressure if,,

Y ————. i A THE
5 R €1 R
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~ fracture initiation pressure. Assuming that the major principal 'sft»res-s
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During the same year Morgenstern (37) published a paper in which

~ he postulates that the hydrofracture process is, in general, a shear

failure. He uses the Mohr-Coulomb failure criteriom and the effective

stress principle but ignores equilibrium in deriving an equation ’F;ST;

1 s in the vertical direction, he expressed the Mohr-Coulomb faﬂuré

“criterion 1‘*n~ terms of effective stresses in the usual following manner

for active failure where the horwzonta] strains must be extension and

the vertical stra1 ns must be contraction:

‘@, + 7 T, -7, : |
v h ‘: . = V h - . e . e g | et
T Sitg¢=s—5—-ccose ....... - T (16) |

“where ¢ = angle of internal friction

C = ¢ohesiom

o Taldng; the% usual definition _df“ Kd for the earth stresses at rest,.

Morgenstern (37) assumed the horizontal effective stress +o be:

<°.»h = Koomvg K‘a(c.v‘u) s e e e s e e e e e e e e = ¢V.~ »(lT) V

_-‘whickr requires the horizontal strains to be zeroc. This is inconsistent -

with the assumed strain conditions of failure.

For the fracture condition the principal effective stresses- m

' -terms of the: fracture initiation pressure, P1._,, are:

e T T, ™ P P U v e v e e e e e e e “ e e i e e e o (18)
o Oy T 9y »PT» LL ‘(18)
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—ce.

%‘F:Gh"'gi T e e (19)

where: ;fo:’ and: E:ﬁf»'f = vertical and horizontal effective stresses -

at failure

Substituting Eqs. 18 and 1¥ inta Eq. 16 yields the fal Towing equatiorn ‘_Ffo?'

fracture inittatiom pressure:

T+l€sok o" (1=K, )

F. = ¢ ( m ccatg+ruw- « . o« o - o o (20}

i W

" Ire 1967 Haimsom and: Fafrhurst (20) considered: hydrofracture as @
twa~dimensional problems and: assumed: the: farmatiomr tz be elastic.. pcr?auss,..

tsatrapfc and: homogeneous. Haimsor and: Fairhurst used one set of

| éqix&tfcns te describer twa hartzontal principal stresses before the
‘barehoTe s Tntroduced.. They them used elasticity to derive ancther set

deffring stresses fnducedby driTTing the barshale. Since fTuid flow
througie porous: media fs: méfagcus ta heat conductiom through solids,
ther authors mades user off the thegry of thermoelasticity to derive z -
tmm set: af equations deffnfng the changes im stress due to x penetra-
tiﬁgg FTuf@ Usfng ther pr‘f’n-cmTef of superpositior these three sets of

‘equa:trcns weres comiyi nett ta yteld the fallowing expressions for the :

stresses at the wall of the borehale: e
T (ZL)

Tg = T3z * Ty = Z (o3g - Oyy) COS Z & -ut (@, -u) -
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1-2v e e e .

-a (P,w,.»" u) prva R R (22)

Tf,fo” S e e e e e (23)
where: 0. = total radial stress
- o, = total tangential stress

Teg = total shear stress

Pw = borehole pressure

B - %22

= intermediate (majcr-'-hoﬁzontaﬂ) affective ’princ;ipai' stress. -

?33 = minor (h'ar‘izontaJ) effecm ve pr‘mm pal stress

& = polar coorchna‘te around: borehole

C’ = rcck ma:tmx compress*xbwhty

Cb: = rock bulk compresmbﬂ‘rty

qu 22 is the only one: considered, since it is only in this equation that

the effective stress can become tensile. Hence, to maximize s Tor

.~

&= 0, m: _
. ' 0. =35, - By - u + (P‘ v;U) - e (P, = u) 3 -Zv c e e. (28)
o - - 8T 33T %z " o
or, in terms of the effective tangential stress: — "
3 33 ZZ += (P}W - w)(Z—w .T:;) R (25)

e «Fir‘acture is induced if 'c?éb»eq.uals or exceeds the tensile strength of the

formation, o., therefore: | e
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PO - S
iﬁ Z - T""'Z\I

T=u

U o e e e e e e e e .. (28)

A

.l
. -

A similar analysis of the stresses around z borshale using t‘hgé -
theary of° thermoelasticity was made by Geertsma (I7). He paints ouf
that Tinear elasticity is assumed: because of a Tack of knowledge d‘F"thef

~“rhealogical properties of sedimentary rocks. He tdent‘:ﬁes: a need ta
replacer simple e»I astic canstants ir the chuTat‘x o with more r’ea;'I 1st7c:
parameters.. |

Im 1972 Efgemn: et al. ( 92) analyzed the protTem of hydrofracture
dumngr fre sttw pemeatrrﬁty test'mg.. I the: tests &.pfezometer is

T forced: Tt thee safT which fnduces additionaT stresses i the sumund'e- '
ing saiT. Bjerrum acccuuts for this by introducing twe factors, ai'T' sandu
Sym which depend: pmmm‘l}g are the saiT comgvess‘: bTT'lty., The hartzantal

eﬁ"mve stresss amun@ the mezom&ter“ ares givesw asz

e o (27)
g = (ToBp)K T e e e e e e e e e (28)

where o= effactive radial stress

'?&_ = efFécti:ve tangential stress | ‘_. .

Lf thes fTuids pressure is tow great during am im situ permeabiTity tést

. the safT may eﬂrttrew fractures ar- ber pushed: away From zraund the pvezonrw
etay (tm"s Ts termed "blow-aff™) and: ther fracture. The aullior uses
elastfcity reTattonshfﬁs: tx farmuTate eguations deffning the FTuici; |

pressures: needed: for- twe separater conditions of fracturing. The first
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equajti or describing the conditions for vertical fracturing prior to

blow-off is:

Po=l-1) {op + (1~ 8y) KT} +u . . e (29)

S

- The second equation for vertical fracturing after blow-off occurs is:

P = (1-v) {ot+(2-ez+e1) Koyl U = e (30)

Later in 1972 MacPherson and Berry (33) made a qualitative study

~ of hydrofracture pressure gradieemts and empirically determined that

fracture pressure appears to be related to the sand-shale ra:tioo-‘F the

*Fonnatron- They found that for decreasmg percentages O'F sand in the

formation ‘the« fracture pressures increase. It --wasa also found that the

-~ fracture gradients in .abnormaﬂ'l Yy pressured formations differ very Tittle

;;;;;

ﬂ‘om those: in normally pressured formati ons. _ ' : T

Anderson, Ingram and Zanier ( 5) continued wﬁ:h an anal ys1s of the

effects of shaliness on “Fracture pressure in a paper published in 1973*

. ,'Theser authors derived an expression for fracture initiation pressure -

very- similar to that of Haimson et al. (20) involving Poisson's ratio

»..ﬂ.and porosity of the formation. They concluded that -Fracture ‘pre'ss'ure

.

E is sensnt'lve ta sh&hness because PO'!SSOT! s ratio is sens1t1ve tO '

;f.vshal iness.

.- Im 1977, ATthaus ( 3) made am empirical analysis of several sets

. ._:“'-of hydrofracture data and cond uded that the fracture gradient is

.,_mdependent of the formation pore pressure gradient and dependent only
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uporr the earth's stress field. He also wrote that the fracture pressure
is the highest pore pressure which & formation may possess. When the
pore pressure exceeds the fracture pressure, the earth fractures. aﬁé«f

energy is released ta permeable beds..

4
Y
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CHAPTER IV

HYDROFRACTURE PRESSURE BASED ON EQUILIBRIUM
AND THE MOHR-COULOMB FAILURE CRITERION

Method of Analysis

e

. Failure occui‘s if the fluid pressure in the borehole allows ‘the-

fstresses»» in the formation surrounding the hole to méet & failure cri-

‘terion. If the pressure in the borehole is too high then .a loading mode

- of failure, or passive failure, corresponding to hydrofracture occurs.

If the pressure in the borehole is: too Tow them an unloading mode of*

failure, or active failure, occurs which is. referred to as a spalling

©

or ~'s££o.ugh*ing failure. There is a range of boreho]e pressures betbueen _

. these two modes of ‘Fa’rTure For wnich: borehme« stabﬂny is maintai ma.-d~~

If the borehole pressure: during drilTing were ‘ﬁ'rst decreased

- -~

‘enough‘ to: allow a sloughing failure to .occur, and then

- -Increased .again, hydrofracture would Tikely occur at a much Tower

pressure thangb,e’forea This is because -& fractured zone would develep
around: the borehole during the sToughing failure. Therefore it is
;impottant to know. the borehole pr;essures/ responsible for both modes of'
faiTure. | | |

For either mode there is a failure zone or plastic zone, of radius

b, developed around the borehole as iTlustrated in Fig. 6. Beycnd
- fithe pTastic zone 15 ar elastic zone i which the radial and tangential
'stresses approach the predrﬂ'led stresses when the radius; r, approaches

Minfinity.

Jumikis (28) used equilibrium and the Mohr-Coulomb failure
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,cr‘iteri'o'ri to describe stresses in the plastic and elastic zones .around
a circular shaft in rock. Westergaard (61) used the same approa.cig to
study - instability arounda a borehole in an attempt to determine vwhé'&?'
_cdndit’inns are necessary to keep an open borehole stable due to rar":t_:ﬁ-r
ing of the surrounding material. Both authors assumed a spheri caf'
o= 1)

The same basic approach can also be used to analyze both the-*'

-,

-‘*pr;edriﬂed stress state (i.e. K

) lprotﬂ_’em: of the loading mode of failure (hydrofracture) and the unload~
ing mode of f'ai"lurer (sToughing) during drilTing. |
) To simplify this analysis, the formation is considered to be homo-
geneous. and isotropic and the fluid in the boreh'o:'fet» is assumed to be
nonpenetrating. Th;e;*. analysis employs anm axisymmetric approach in ;-.-whi.ch‘-‘
the borehote ts the axis of symmetry. ATT eguations involving stress:
are written in téi‘_ms; of matrix stress, o', as defined in Ch.III. The
“-matrix principal stresses are assumed to. occur in the »véfti'.cal".;, radial
and t‘angenﬁ'a;l directi“on.s around the borehole as s-hbwnf in Fig. 7.
"’Th_e;‘verti cal matrix stress, oy s assumed to be constant for a g‘x ven

depth and computed .as follows:

' _‘\ - ‘ . . - 1 .
Gz,‘ ’ ‘YTZ Awﬁu~ - - - . ° L o o - a © o o e ” o LS - L (31)
-Geostatic conditions are assumed which implies that the predri 'Hed
_}.hurizo-nta:] matrix stresses are equal ?m' gvery directi orf to: ché.‘ By
- defimitior of principal stresses, nao shear stresses exist om planes =~ °
_ T perpendicular to the directions of Tpr o and o, Given these direc-

~_tions for the matrix principal stresses, six combinations of the major,
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intermediate and minor matrix pri ncipal stresses are possib}-’e as Tisted
in Table 1. The magnitude of the borehole pressure determines which
" of these stress states exist around the borehole. For cases 1I and V

_the wertical stress is a@lways the major principal stress, which implies

_ ‘tha:t 'K' must be less than unity. Simitlar] Ys in cases III and VI ‘the

yert'l cal stress is always the minor principal stress, which 1mphes tha‘t
K must be greater than unity. »
: Dependmgﬁ. upon the stress state, different forms of the failure

cm‘teriorf must be considered in conjunction with -equiTibrium. As shown

. by Tschebotarioff (59), the genera'f form of the Mohr«-Cou‘I omb: failure

~ criterionm can be written as:

 0‘-[.[, ~Aigz3 =8 I ’f s - o v(32‘:)

“:or in terms of matrix stresses,, ’ ' ' T o T

T Y <

where o7 = major matrix principal stress

033 = minor matrix principal stress

1 +sine

- ST S e
AT, ‘_tan (,4594»%) I ‘

—-——-——L]zc_cgfn ™ Zc tan (45 -4-%) C T

~—-The faiTure cmtemon wirich: apphes to eachr oF the six possible s‘tress

.'-

states ar'cund the borehole is Tisted in Table l Fa.ﬂure

under these- stress: conditions results in hydrofracture for the first
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where compressiom is pasitive. The folTowing general solutfons for

three- cases and sloughing for the Tast three. The resulting orienta-
tions -o'F‘ the: failure planes are also shown in Tabler 1.  Horizontal
fractures, as described by cases III and VI, only occur near the ;f."f'-'

surface (24)..

Formulatiom of Equations Describing Failure Around & Barehole

Thes equatiomr of static equiTibrium for the two-dimensiomal

axisymmetric case, im terms of matrix stresses, is:

radfal and: tangemtial stresses im the elastic zone,, satisfying E‘q:'.f 32&,, :
ts giver by Timoshenks and: Guodfer (57) and: s attributed to Lame:

v T .
Wre=$tgrz~ ““““““““““““““““““““““ (35)
o a%*’*% ....................... (36)

where & and: I arer canstants to. ber determined ﬁ*’cm boundary conditions.

Thes constantt B is eva:l‘ua;te¢ ﬁ’osm the condition that o' e and o' se

approachr thes prectrﬂTed hortzontal matrix stress, K c z> 38 thee rad,ms,

r,. approaches infinity sa thats Egs.. 35 amt 3& care bes writter as:
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Since the failure criterion is not involved inm Egs. 37 and 38, »

- - these relationships are identical For all cases. However, the coﬁstant
- Dwill differ for each case.

_'. For case I the matrix princi pal stress configuration d:x ctates that

the fajilure criterion be written as:

" For the plastic zone Egs. 3% and 39 are combined y1e1dmg the ’foﬂow~

ing first order differential eguation:

a0l (x=T)ol
B s =SR-Sy 7 =

L

_Th1s d':ffer'ent'ta’( -equation and its solution differ for each case
- _because the failure criteria differ for each case. The solution ts. Eq.f
- _.;'.4&_ results in the following equations for the radial and tangential

_ Stresses in the plastic zone:

" (T; -, | o ~
rp ‘f".]-'.“)‘:’ L S R T .). .: el e . LA S (41)
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“;x»“i‘A'" L v wlC PP ne e . (42)

where: A is & constant ta be: determined from boundary conditions.

~The: canstants A and O are eva:Tua;ted:i by: equating plastic and e]‘}_l\;t‘i‘c

stresses at the plastic-elastic boundary im the folTowing manner:

at r=p
A - 3
e (43)
o ol
and T I I T - . - (44)

whfczr results fne twm equatfons withr two: unknowns,. A and 0. For case:. L,

ther resulting expressians far A and 0. v terms of b, are as folTows:

g |

(—=T)K at-=|
- A £ AoZ . v - . (26)
E—

X

[f ther pressures fre thes borehoT e, P{*’? falTows the matrix stress concept:

IS TETTows = S | S
F'w*gs%l&w'@ ...... - e e e o e - (&7)

wheres p = thes portfore of baorehaler pressure transmitted to the soil
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maftri‘x
" then the radius off“t‘hef plastic zone, b;;.'iﬁs;. f’ound by Tetti ng c rp =P,
for r = a, and thensolving for b, yielding: _ o
| T kot + BN |
ZKOO‘Z*‘A:T_.‘)\ e
< ] o Ji_ )
- b= , T . . . (48)y
B —
PrrT »

- The Timiting matrix failure pressure, pe, for which failure ;b'eginsl

- -at the wall of ther borehole, is determined by lett'rng b=ain "-Eq.“ 48

and then so't ving for p. This y1e»1ds

-

.;Zl'l('focriz",, + 8 , a : ' . L e
p= pf;=-—1—*—r—— o e e e e e e e e e e e ‘.",,w , - (49) : -

Thez same expressmn can be: obtamed by Tetmng pf = c‘ when °re ahd'
ee satisfy the f:-n Tur'e cm‘terwn for r=a. Theiv ‘hmtmg*: borehole
“pressure, P..r » Tor which failure or fractures. are iﬂ'it'i’éﬂ:edﬁ,\ s written:

as:

Pi =p;F,.+vAwAw R IR (50)

’, - This same derwat'xon is made for each of the six cases hsted‘ S

‘Tabﬂe 1 ("p:. 33). The resu?t'mg expressaons f’or ol A, D and

re’ 'epf”‘

s m are summar‘rzeck for &Il six cases in Taiﬂe Z. ~ The expre"s%’ﬁbns “Far""

o ‘Dw are tabulated in Tablee 3 for all six cases.
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TABLE 3 - Expressions for Limiting Borehole Pressures

Case Limiting Borehole Pressure, !1‘1.

(ZaK, = T)ol +38

. o z .

IT T + Aw_w

IIT Ki@q'z' += &w
if ant onTy 1F: Aol + & =K ol

. ZK@ )

o T+x = Al

W% K' Tz T RL
i and: onTy: 2 cré - g = degfi

|28 (2K Aoy & + A u

41
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Analysis of the‘f Resulting Equations

The expressions for »Pﬁ_ are perhaps the most important -.expr'ess;'ip‘ns:
obtained from these derivations. This is. because ?*r dictates the bore-
. hoTe pressure which must be maintained during drilTing to prevent ’-:gn

Tunintentd oria-T failure around the borehole. The material pararheters_ Kb,"'

! ¢, ¢ and Yr determine P j for each of the six cases. To ‘prevent -hy_dro-w N

fracture, the borehole pressure must be kept below the Towest value of

P; @s computed from cases I, II and III. To prevent sToughing, the

.. ‘borehole pressure must remain above the highest value of P as computed

from cases IV, V and VI. '
-- . Even if the material parameters are constant with depth , different
' failure modes may occur first at different depths. This is iTlustrated
in :Fig;.r 8 where a profile of “F'1 for 'hydrb:fhatturé is drawn. Note
_that P, isTeast for case I to 2 depth of 240 Ft (73.2 m) indicating
. fh'a:!: the mode of failure’ described by case 1 occurs first to - depth
“of 240 L ( 73?.2 m). However, "P‘T., is least for case II below 240 ft
(73.2 m),, 1"nd‘i'cati'ng}. that themode of failure described by -;fa;s& I S

- . occurs: first below a depth of 240 ft (73.2 m). Case 1II is not

-~ ‘applicable here since Ky is Tess than unity. Different sloughing~ -
failure modes are a"l‘sq: possible at different depths. | |
'. ~ Actual field fracturing data: taken from several sources: 'shows;’,.. :
f the; average: hydrofracture gradient to be abou;i: 0.82 psi/ft (18.7 kN;/- -
_ nx?/m) as shown im Fig. & ( 5, 16, 53). ATsa shown in this Figure
.:..,'_ re twe: hydrofracture: pfoﬁ"'!es-; computed using the equations in TahTe 3.
-“I*‘i'hese brofﬂ es: show the variation of P‘-_i with dep‘t’hf assuming |

typical material parameters which are constant with depth. .
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Hydrofracture: Pressure, P;, psi
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One profile is for & material with no cohesiom and the other is for a
materi'a'T with @ relatively large cohesion. It can be: seem that th_ege—
two: profiles form & tight envelope around the fi eld data, indicati ng"}‘
that the theoretically derived equations predicting hydrofracture b
pressure fit actual field results very well.
A- varfatiomr i the matertal pérameters; Kd;" ¢, C and Yo cam charrée:
the: predicted hydrofracture and sTcugtﬁ ng: profiles significantly. FfWo: v
sets dF‘ hydrofracture profiles are showm in Fig. 10 for Ky values of
0.5 and 0.7 with &lT other parameters constant. T’hé Targe difference
ir the twoe sets of ;szﬂeé ilTustrataes the dramatic infTuence of K“o_,,.,
emphasizing the need: for accurate predictfons of Kg during dr#"rTTing,}:
SimiTar ch‘tfferencesa' &ls@® result fur & change i ¢. Changes frr ¢ and

Y dre muclr Tess substantial.

»
o
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CHAPTER V

LATERAL. EARTH PRESSURE COEFFICIENT AT REST, Ko e

R

Importance: of Ko- i Predicting Hydrofracture Pressure

Most natural sediments are deposited im almost hortzontal Tayé;;:s.
of Targe lateral extent. The consaTidationm which takes place due;td:t
the wefght of the additional sedimentatior occurs under conditd ons‘;“of
essentfaﬂf zerw Tateral yield. Under these conditions, the ratia of
. hertzontal toc vertical stresses tr the safT, transmitted througir thee
solid matrix,. is termed: the Tateral eartir pressure cdefficient at rest

denated: by ther symbal K%‘Q;.. [rv terms of effective stresses, Ko; is

writter asc —
T o
K =B e . - - - . (5L
@ =" T w '
Tp W
Ir terms: of matrie stresses,. Ky is wettter as:
SR ST -

A C e e e e e e e e e e e e s S

assuming A*;#_ is the same irr the hartzomtal and vertical directiom.:_Note
that for w = O ther twe: definitions of I(:m aree assentially T'denti‘c:a:ili? 1
The terme i% s orﬂ?yé applicables to geastatic conditions where
hortzomtal stresses are equal i alT dfrections, as {TTustrated im Fig.
Z (p- TT). Imr additfam, these stresses are assumed to be pm ncipal

- stresses, implying that no shear stresses act im the horftzomta] and
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0

B -:Qy:erb.urdem stress. Relationshi pS 1nvo:T-v1'ng Ko anrf: ma::em'a} properties

-
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vertical planes ( 6).

The influence of K on hydrofracture pressures was ﬂ‘lustra:ted in
ig. 10 (p. 46). The magnitude of K, can range from less than 0<.5‘ to
_ greater than 2.0 depending upon the material type and stressvh‘is:t_:éry-
Th-‘is further illustrates the need for accurate knowledge of the miégm’-»
‘tude of K for hydrofracture pressure pred1c:tt10ns during dmnmg.
Direct measurement o‘F stress in situ involves disturbance of the

" material afid of the stress state. Therefore, it is doubtful that

_jr'e."l‘i_-aiﬂ'c-:w Ko determinations can be obtained through direct measurements

" 4in the field. For this reason laboratory tests -have been the main
source of information on the state of stress correspondi ng to the at
- rest geostatic condition. To ob:ta'm accurate values o'F K dur‘mg con-'

tinuous drilTing, a- way is needed to indirectly predict K from:-

_ material properties determined from cirttings and know’fedge of the

which wﬂ"l enable such indirect predictions must be obtained from

~ Taboratory experiments.

Devices for Measuring Ko in the Laboratory

Measurement of 'K in the laboratory requires a device Tn whi cth- the

material can be compressed vertically while being fully restrai ned in

. the hor'lzonta] direction by boundaries which do not set up verti ca‘[
. shear stresses. Varfous devices ha.ve beew used for this purpose over
the- yearé,, A summary o'F pi'oneer attempts to measure KO‘ in the Tab.ora:_-"-l"’ o

e tcry prior ta 1950 15 gwen by Tschebotamof’f (59)- In Tater years t'h‘e.v

devices for‘f measumng K became much more sophisticated.
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Im 1962, Bishop and Henkel ( 8 ) used a triaxial cell to measure Ky
for sa..nds and: clays. Inm these: tests lateral strains were moni tored: by
& special Ty designed: mechamical Tateral straim indi cator. The change
i hed ght of & columm of mercury in this device signals lateral s;tr@ nS.
I order te maintain & conditior of zers lateral straim the confi n-‘ﬂfg;
pressures i thee celT wass adjusted and: recorded: for- various levels ~ci?’ﬁ
consalidation 'strgss- "

fn: 1977, Moare (3&) performed: simiTar tasts om sands and si 1ts
Ir theses tests he usad: straim gages mounted: o & band: of fail surround-
r’ng thes specimers ta: monitor~ strains. This “Tateral defarmation sensor®,
zs Tt was called,. was mucte mare sensitive tham the Tateral straim .-

- TndTcatar used by Bishops andz Henkel ( 8). ‘

Ther advantages of theser triaxial tests s that vertical sheax.; o
s&éssesa are thes baundary: of* ther sampler are essential Ty nonexistent.
Howevers, megsurementss aff K T thes triaxfal device haves anTy beem made
for* reTatively Tow T’evefg af* stress. The maximume vertical stress
- applfed: i the triaxtal tests by Moore (36) and Bishop et al. ( 8) was
anTy about: 100 psf (69C kN/m>) .. L

Ones types of dewices whic has beerr useds tor measu&av léd_ by several
fnvestfg&tars is & spectal Ty designed consalidometer with & nu.I‘T«tjp:e
canfining ring as showrs in Fig- 11 (10). Om the stainless: steel ..
confining ring are mounted: straim gages: ta manitor Tatera] 'strai' Y’f-s.‘;ji.‘_' ,
QfT pressure autsides thes confiming ring is adjusted to maintaim the.
‘candftione of zerm Tateral strafm.

Ther advantages: a:F suctr & dewicer ares that very Ta,rge axtal strains

e thav samples cam he tolerated and high Tevels of averturder s;tress
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can be used. In 1963 Hendron (22) used this device for several sands
with a maximum axial stress of about 3600 psi (24,840 kN/m?'). Dg_rj*_i'ng;
the same year Davisson | (13) #sed it for undisturbed samples of ¢i€ya

511t carried to axial stressas .of about 5300 psi (36,570 kN/m )-_ ‘

same device was used two years Tater by -'B‘moker and Ireland (10) "for

e

f- _éemo.'lded: clays under axial 'stresses up to about 2200 psi (15,180 ‘k‘N/mz) .

The main di sadvant‘ageﬁ of -an apparatus such as this is that shear
' stresses develop due to friction ;amng 'theé boundaries during consolida- -

tion which implies that the condition simulated 'I'nAthe device is not

 the Ko condition. Just how much this condition di'ffezrs from the tr.uef'

Ky condition and to what extent this affects the results has beeri a

. topic of considerable concern (30,36). The larger the zmagmtude of the:

friction wm ch emsts ‘on' the boundaries of the: samp]e,, the more ef‘f"ect
IhTS wﬂT have on changmg the stress field duri g the J.est- |
In 1969 Obrcian (38) designed .a: special Ky measuring device in
, wm'-ch,.v ring friction during consolidation can be measured. This device
f has a split énnﬁning_fr'i ng across. which strain Qages,, are mounted to

monitor Tateral d-efomatinm The -conditionm of zero lateral strain is

mamta,med by adjusting screws with calibration proving r'mgs a‘ttached

to measure the nul'l force. The friction force is measured by a split

. _rfi"ng‘_. dynamome.ter;. Obrcian (38) subtracted a portion of this measglred,

- frictional force from the applied overburden to account for s.'i:d'ew‘éj'T

. frictional Tosses throughout the sam‘;'ﬂie; Using this device, Obrcian

g tested sand samples to -ax»»1"a.7£‘ Toads 61’ onTy about 140 pé‘i‘ (966 ki/ mZ)
He concluded that although the measured ratio of horizontal to verti ca1
stresses 1s theoretmaﬂ_y not an exact va]ue of K the measured |

frictional resistance is Tow enough that it may not have significant
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effects.. |

An impertant contributiom to: the questiom of fri ctional ‘S'tresig.;:
magnitudes at high Tevels of consalidati ng stresses was made: by Ak;:;T
(2) im 1960. Hes reported measurements of ring frictiom during cd;j-:s;‘l'i-;'
datfom af clays to axial stresses exceeding 20,000 psi (138,000 kN}m«Z) .
Ir theses tests her determined: that ther ring frictionr amounted to: & B
maximumr of about 7 percent of the applied: averburdem. However th'e:iv

significances of boundary frictiom i Kd. measurements at high Tevels of

- averhburder stress has nat beem analyzed:.

_tm 1973 Shert and: Strazer (4%F) used z device very simiTar to that

of Obrctam ta: conduct: tests an sands and: clays im & study of the effects

of stress history oK . This dewice is called the Urrfversity oF -
Washringtor Stress-Meter. The onTy magor difference im this devices and:
the oo useasdt by Ohrofap (38‘)" is that ring frictior canmot be determined
using ther University of v'tasnfngtem Stress-Meter. Ther maximum aver-
burder stress use¢ frr theser tests was are thes order of onTy & fow
hundredt paunds: per- square incir..

" Determinations of® wa for- remalded Bearpaw Shale were made in 197’3,'

by STngit,. HenkeT,, andt Sangrey (5L} using @ standard oedometer with & |

modification al Towing measurement of Taterzl stresses im the samm'eé-
ddm‘ng cansalidatior. This was done by using & small annular chamt'j;er
machineds inte thee canfining ring and: separatsed from the sample by & 4
fTexible tefTarr membrane.. Using fTuid pressure and @ null indfcatar
thee condFtfar of* zere Tateral strafr was mafrtained. The maximum
overturders stress was onTy about T0Q ps¥ (690 kN/m2). |
A& stmiTar- apparatus was used by Abdelhamed: and: Krizek (L) im
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1976 to determine Ko for kaolinite up to overburden stresses of about
250 psi. Instead of an annular Chamber this device employs :pres';._;_qre:
transducers mounted in the wall of the apparatus to measure lateral

. StresseSm

The general procedure followed in determnmg K ‘For* a mater'ra‘i has
| been to 1oad a samp'(e in steps all owmg the excess .pore pressure to
totally d:l. ssipate for -each step. At the end of each Toadi ng increment
the« total homzom:‘a'f stress is recorded at which time the next mcrement
of consolidation is initiated. | This same incremental procedure 15
foﬂowed for- un] oading.. .

It has been Shown: by> TUmerous: Taboratory mvest‘r gat1 ons. that K 1’5

unToadi ng as shown in the typical plot Uf“ horizontal stress versus

. -vert’i‘ca:'i' stress in Fi»gf.'l'Z" (10). For any point along the Toading and
unToad'mg path K is simply the hcmzonta‘i stress divided by ‘the

vertical stress. The Tinearity of the data for TQadJ ng is an Yndication -

. of the consistency of Ko; for loading. In general -K0 for '1oadi‘ng'“1""s:‘ o

~ reported as the average slope of this loading .p_ath. A summary of'

| R pubTlished: K, values obtained in the laboratory for normally consolida-

. ted mater‘rals is *Found im TabTe: 4.

aver the years various attempts have been made to relate K ‘Fcn"r

Toachng to. some property of the matem al. Jaky (27) pmposed; the

Tl

'Y following equationm for' relating K'o_, for a normally consolidated soil to

the drained angle of internal frictionm, ¢:
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Hendron (22) showed that this relationship fit his test results of sand
very «ell. Brooker and Ireland (10) showed that the following @jéﬁnnm _

- ship is perhaps more applicable to clays:

.o

-

K,=0.95-sine .. .... e c e (58)

- Fig. 13 graphically shows how these re‘laﬁ onsh%ps %‘it various. 'rsefﬁsz of
OK‘.J test results for normally conso?kidated soils plotted against ¢. |
' ConsiderabTe scatter of the data exists in this ‘p-]’(;'t indicating that ¢
- s ndt & unique ‘parameter 'Eor-'" the value Kb“ | Furthermore, it 'i;s' injt_er‘-

- esting to 'notef"th'act_,sri\nce the: value of ¢ decreases with increasing

' 'stress them according to these relationships, !(Q should: increase

“. with stress (3I, 4:8). "Thi'&; trend s not observed in past K.d“deténn'ina%
© tions. | |
_Qther attempts have been made to relate K to the plasticity index
' af’ the: material. The work of Brooker and I‘re.'l.-and.‘} ('10’)'5’hows:i @ i/e&

.. good carre]‘ation‘-'between»Kog_ and the plasticity index, PI. However,

‘Bishop ( 6) reported a similar set of data which showed no such unique
~_relationship. Both sets of data are shown in Fig. 14. -~ -

~. - Since K does not remain constant for unloading or,more specifical-

-.- . Ty & rebounding sail, some investigators have tried to somefiow relate

--. K, to the stress history of the material. This has beem done by "=

- observing. the change in Ko_y with the overconsolidation ratio, OCR,

,where*,’the' O.CR\' is the maximum stress the soil .hvas; ever been exposed td, '
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divided by the present stress om the soil. Brooker and Ireland (10)
show that K mcrea,ses; withr the OCR asymptotically approaching the value '
of the: passive: lateral earthr pressure coeffi cient,. K‘j The: val ue Kp |
obtained fromr the cohesiomr and drained angle: of internal frictiom QF
the material. -
Schmidt (48) Tater used: severaﬁf sets of unloading K'Q datz to. %’tudy

the effects of ther OCR. By platting K“ versus the QCR om & Tog»‘ro'g:
sc&Ter e showed: that & str&'rght Tiner could ber obtained im most cases. .
This is showmr by the twa sets of cta;ta Tr Fig.15(48). He fits & straf ght

Tine througir the datx using the f"a;T Towing power* Taw funct‘mm

vgherer l%?'m'- = Kf”o: Far.‘* refound

K = ﬁ:r.'-' naormal consalidatiomn
S @

% = factor depending upomr safT type -
Schmidts (48:) nqted: th&t tmse relatfonship may not be accurater far migh
. kva:Tues. of thee QCR whiclr is demonstrated: by the curved: path which
Bishop's data falTows fm F’fg;._ 15. Very few measurements of Kd:

have beerr made for- samples that haves beerr reloaded after rebound,f&g;.,

. .

Therefore:, ther behavior of K:dg_: for refoading has nat beem examined:

adequataly (4&).
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Description of Testing Apparatus

In most maﬁ né environments. the: elevation of the mudline is :?
constantly being altered due to the com‘b.i ned: processes of s-edi'mentati orr,,
—aposior-and cansalidation. Therefore t{l& overburdemr stress om &

particular sedn"mént: 'i.s continual Ty changing - usuaiTly increasing.. _L“h*
order ta study: the: behavior of & sediment im the Taboratory, am '. -
elaborata high pressure consolidation system was developed wirich
simulTates this process of progressive burtal and continual consaﬁd-é;t"rom
Ffg. 1& is & schematfc representatiom af this experimental systenm.

' Twa: basic differences exist betweenr the expeﬁﬁrentaﬂf simulation:
system and: ther actual procsss of progressiver burial. The first is }t;he
peﬁod:_aﬁ timer inveived. The experimental process takes only & mattar
off days to simulate 2 geatcgfd process wiriclr may occur- aver thousands
of* yea:s.{ The secand: basfc ctiffereme s the tem&emtﬁre at whiclhr theses
processes cccur.. [ir thexearth a thermal gradfent exists of around:
_T',I“F/Tﬂoz.-ﬁ:' (,Z“CZ‘TOG:* m): of deptir om the average*(35). However all of the
Taboratary expeﬁmem:m::f'cm ir this researcir was conducted: at roon;t: oo

temperature.

%

- Ther mxjor constituent of the experimental system consists of & high

pressures consal idometar simiTar ta the one used by Hendrow (22).

b

A schematic drawing of the> consalidometer is showm i Fig. 3.7‘ :

LAt

-

The= cansol fdometers fs constructed: of stainTess steel ta prevent
carrosiamn dues te thes salfnfty of ther pore fTuifd. [t fs desfqned ta -
handTer safT samples Z.% fre. (6.4 cm) i dfometer and up ta 3.0 im.

(7.6 cm) im hefght. Conditions of double-drainage are impased during

consal fdatiom by means of carbarundum pdmus stones positioned above
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CHAPTER VI
EXPE-RIMENTAL PROGRAM "‘f““
_Scope: of the 'Expéﬁmehtaﬁbnr ~ S ,M
. The experimental portion of this research is designed to stud'y_ the

“lateral stress behavi orof various soils under conditions simulating

those expected in the earth at depths of up to 10,000 ¥t (3048 m)

lnfonnam on-on the following items of concern is to.be gained ‘From the

~ experimental results:

T. The behavior of K at stresses h1gher* than have prevmus‘l"y

| been: accnmphshed during K tes:t'mg* -

2. The:- effeci:s of boundary friction on K detemma tions at h1gh
Tevels of stress.. |

3‘.‘ The correlation of these results with past proposed. mel‘aftirﬁn%
sh.i'.ps:ﬁ.‘i»ﬁvol v1ng -K . material :type;» and stress h“'i‘stdr:y'.

4. Th@ corre] ation of these results with any n‘ther rel at‘xrmsm ps. |

| _.nat already proposed.

5. The» behavior of K durmg reloading. ,

- 6. The magn1tude of Aw as used in the matrix str’ess concept.

.. This is done» i an attempt to find a way of 'pred's ct'mg the 'magn'i tude-

~-,"of K _during. continuous drﬂ'l'mg which will :aid in the predwtwn of ‘

,iboreho'fee pressures for which fai Ture is induced in the material

"surroundmg the borehale. : o T -
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! T ] | {
}Z — = ¢ max = 50 psi ‘:
,I -n -
Datz from two tests orr .
Ory Brasted Sand
. Performed by Bishop (&')’

LS

] 1 {
T Z » - 1T 20 4Q
- QCR
ls I I 3 i

T, mee = 3300 gst

|

Datz from two tests am: -
Pennsylvania Sand
Parfarmed by Hendrarm (2Z) |

i 20 4
acR

B VSR - R

Ffg. 1T - T’yrrrcal‘ R’etatmnsmps Betwaay Kg an OCR ag Qbserved

by Schmidt \43)
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and below- the sample.. Changés i sample height can be determined at
any time during a test by manitoring am extensometer attached to thg
upper- and: Tower- pistons. | ‘_’

Une of the umiquer capabilities of the device is to measure TateraT
stresses exerted: by ther sampler under- conditions of virtually ne Taterad
~ straim. These stresses are measured by contralling str&ins ina ttn‘rf |
stainTess steel sleeve surrounding the soil chamber. | The: walT thick-
ness of the sTeeve fs only 0.04C in. (0.70Z cm). A tiny eTectﬁ‘ca:Tf
straimr gager fs mountad at midheight o ther outer surface of the sleeve.
The: ortentatiom of thee strafm gager Ts. suchr that m'rnu,te r'ad':x gl motions
camr ber detected: at ther gagex paint i the slesve. A— temperature comperr—
sa;trng gager is mounted: orr & cantilever attached to. the sleave to - |
eliminatesr pcssftxfe effects of* smalT changes i temperature. Ther stfé.w’ ns
are monftared: om a Separate strair indicator umit mouwrted. o thee
 Toadfng frame: . | |

Are annular- cawfty surrounds the sTeever enclosed by rigid bound—
arfes. The cavity s FilTed witl automatic transmisstor FTuid which h‘-a:s.'
& Tows viscosity and s & poar conductor of eTectﬁcfty,eﬁmfnatingz: thé
- posstaiTity of* eTectrical’ sharts i the straim gages. By altering th@
fTuid pr’&&sure» e thes ammular ca:vrty,, & condition of na Tateral stra;m
car be maintained. The fluid pressure cam ber changed: by ?ncreas‘in@:_’
the Toad om @ separates pistom-cylinder device called the PNI ( Presfs&%e@
NulTiFfcatiam Dewtce) showr fm Fig. 16 (p. 66). StainTess steel
tubsing Tinks thes ammular- cawity withe the PNT.. |

By kﬁowfng;- thex magmtudeaf‘ stmm' T the sleeve,or the fTuid

pressurer necessary far & nulTed conditfor of straim,. it is possible ta
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determine the horizontal stress wexerté,d by the soil sample. This is
done by referring to one of two calibration curves. The low pressure
calibration curve in Fig. 18 shows the ma-gnfiftude of -c’ircumferent‘iiﬂ ”

_ Sstrain, g, expected in the sleeve for a given homonta1 stress *Frnm

~within the soil chamber. For the ‘low pressure determinations no fluid

” pressure exists in the annular cavrty, This allows the sleeve to expand
free] Y. In order to prevent plastic deformation of the sleeve the

ci.r;umferenti.a] strains are kept below 400 microstrains which cnfre.-f

sponds. to 2 horizontal pressure of about 400 psi (2760 kN/mz)y. For

- p'ressures.'exceedi ng 400 psi (2760. :kN'/mz) the pressure in the annular

- cavity is increasedt to nulTify all strainm in the sleeve. The high

pressure cahbrat'xon curve in. Fig. 19 shows the ‘magnitude of a *F'Imd

pressure, pn, necessary: in the annular x:av1ty tc mﬂ'hfy the e'F'Fects of

o a part*: cular horizontal stress ms1 de the so0i] ;chamber Both-of these |

rel ationshi ps were obtained by 1ndw::'mg & known hydrostatic pressure in

water within the soil chamber and recording e‘r"ther the resulting strain
ar* the pressure in the -annular cavity ne-cessary to nullify the _‘strafi'n-.
B,o:th' reTaf*t'i:ons-hips"-are% linear with outstanding correlation with ‘.the»”
calibration data. e e o
Another separate component simil ar to the strain null dev1 ce IS

used as a backpressure device to induce a known pore pressure within

~~the soil chamber for & particular- phase of the experimentation. During
: ,,'.,_t'nis, phase the backpressure device is linked to the top and bottom.
- .ad_r:aﬁinage outlets with stainTess steel tubing as showrr i the schematic

-drawmq in Fig. 16 (p 66) -

Another* unusual characteri st1c of the consohdometer is that it is

& ﬂoatmg ring, type wmch means that the entire confining ring assembly
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can be moved vertically with respect %a the soil sample and the pistons.
This enabl es positioning of the sleeve such that the pcn"nt of str&i_@;.i.,
measuraneﬁt is always aTigned with the center of the sample-.. Anotﬂ;;
advantager of the fToating ring is that the magnitude of the ring
frictiom car be detarmined. This is done by appTyi ng & vertical Toad:
to the fToating ring assembly by means of a single removable Tever:'u |
arm. This vertical Toad is increased until vertical motion of the: r"*?ng;
begins.. The force resisting vertical motiom of the ring assembly f§
equal ta the force due ta frictiom betweern the pistans and the sTeeve, |
and: the soiT and the sTeeve. A partiom of thes ﬁ’ic‘t“ic‘naer force is them
added: tx or sulxtractecb.ﬁ‘om ther averturdemr Toad as showr i detail im
Appendix [TT. | L
A ma&jor setback i develToping thé experimental systerh* was im ?i‘ﬁct«
ing seals and Fittings wirichr cau'f“di wi thrstand: fTuid pressures from zerw
t 1Q,00Q pst (6%,00C k&[r@z)? and still be adaptahle to. the testing
apparatus. AlT of the valves,, fittings and tubing used are manufac-
tured by the Higlt Pressure Equipment Company fm Erfe, Pennsylvania.
Eachr of these Ttems is desfgned: ta withstand: fluid pressures in ex’éeéé
of 1C,000 ps-.f' (6%,00F kN/ruz).. Ther sé&Is used: amundi the pistons fm
_eaclr of the dewices described are teﬂ’ orr coated U-seals manufactured
by: FTaurocartors i m i.".osz ATam.tus,. Céﬁ’fbmi‘&, These: se&Té were: Fou;'mf;- |
t ber virtualTy Frrct:TonTess everr at higv pressures. A special pi’ué;
was. designed: te transfer the fours electricall strair gager Teads from ar
enwironmerrt: of” extremely highy FTuid pressures ta atmospheric pressure.
This special fitting fs showmr ir Fig. 20 .

Te inducer pressures,. three separate Toading mechanisms are
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replacgd: and pushed downward until slight contact is made with the soil
grains. i
AlT of the samples used in the experimentatiom contaim seawa.tef""?as
& pore fluid. Three di fferent prepara:m on techniques are used depenm ng
upom the type of soil. ,
Oner type of samples tested was cleam sand. These samples requi Fef

1ittle preparation. The soiT chamber is filled with a seaﬁa’cer’ solutiom
and: the clearr, dry sand is them slowly paured inta the ch*ambeb at s—
placing the excess seawater until the desired sample height is reached.
Ther sampTer height ts recorded and Tater used to calculate the initial
porosity. This methad: of preparatiom results im & high initial porasity
of ther sample witir T7ttTe ta na entrapped: atr. _

| A secand: types of samples tested was und‘rsturbed: clay cores. Ag&m
TittTe ;mep&ra,tmm s re.qurrect. These samples are intttal Ty extmded:
ﬁ‘c_mz Tucrte caring tubes. = Onerend of the extruded sampTe is trimmed
flat: and: thes s"rdes af® ttze',:.core ares trimmed to the same dfametsr as the
safT chamber. Ther core is cut off fTat at z desired Tength and: them
Pushed inte ther sofT chamber until it contacts the bottom pistom.. - It
is assumed: t&&t therdegrees of saturation in the undisturbed: samples is
very highr and no attempt is mader ta fnsure 100 percehft: saturatiom.
The mafstures content s detarmined: fromr am adj acent portior of the. g;ére
whicke is used te calculata initial vparo'si-ty, “ - :

© Thes third: type- af® samples tested: was remalded: cTays and: day-»sapd:
mixtures. Theses samples ares tharaqughTy mixed wittr & seawater solutiorr

until & sTurry is obtained. Sinces ttri"s.‘procesvs.v eritr?aps & cénsri derable

‘amount of atr tm the saiT pores, ;a‘s\/é;}iuun& is applied whiTe the sample



74

. X . -

incorporated within 'the»»experimental system. Each loading mechanism
‘cons*ists of a deadwe1‘ ght compound Tever system. A deadwe‘i-ght 'lrever-'-
system was chosen over a hydraulic loading system because mo x:ahbra:t‘l on
'.13 needed to f‘md the applied force. Onl Yy the distances between the
‘A,:‘Flg,'fcnums, and 'the vpm nts :a'F Toad' app'l‘i-cati on are needed to detenn‘i'nef the
i‘l‘eVer arm ratio. No hydrauhc regu1a:tors or pressure gages are needed
‘which makes a lever system much less expensive.
A One of the lever systems is used for app'hcmon of a ver't-xcal N
load to the consohdometer. Its lever arm ratio is 80 to 1 and it is
capable of applying an overburden stress in excess of 10,000 psi
(69,000 kN/m?) to the sample. v | -
Anuther of the Tever systans is useﬂ to app'! y @ load to the PND.
Its Tever arm rat‘xo is 47 to ‘! and it 15 capabie of producmg a mﬂ'h-
| fication pressure up to T0 000 psi (69, 000 kN/mz) o o |
o The third 1ever system is used to apply a load to the backpressure
V;dev1ce, Its Tever arm r'at':o 4s 100 to 7T and it is capable of producing

a pore ‘pressur-et within the sample up to 10,000 psi (.69,000 rkN/m?").

- Preparation and Placement of the Samples -

- In placing a samp'le in the soil chamber of the consoli domeft:.er" the
top pi s.ten is removed and the confining ring as-semb,f y is hel d;vup_.b':v;_
:'ti‘ny- screw jacks. The waTlls of the confining ring are coated with
- cas;tor' oiT to reduce rmg friction. Twor layers of fﬂter paper are e
"pTaced: between the: sampTe and the porous stones 'to prevent washout o-F

-~ ~the: samp'le through the: top and bottom dramage outlets during consoli-

dation. After placing the sample inta the soil chamber the piston is
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Weight is added: to the removable Tever positioned on the floating ring
assemtxly 'uﬁtﬂ downward moﬁ'o:r of the assembly commences. This wei'_gnt.
is recorded and is: used to alter the applied overburden load as shov;r;
in Appendix ITL. Am additional consolidatiom pressure is them appT’iie_.rt

and the entire cycle: is repeated.
This incremental Toading procedure is continued to & maximumr corf-»
solidation pressure of around 10,000 psi (6%,000 kN/mZ) . The samplé |
is them fncrementally unloaded and alTowed to rebound. The same measure= |
ments. of height change,. Tateral stress and frictior are made for
unToading. Somes of thee samples. weres subjected: to sevgmt of these:
Toading and: danofadingg cycles before completely unloading and removi ng:
them from: ther consalidometer.
Upare removal of & samples the total weight of the sample is record—
ed and: & partiom of thes sample TS aven-dried: ta deterftine the Final
moisture content.. This data is used imcomiinatiomwith the dfal read—
mgs and specific grawity deftem‘ina,t?ons te calculate sample pamsi ty

throughout: the test.

Procedure far Measuring A,

Ther purpaser af this phase of the experimentatiom is to detemiﬁé_

the magnitude of thes water arez, ﬁ:w, for twa different matertals wﬁ:h- &

S

range* v porgsities..
For~ theses tests thes backpressures dewice fs Tinked ta the top and:

bottome drainager outTets. The procedurer is exactly the same as Tor Kd:

 determinations except that one additfonal set of measurements is made

for~ eachr Toading increment. Thts additfonal set of measurements is the
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is agitated for several ‘hours to. rémovec the air. The slurry is rthgn
slowly poured into the soi7l chamber unt‘i"l the desired sample height is
reached. The moisture content of the s]urry is detemnnad 'S0 rtha't ‘i:he

.m‘xt‘na‘l porosity may be: cnmpm

"“Sequence of Testing Procedure to Determine Ko,

After the sample is placed in the 5071 chamber and the top p1s1:on
- is replaced, the consolidometer is positioned under the Toading
mechanism. The Tinkage to: "the: PND is connected and the Teads from the
- strain indicator are sol dered to the terminals on the high pressure
- plug. An initial strain gager reading is recorded which will remaﬁﬁ- "i:he-:
nulTification reachng throughout the- axpemment. The -extensometer is
- also attached and an 1m1'::aff dial *readmg s recm'ded. ‘,
| - The ﬁrst consohda’t'mg pressure <is applied and dramage .o‘F pore
ﬂmd is aTlowed. As dratnage continues, the samp?[e reduces. in he’rght
- .corresponding to & change in ﬁomsﬁty.. During this process dial read;«
ings. ,',.arev "recar'ded; so that the change ‘in sﬁmp'lae height and. -ther-'e'Fore the
-~ porosity cam be mom' tore'd*. Nhen secondary cunsohdatw on is reached
. ‘theu pore pressure withim the sample has reduced to zero, and thuaﬂ_y
- no further change in sample height wilT .occur. Ther'ef:ore--, a 'f'ilnaT dial
: _' readi ng is recorded. This process may take as little as a few secends
':-‘For the sand samples and as muchr as 48 hours for the hi gh plasti c1ty
"-,cl ay samples. T.’he strair in the sleeve *i“s alsa recorded.,. or, for ’

- strains near or above 400 mcrostrams, the nulTification pressure is

.

““recorded. This allows the computation of Tateral stress exerted by the

soil and therefore K o Finall y & ring. friction measurement is made.
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CHAPTER VIT

PRESENTATION AND' DISCUSSION OF RESULTS F

Descriptiom of SoiT SampTes Tested

S‘evém df fferent soils were used i the experimental portion of"-'__
the research. Twa of the sofls were clear uniformly graded sands.  Two
qf*‘ them: were m&ﬁne ;:Tays»vobta:inect from: offshare soil borings. The
ather- three were commercial clay minerals. Eaclr of these sails is -"
described frv mores detail beTow.

Kaaglinite = - - commercizl clay matertal supplied fm.a dr‘red: powder
farms mineralogy - 95% kachTte, 4% 1Tite,. 1% {TTite~-
| chlarite mixed-Tayer, trace amount of quartz. '
ITT'rte - = - - comercTaT clay matertal supplied im & dr’red: powder'

' forms m'mera'fch . 85% t1Tite, T0% kao:Tmrte:t” 5%

morrtmar+TTante.

- Bentonite = - — commercial drt1Ting mud supplied im & dried powder

farms nrfnerasTchf» - T00% montmartTTanite, trace amouniz
| aoff quartz. . ' |
S‘and‘ [ = < < = urtform graded clearr sands grada;tfon* showr i Fig. Z2L.
Sang [T = - - - (Qttawa sand, uniform graded.. rounded graim, cleamr sand

gr'ada-.t'xont showr i Fig. 2T .

%,
~pe

Marine Clay [ - obtained: from core taker i Angala Basim of® the Wé';é ‘
- Caastz of° Afrfcas degtie of water = 75,000 £t (4572 m) =

depthr beTow mudTiner = 700 fi (273 m) 3 minerziogy - 37’72

- FITite, 36% kaaTinfte, 22% montmortlilonite, 5% chlorite.

Marine CTay [L- obtained from core taker im Angola Basin ofF the West
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change in total lateral stress due to known increases in pore pressure
throughout the sample. After the lateral stress exhibited by the soﬂ

with zero pore pressure is measured, a known increase in pore pressure -

_‘13 1_nduced by the backpressure device. This increase in pore p-res;ure

S

causes. an increase im the total lateral stress against the sleeve -

; :tﬁereby requiring an increase in the nullification pressure. Durj-hg

..th"is process no vertical motion of the pistons is al]owed -and it 'i‘s

--assumed that no change in the volume of soﬁds VCCUrs. Therefore, the-

stress. state in the soil grains is assumed to remain constant@ Af‘ter

i 'the pore pressure has been aﬂowed to equilibrate throughout the:

samplie, the new nuﬂ ification pressure s recorded. An additional"

-increase in the pore pressure 13 then 1nduced and the correspond'l ng

mITifi catwn pressure is recorded. The pore pressure is 1ncrementa1'ly o

increased in this manner several m‘mes\ and then allowed to dissipate

“back to zero. At this time the ring fri ction is measured and an'

add?tibna] consolidation pressure is added to continue the progressive-

burial simulation process.

..‘



Coast of Africa; depth of water = 15,000 ft (4572 m);
depttr beow mudTine = 700 ft (213 m); mineralogy -
not available. | o
A total of nineteerr separate tests wefe' performed on samples mafaé»
ug of” onez or more of theses severr sails. The sail constituents of ea:ctr
of* the nineteemr samuTes are Trsted: ir Table 5 &long with the 1dentT-»

Ficatiom numbers assigned ta each test. Alsg contained im Table 5

: a;ré_thes specific grawfti:es,. Atterberg Timfts, initial sample hei ghts,

and: Tnitfal poraosities, for eachr sample.

Typical Results

The: falTowing results represent measurements for wirich w =03

there‘ff;cre,,

Furthermare, sinceru. = T, bathr the effective stress and matrix stress

definitions of K& are identical.

- Figa. Z isa plat of horfzantal tatal stress versus vertical

‘tatal stress obtained for & single cycle of Toading for kaolimite ‘
‘ sample K-&. As. indicated: by the: Tinearity of the Ioari'mg: pathr in the;

curves,. K“m is cunstant for- Toading even at the hrighr Tevels of str‘ess

wmtc:he agrees: witle results ch pr&wausm nvestma».tmna for- Tower~ TeveTs

aﬁ stress. - This wass ﬁmnd:tc: bex & typical trend: far- &lT of the nine~

| teer samples: tested. The Toading value of K‘ is takerr as the slope a'F

2 Tfne passi ng thmugh* the mg‘.‘m’ and: thrcugh* the Toading data pm nts
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using,,_a; Teast squares criterionm. Table 6 contains the KOV value for
loading and the corresponding correlationm coefficients for each of Ehg
samples. ‘ -
Quring unloading the horizontal stress typically decreases sTo»{&}-’
thar the vertical stress causing Ko t@ increase with: the OCR. Thi S‘
trend was. alsa noted by p'rev,fous; investigators. Abdelhamid et &T.ﬁﬂ_( 1)
called this the concept of "preconsoTidation®. Obreiam (38) r'ef"erre&: ta

it as the "prestressing™ concept where & residual or Tocked-in stress

- System exists. This Tocked-irm stress is iTTustrated by the cross- |

hatched ares of the curve alsa showr i Fig. 22 (p. 84).

A few of the samples tested were subriectad tg more tham one cycle
of Toading and: uanadjngﬁ.. Fig. 23 shows the plot of hortzontal total
stress versus verticaT tatal stress far kacTinite sample K-T which was |

subjected to: threes continucus cycles of Toading and unToading. This

curver TTTustrates hows ciufc!cfy the refoading path becomes parzlTel with

~ thes initial Toading path ’ﬁm the second and third cycles. This general

tremt is typical for all samples Sﬁbiected: to reToad;fng:’.

| Lt must bes emphasized that the paraosity is different for each
fuaﬁuginammfw» ® particulaw samples This fs iTTustrated by the
Tog-Tog plots of vertical total stress versus poraosity for kaol i*ni'té,;
sampies K-4& and K~-3 im Figs. 2¢ and 25. Since the porosity ch'ariges‘
constderabiy whiTe Ke remains constart far Toading, this incti"ca:tes;"tﬁét

K cannat bes related: to the parasfty of the matertal.

3

Tables 7 throughr 2% e Appendix [V contzir the experimertal

results for- eachr sample.
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Table 6 - Experimental K0 Values for Loading

Loading

Sampie No. K0 for
K=1 ~478
K-2 .616
K=3 -638
K=& 641
K-5 -647
KS-T 609
KS-2 570
KS-3 2505
KS—4 491
4‘ S-1 -533
S-2 527
I .553
B <713
0s-1 505
0s-Z .596
0s-3. 560
‘~MC‘- I-U .545
MC-I-R 545
MC-1I-U -48%

Correlation
Coefficient

.99882
.99968
.99958
99921
.99809
99936
.99738
- 99777
99470
.99645
.99893
99747
99935
.99982
.99302
.99337
.99984
.99896

.99954

86
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E"?fe"&;ts"' o}' f#r‘i’&ﬁ on

Large volume changes of the samp'ie during a test cause fri cta onal
Stresses {o devel op a'}nng *the ﬁg‘:d boundaries of the spil chambem
This friction occurs along the sidewalls as well as across the porjdus,
"j#stnnes recessed into the top and bottom pistons. _

! To account for the sidewall friction a:’-"measure of the sidewall
_fﬂ“‘i ctional force is made for each Toadi ng increment and the over:burden
.- stress is then corrected. For this correction menty-ﬁvemercen‘t of
- the measured sidewall friction force is subtracted from the applied
ovarburden Toad for loading "i'ﬂcrements and added to 'the applied bver- |
- burden Toad for urﬂoadmg mcremen‘ts- Th':s calculation is described in
‘more dettaﬂ in Append'tx ITI. TFig. 26 1s & plot of hur‘xzontaT total
Stress versus vertical total stress for kaolinite: sample K-4 showmg
the corrected* and uncorrected values of overburden stress. Only a
shght difference can be observed between the two curves. However the
, .‘K values for Toadmg are: 0.641 and 0.626 for the corrected and
uncorrected data, respectively, indicating that a significant 'd'ifft;;rence:
does. exist. |

-Because of the roughness of the porous stones on the top and bottom-

. .o'f. the sample, the magnitude and significance of the friction across.

. A‘Ehese: surfaces is expected to be greater than that of the friction along

‘the -sidewall.  An indication of this end friction is given by the

L ideV&Tgpment af conical sections of inhomogeneity im the ends of certain

5
.HHHHHHHHM

., Samples. " These cones, known as s1ip cones, develop im uniaxial com-
' pression tests when the Frictional stresses across the Toadi ng platens

_are high (41). A similar stress distribution is believed to exist in
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-demonstrates that accurate values of K, can be obtained in an

 greater than 0.4.

92

the 'Ko determination tests .as illustrated in Fi g. 27. S1ip cones

were observed upon removal of Ottawa sand sample 0S-3 from the consoli-

- dometer as shown in Fig. 28.  Similar observations were also made in

Clay samples.

For short samples: the end friction 'niay cause a reduction of -

.

" horizontal str'ess.. measured at the centerline of the sample as ’ﬂ‘hjs'-»
'_ trated in Fig. 29. A series of -Kd determination tests were performed
-on kaolinite samples with different initial sample heights to see what

sample height is required to reduce the .effects of end friction on the

o h'or'izontali stress measurement. The results, plotted in Fig.30,

indicate that K incre‘ases with the initial sample height and ther
beg'ms to Tevel oﬁ” to & constant vaI.ue of-around 0.64 for 1m1:1a1
samplezz heights greater ‘than about one inch. This demonstrates that in

‘order to avmd end frictiom ﬁﬁem1n1ﬂa1 sample J:hmensmns £orre-—

‘-_spond'mg to aﬁ'—h‘en ght—-ta-di ameter ratio of at ]easj: 0.4 should be used.

After correcting for s1dewa]‘l ‘cht'xon the range in values of K
' 'Fm“ kaalinite: 'samp'fes with initial sample heights greater than one- mch
was from:0.638 to 0.647. Bishop ( 6) measured values of Ky in low

pressure triaxial tests in which the effects of boundary Fri ction wer'e |

thuaﬂy nonexistent. He 'f’ound K for kaolinite to range from 0.64

‘1_;0;. 0.70. The equivalence of these res:u'l-ts with those reported ab‘eyef '

o

.,;;fappar'atus with rigid confining boundaries as Tong as corrections are

- made for sidewall friction and the initial height-to-diameter ratic is -
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Fig.. 28~ S1ip Cones Observed in Ottawa
- Sand Sample 0S-3
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Relationships Involving Ko;

In aftempting to Vﬁnd: & relationship between Kd and some ma;terﬁ%fé;—i
parameter, & plot of Kd" versus plasticity index was made for the samples
tested as showr in Fig.. 3L, It can readily be seenm tha.t no: reasoﬁjab]ee
relationship betweer these two parameters cam be deduced which reine

forces ther findings of Bishog (6).

- Andersom et al. ( 5) inferred that K@v might be & functiom of the

percent shale i ther material. Percent shale is similar to the percent
af fine material (f.e. matertal passing @ #200 steve) im a sail. Tao
examiner thrisz passibiTity several samples contzining different percant-
ages by: wetght: of finee méter‘i‘&’f were tested. The results are showm im
= plat of K versus percent fines im Fig. 32Z.  ATthough the correli-
tion _i‘s hat qoad, ther Tine drawr through: the data shows & tendency for
Kf&tm increase withh thes percent fines..

It is alse desirahle to describer some functior invelving the Ky

.data far-unToading and reloading. To da this & relationship between Ke

and thes QCR was &naTyiém as previous. investigators have done. Schmidt

. ‘(48-)1 mader Tog=-Tag p.T_ats of K o Versus OCR for several sets of data and

showed & linear- tendency of the data. Whem thesa plots were made for’

the data obtained from this researcihr,considerable curvature was

‘observed: as {lTustrated: i the plot for kaoTinite sample K-4 im Figy 33 .

This curvature seems te reinforce & statement by Schmidt (48) that az‘

straights Tines i maw strowe cansideratle dewfatior &t high TeveTs of ther

OCR. This samer general curving trend: was observed for aIT samples:

- subjected to any unToading imcrements.

Fig. 34 f{s anuther Tog-Tog plot of K‘Q: versus OCR for i1lite
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saﬁp]e I. .This test 1nc1uded two continuous cyc]es of Toading and-ua—
loading. In this figure the same curvature for imitial loading 15
nbservedas before; however; for the reloading -increments the curvatu‘re is
_m the opposite direction. For the second cyc'!e of .un'lnad'mg the :pa'th
. follows very closely a‘l ong that of the first ,un'Ioad't ng cycle. Th1s
"tendency is observed in other tests consisting of more than one ‘Ioad1 ng
';‘and,. unloading cycle.. Regardless of the number of Joadi ng and unloading
-cycles, the ‘same Qenefa] cyclic path 13 fo‘t-‘mwed,.. The hysteresis shown

-in these plots indicates that the straight Tine approximation proposed.

o b& Schmidt (48) may be considerably 4in error even at low levels of the

O.CR' especially for reloading. In fact, +in order to éccurate'!y predict
K for overconsolidated soils, in add'xt-mn “to the OCR, it must be ?nown' '
- whether the soil is bemg un]oaded or reloaded. |
It is also interesting to.compare the&:bghavi-ow of Ko” Ffor an
s -undisturbed sample and a remolded ’"svamp'fer.’ This was. done by running.
two: separate K determ‘i-néttion* tests .on a matural marine sedi ment from
the Angola Bastn off the West Coast of Africa. For the First test a
sample (MC-I-U) -was. ‘trimmed di rect'ly "From & sample core. A‘l'though -
some: degree “of disturbance is expemenced during the samp'hng and:

: .tr'rmmmg procedure, the: samp‘ie is stﬂ‘l in a relatively und1sturbed
state. After the test was compieted this sample was removed and - _-
,_l_j-ycomp1 etely remolded to & slurry state and then used *f;'ur‘ the sampT‘feff".

B ( MC-I-R) in the second test. These two tests show K behavior for a

-..particular soiT ir & relatively undi’s?turbect, state and a completely
--remolded state. The plot of horizontal total stress versus vertical

total stress for both of these tests are shown in Fig. 35. It is
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easily seen that the results .are almost identical for both tests. In

‘F.act the loading values of AK are identt‘i cally equal to 0.545 for :both
tests indicating that d1sturbance of the material has no -effect on the

behaw or of K

'~'~R'E.su.-1 ts. from the-‘Measurement of A,

It was desired to determme the value of A as used in the matmx
: str‘ess concept. To do 'th?s twa .tests were run in »-wh"v:ch total horizon-
tal stresses were measured with various levels of mduced pore pressure -
— ‘For each Toading mcrement as discussed in Ch.VI, The first test was
performed on Ottawa sand (sample 0S-3) and the second on a natura?lf.-clay
(sample MC-1I-U) from the .Aﬁgola Basin off the West Coast of Africa. .
Fig. 36 ‘-E‘T'Lustrtates how: the total horizontal "'stre,ss fnereased T'iﬁear'{y .
_ . with the pore pressure for the final Toading increment of the Ottawa
" sand sample. A tompéﬁspn- of this Tine with that predicted by the
| effective stress concept shows Targe deviation. These same trends were
exhibited for --évery Toading. increment of both the ¢l ay and the sand
samples. The results of these-"twa tests are tabulated in Appendi;c V.
- This devizé:tion implies }th‘a?t "thef coﬁéidenai:‘ion of the areas on _
wm ch the pore pressure acts is of s1gm‘F1 cant importance.. Aécordn‘-ng' B

to the matrix stress concept

- .

“+as pointed out im Ch.III. This ratic is also equal to the $lope of the

Tine defined by the data as indicated in Fi g. 36 and is
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Q.749 for that Yoédi ng increment. This means that the pore pressure
acts or‘r. only 74.9% oF the circumferential area: around: the sample. _T£1e:‘»
remaining area consists of contact areas between soi] grains. and thé»‘
confining. sleeve. The water areas, Aw, for each 1‘ncrement are pTottiéci
versus: parosity for-botfr samples inm Fig. 37. Surprisingly no re‘i‘a%ion—»
ship is evident betweemr the water- are& and porosity for-either soi T
These: two: tests pTamTy demonstr&te: the 1mportance:— of the area:
invalved i describing stresses withim a twa phase medium. Furthermore,
it shows that the effactives stress concept cam ber very seriousl ¥ frc“
errars ir predicting total stresses where pore pressures. m‘aj be quite
rigre i
Jues tx & Tack of knowl edgex concerni ng the exact magnitudes of tha
greas fnvalved ir & porous medium ar approximation is necessary. F’rom
ther data of® botir tests it cam ber seerr that the average water arez
ratic s GZ;TT"“; Therefore,. as opposed: to the effective stress concept,.
- & more* accurate: appmxfima;t:iium of* total stress might be obtained by
using thes maftﬁg stress concept with: K’w = (.77 as follows:

This assumes. that N,»m_ ts constant im 21T directions. A comparisom of

this approximatior withr the data ir Fig. 36 ( p. 105) shows much Teéi;

dewtatiom tham thes effective stress concept.

Applicatiaore of Labaratory Jertved: Kg V zlues te OrtlTing Operations

I,'m arder- to afd i contfnuous predictions of the hydrofracture

pressure, it is desirable to predict predrilTed stresses during drilTing.
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One way in which this could be done is by using i laboratory derivéi
value of K ~for the matertal being encountered. -The material type: . i
contan ned im the formatiom cam be determi ned from cuttings coming da%
of the hole.
Certzinm Timitations exi‘st;howe\)emwhen using Taboratofy- der'i've;ti K a

values tao estimate im situ stresses at great depth. To do this thez "
geostatic canchtwn‘ must ber assumed. This conditiom is. met only in |

" the cases showrr i Frg'. Z (p. 1T7).

Since ne unfque relationships invalving K - and material parametars

“have beerr found:,. as pointed out i this thesis,. Ky values must be

previousTy catalogued: m~ thes Tabaratary: for- the speci%fc material
camtainet in the farmatior. The: averburdern st‘res.s is easily determmedc,
as previously chscussed: However~ ther OCR* is aImost impossible to prechct
Furthermare,. theres ts no way tG determine whether the formation is being
urTaaded or- reloaded: wiricir,. e ftself, has a great infTuence amr Kq- |
Because af the unce;!;a:fnty concerning the stress histary,. alT one
c:aul’d: da wouTd: ber to assumer the formation to be normal Ty consa] Tda,tedf
and: usex the constant Toading value of K _ for that particular maters aT -
Sfncer this Toading value s the mimimum value of K-'@ the'caﬂ"cu‘r&tedf |
hcrf'zﬁnt&t' stress would be & minimume which would thereby yield a |
minimum: hydrofracture pressure predictior. This minimum val ue is of

greatest cancerwm during drilling i order tao prevent unintentional :

[ the= casec:ﬁ frtewtional hydrofracture.such as e stimulatiamr

' efforts,the maeimume values of K - yTer'.Tng: the maximum: predicted hydro-

fractures pressure,. might ber desired as ar aid im designing fracture
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treatments. This maximum value could also be .a'ppro'x*ima*.ted from data

- generated in the laboratory for unloading cycles of -K0 measurements..
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CHAPTER VIII

o

CONCLUSIONS AND RECOMMENDATIONS ' -z

Six modes of faiTure around @ barehole are possible during

o dri1Ti ng,depending upon the: refative magnitudes and directions of .

the principal stresses. These six failure:modes are described in*ﬂ,
TabTe L (p. 33). Three of these modes describe cases of hydmfra;c:fgre

and' the other three describe cases of sTaughing faiTure. Using

equiTibrium and the Mohr-CouTomb faiTure criteriom, equations

describing borehale pressures necessary for incipient failure for . |

egchr of° these six modes are formuTated as Tisted im TabTe I (p. 47).

The farmu;Tasthm is. for- # homogeneous,. isatropic matertal under

| geostatic condftions,and ther barehoTe fTuid is assumed to be

- nonpenetrating. Fredicted hydrofracture pressure profiles using

theser equations show go’dd: carrelatiomr tor amr average of actual
hydrafracture gradients measured: in the field.

[t 7s showr that accurate predictions of K o 2re essential tg . -

- hydrofracture pressure predictions during driTling. To analyze Kd

and: Tateral stress behavior of several matertals under conditions :

which may exist upr to: 105,000 feet below the earth's surface, &

~ hight pressure Taboratory consalidatiom system was developed N »

simuTating thes process of progressives burial and massive erosiam

~ of sedfments. This was dane frr ae attempt to Find wavs of estimating

‘predrilTTed stress states durfng uminterrupteddrillingoperations sa
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.. effective stress concept, especially where the pore pressure s high.
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as to enable continuous prediction of hydrofracture pressure.

" Based on the results obtained it is concluded that:
1. Accurate laboratory determinations of Kn can be made i1 ,_;;
. & rigid wall appara‘tus iF torrections are made For boundary ‘Fr‘h:i;}i;oﬁ.;
. 2. Ko is dependent upon material type and stress history. :
- 3. K0 is constant for- Toading up to magnitudes of vertical
.- stress of 10,000 psi. K‘o increases upon unloading due to locked-
Cin stre'ss&. It decreases for rel oadirh'g; until it reaches the To‘a‘d'ing
va'l ue of K . |
&, K -does. not .appear to be uni que'ly related m poros:rty or the
pTast't city index. Ko‘ .cn'!y vaguely appears to be “r'.elated to ¢ and

- percent fines. | oo

B K for overconsaTidated soils depends mot only upon the

: OCR but also om whe*ther* the soil 1s be'ing: unloaded or fréT:oaﬂed‘ﬁ,

6. Ko behaves exag;ﬂy the same for undisturbed and remolded - -
soils. |
7. The average area of water, A for the measurements made was

0.71. Therefore-the matrix stress concept, written as.,

c=c +0.71 u

~ should give a more accurate approximation of total stresses than the

8. In using Tab derived K‘ values for predrilTed horizontal

‘w stress pred1ct'xons,1t must be assumed that the formation is normally

conso’h dated and no tectonic stresses exist. This approach yields

the minimum hydrofr‘acturew pressure expected.
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9. By using Ka values, free-field hor?ion-taﬂ stresses cam only

* be predicted duri ng drilling if laboratory derived K values have been .

T

previagusly catalaogued for the particular material contained im &
giverr formatiom. B
Addi—ti'ona"f researcir of this type is needed to catalogue Ko
values. for- vartous materizls encountered during drilTing. It wouJi_g!f :
be- interesting to: fncorparate within the experimental system a | |
way af contralling temperature so that the thermal gradient could -
ber simulated. This would enmahTe am analysis of the effects of |
temperature o E%.. Additional rese&réh#e fsv needed in determining
grain-tg-grafre cortact areas imr porous mediz sg that "more;- accurate:

and realistic estimatfons of total stresses cam be mader using the

“matrte stress caoncept..
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The following symbols are used in this thesis:

Pl
{1

coefficient in Ch. IV. dependent on boundary conditions ,“

-
]

grain-to-grain contact area
A‘t = total area of any: surface: through soil
l\"‘ = arez am which pore pressure acts

& = radius of borehole

B = coefficient i Ch. IV dependent om boundary conditions
b = radfus of plastic zone surrounding the borehole “
Ciy = rock bulk compressibiTity
.. = rock matric compressibiTity
c = cohesiamr |

O = coefficient in Clr.. v ctepéndent are boundary conditions - -

F= tatal measured frictional force
© = sample he'ight'
Km = Tateral earth-pressure cgefficient at rest

1% = Kim far- narmal conseTidation used by Schmidt (48)
nc
K = [ for rebound used by Schmidt (48) _
Km = passive Tateral earthr pressure coefficient

k; = matrix stress coefficient used by Mathews and Kelly (34}
LL = Tiquid Timit '

kY

r = parosity

4
RN

OCR = overcansalidatiom ratic
P‘é = barehaTe pressurer necassary te fnitiate 2 fracture
F”-Ix = lmrehcﬂ"e_s pressura necessary to piopagate & fracture
P = Dorehale pressure
PT = pTasticity index
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PL = plastic Timit .
PND-= pressure nullification device | | T
P = portion of borehole pressure transmitted *o 'the spil matr'ix .
:pf = T4 m?’*t'i‘ng’. value of P associated with -‘faﬂmfe‘.:ardund: a ’t;ér‘eho’le
, P, = nulTification pressure during experimentation _
' Q = applied overburden force
Q" = average overburden load fthroughout Samp’(ve A
T = radial coordinate from the vertical axis of the borehole
U = pore pressure | |
X = factor inm Schmidts equation (48) ﬂependﬁng:, on Sin’1 *typ‘éa-
z = depth, vertical coordinats  * |
g= cnefﬁment i the Mohr-Coulomb Failure criterion
' BT and Bz = compress1 bﬂﬂ:y factors used by B;jer'rum, setal. (9)
Yy = total unit we1 ght of material
A = change, €.9.., Ao
= mrcumferen‘haf’{ strain detected hy ﬁ‘lar:tﬁcﬂ stramr gage
8= - polar coordinate around borehole
A= coefﬁment in the Mohr~Cou1omb Failure criterion
v = Po1sson s ratio
‘_ o = total stress -
¢ = effecti ve stress |
o' = matrix stress
'h%.: = total hmzontaT stress
- T’—h',- = effective horizontal stress. - - o ‘ .
e * = matrix hori‘zontaT stress |
¢ = effecti ve horizontal stress at failure
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Ty = total radial stress

;r = effective radial stress

ey
LI

c;; = matrix radial stress

G;.E = matrix radial stress in the elastic zone

‘Irl;pz = matrix rad.iazr strfess im the plastic zone
Oe = stress acting across grain-to-graimr contacts inm a porouS? .
medium (i'ntergranular' stress)
T = tensﬂe strengthr of the formatiom
o, = total vertical stresi. (averburderr stress)
E'; = effective vertical stress
| @, ¢ = effactive vertical stress at faiTure ) e
Tq = total: tangent"raf stress
@, = effectives tangential stress -
Tg = mMatrix tangential stress
Cra = matrix tangentfal stress in the elastic zone
| Tgp = MELrix tangential ‘sztress;. ir the plastic zone
07; = matrix vertical stress |
977 = major- total principal stress ‘
_ E:l:T = majar effectives pﬁ'n;:i. pal stress
cﬁ = major matrix principal stress
crzz: = i‘ntefmectia:te@ total principal stress

Ty = intermediater effective principal stress

’
T

créz = intermedfate matrix principal stress
a3y = minar totaf principal stress
3533, = minar effectives principal stress

o~§3:, = minor matrix principal stress
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total shear stress

- angle of internal friction

et
'
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- APPENDIX I[IT

CALCULATIONS CORRECTING FOR SIDEWALL. FRICTION:
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I_n" a floating ring consolidometer the sidewall frictional stresses
“act in opposite directions for the upper and Tower halves. Akagi (2 )
showed that it is reasonable to assume that the magnitgde of this -
fﬁ' ctional stress is. constant throughout the height of the sample. "
Using this approach Fi gs. 38 and 39 -illustrate a simplified idea of' the
-é‘ff-ects of friction on a sample during consolidation and rebound
: fespective’l y ina ﬂoaﬁng ring consolidometer.

-Due to the frictional stresses along the sidewall the overburden
'lbad—» decreases linearly from both ends towards the cehter' ofwfthe. sémp1:e-
B f—'o} consolidation. Similarly it 1ncreases for rebounding. It can be
seen then that the average overburden ‘Ioad for cnnsohda‘twn is the:

- applied overburden force less one-fourth of~the measured *Fri’c:tinna] '
force,and for reimundring- it is the ».appﬁredr overburden force plus *on;—.-
fourth of the .measu-red; frictional 'Eom:é;.u By dividing these corrected
“overburden forces by the eross-sectional area of the .samplféz,,‘ the over-

burden stress corrected for sidewall friction is obtained.
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l"*“—"Q b o
| I
Zk
Plane of na .
L vertical motiom Siil
| /1 near casnter of Sample
- sample =
| zY ]
L S —
q % e
averages

Oistributiom of Vertical
Laad Throughout Sampie

Fig. 38 - Aggmx:ima;ti am of Verttcal Load Throughout a

L-alr

i

Farces om Soundary of Sample 7

g F
q I*Q:«I:'

where:

cansal fdattian

Abover assumes a constant frictional
tress acts along the sides of the

| sampTe.

Cansal idomatar

Consaltdatiar Samplee frr & Floating Ring

forca

J' = Average overburden Taoad throughout
sannle

J = Applied averburden
F = Tatal measured frictionz] force.
v = Qveral] samnie neight due to

- ..
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Plane of no %4
fy:ertTca? motion Soil N
near center of , |
sample F Sample
2 .
average
v - Distributiorn of Forces on Boundary of Sample
) Vertical Load : L
- Throughout Sample
. . : where: Q' = Average: overburden Toad throughout sample
D B | B F = Total measured frictional force
= Overall sample height
_ SETIE o sh- = Change inm sample height due tc rebound
Rl : e | Above assumes a constant frictional stress acts 2long -
the: sides of the sample. E
- Fig. 39 - Approximatiom of Vertical Load Throughout
& Rebounding Sample in z Floating Ring
Consolidometer )
@ .
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APPENDIX: IV

TABLES: JF RESULTS FOR K o MEASUREMENT TESTS:

1]
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~ TABLE 7 - Experimental Results for Sample No. K-l
: o, applied, | o, torrected ;a;h,meawsured, K ’n%,
- v : Vv o ) . . Q
- psi for friction, psi
psi ,
B SR =t =
0 0 0 74.0
-,
- 407 387 174 .45 47 .4
1385 1325 608 .46 - 40.6
10183 10051 4808 .48 24.4
~ : .
1385 * 1582 972 .63 28:9
407 * 449 261 58 | 347
e - * unloading:
L)




TABLE 8 - Experimental Results for Sample No. K-2

130

T, applied,. Ty corrected Oy Measured, KQ n& I
_ psi for friction, pst ’
) pst
407 392 234 .60 46.5
1385 1298 74Z 57 3¢.2
5295 579% | 3070Q. 5% 31.Z2
10183 T006% 627% .62 26.0. [
5295 * 5373 4006 78 26.4|
1385 = 1534 1468 96 29.7
4Q7 503 484 .9& 33.7
*unloadtng

K2l
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TABLE & - Experimental Results for Sample No. X-3
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' ay applied, o, corrected % measured., fKO n% -
3 for friction, psi
Ps )
Q 0 0 74.2
36 35 21 61 | 57.0
72 70 44 .63 54.6
143 139 96 69 | 5.7
407 389 254 65 | 47.1
733 710 486 68 | 43.9
1385 1343 . 899 57 | 40.4
2688 2628 1704 55 | 36.3°
5295 5253 3419 66 32.4
2688 * _ 2802 2501 .89 | 3z.4
1385 * " 1481 1635 T.10 | 3.7
733 *, 775 945 | 1.2z | 3.4
407 * 471 561 1.19 | 371 [
143 * 158 127 .80 | 40.0
72 * 80 67 77 | 41.5
143 ** 134 70 52 | 4.5
407 ** 380 222 B8 | 30.7|
733 681 544 .80 | 38.3
1385 1307 948 73 | 36.4
2588 ** 2592 1705 66 | 34.T
5295 ** 5146 3310 64 | 3.5



TABLE 9 (Continued)
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o, applied, o, corrected ¢}, measured, Ko n%
psi for friction, psi )
psi
10183 ** 9958 6321 63 | ar1
5295 * 5444 4547 83 | 7.1
2688 * 2784 2979 1.07 | 28.2
7385 - 1487 1771 1.20 | 29.8
73T * gTT 95Q 1.2z | 3.5
107 *= 185 534 ‘tog | 334
43 » 176 185 .08 | 36.3
47 = 365 292 80 | 358
733 *e 66% 4% JZ | 3%.5
T385 * 27T 860 68 | 330
2688 *= ‘2538 1635 .64 | 31.Z
| 5295 5074 3160 62 | 29.2
2688 * 287% 2403 84 | 29z |
1385 - T49¢ T48% 9% | 30.3
73T * 865 892 1.0z | 3n.e
407 *= 485 530 T.09 | 335

*= unToading

e refaading
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TABLE 10 - Experimental Results for Sample No. K-4
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g, applied,
psi

o&_ corrected
For Friction,
psi

O, measured.,
psi

— o 0 0 0 75.1
72 69 28 39 | S0 |
- 407 393 207 7| .63 | 47.2 | _
1385 1303 868 67 | 40.5_|
2688 2556 1667 65 | 36.1
® 5295 5199 3240 62 | 328
10183 9944 412 £4 | 27.3
5295 * 5516 4906 89 | 273
~ 2688 * 2802 3034 1.08 | 28.3
1385 * 1439 1863 1.24 | 30.1
. 733 * 882 1079 122 | 31.9
o 407 *° 503 637 127 | 33.6
"f’ unloading:
i)



TABLE 11 - Experimental Results for Sample No. K-5
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»-

o, applied,. o, corrected o measured, | Ko_ ns - |
psT for frictiom, psi
psi
a a 0 74.5
sa7 183 253 66 | 47.9
1385 1325 886 6T 41.3
5295 5781 3472 67 | 3301
10183 T006% 6454 64 | 28.3
5295 * 5462 4716 86 | 28.7
1385 * 1517 1775 1.7 | 3nr |
“@r * 503 687 .37 | 354
* unToading

#
o
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TABLE 12 - Experimental Results for Sample No. KS-1

135

o, .-a.pp.‘f-‘i-.ed» |

psy

O’v corrected
For friction,.

psi

Op measured.,,

-

psi

n%

|

0
407
1385

2688
5295
10183
5295
2688 *

1385 = |

407 *

0

378

1339

2610
8217
10087
5427
2837
1570.
556

240

o983
7

3070
6145

4006
2937

2134

696

.63

70

.B6

59

.61
g4
1.04

1.36

57.5
40.0
33.0-
29.5
25.6

20.9

26.0

2.0 | . .
Z1.8 |

* -yunloading -
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TABLE 13 - Experimental Results for Sample: No. KS-2

o, applied, | o, corrected oy, measurad, Ky n% ..
psi for friction, psi '
psi
—— =
Q ) 0 62.5
407 378 239 .63 4.7
1385 1307 848 .65 23.¥
5295 « 5799 2937 .56 2¢.0
10183 | TOO5T - 5727 .57 20.6
5295 = | 5427 4123 .76 | 20.6
7385 = | 1552 1940 1.25 22.0. |
47 = 539 894 1.66 | 23.7
* unToading



TABLE 14 - Experimental Results for Sample No. KS-3
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[

gy applied,
psi

a,, cnrnect_ed
for friction,
psi

oy, measured,
Ppsi

|

ai

407

1385

- 2688

5295

10183
5295 *
2688 *
1385 *
407 *

i . S A e e 8 e e

0
374
1325
2556
5128
9998
5480
2855
1552
539

184
720
1467
2521
5035
3699
2362
1575
887

.48
.54
57
-49
57
68
.83
1.07
T1.65

24.1

- 18.1

27.4

14.8
15.3

15.8 |

16.6

.--‘,'

* ynloading
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* 'TABLE 15 - Experimental Results for Sample No. KS-4

Ty appiied, gy corrected gy, measured, Ko:, n%
psi for f'r"r" ctionm,. psi
pst
Q o] 0 49.9 |
4q7 370 158 .42 28.5 .
1385 1307 575 527 | 248
2688 259Z 1357 52 | 2z2.0
5295 5187 266 52 | 18.8 }
1a183 10034 4838 48 | 15.5
5295 * 5480 3100 57| ss |
2688 * 2873 2030 JT | 16.3
1385 = 1552 T496 96 | T6.6
407 * Tz 835 1.45 | 17.3

* unfoading:
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TABLE 16 -~ Experimental Results for Sample No. S-1
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‘W"_;;,_ appTlied, o, Torrected oy, measured, Ky | |
psi for friction, ' psi T
:ps" IS SR .’- N . -

0 0 0 38.2
407 383 202 .53 35.4
1385 1343 700 52 | .
2688 2610 - 1471 56 | 33.2
5295 5163 2999 .58 | 30:5
10183 10034 5209 .52 | 5.9
5295 * 5480 4006 73| 2.0
2688 * . 28225 2669 94 | 26.3
1385 * 1523 1733 1.4 | 26.6
407 * 510 1142 2.24 | 27.2

* unloading .

e e
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TABLE 17 - Experimental Results for Sample No. S-2

@, applied, | o, corrected o}, Measured, Ky n%
pst for frictiom, pst
osi
0 | a o} 38.6-
407 39z 192 49 | 358
1385 1307 729 .56 341 |
2688 2597 1466 57 | 32.4
5295 . 5146 2888 " 56 | 29.3.
10783 9998 513 | .52 | 2.2
5295 * 5498 3816 6% | 248 |
2688 * 2873 2613 9T | 24.8
1388 * | 1534 1817 1.18 | 25.2
wre | sz 1008 1.94 | 25.9
* urToading
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TABLE 18 - Experimental Results for Sample No. I

141

| o, applied,

psi

143

733
1385
2688
5295
2688 *
1385 *

733 *

407 *

143 *

407 **

733 **
1385 %+
2688 >

| 5295 **
10183 **
5295 *

g, Lorrected
for ‘friction,

qhmmeasured,

psi

90

235
420
821
1517
2866
2337
1571
1010
617
312
449
577
914

1592

2979
5395
4244

.65

.59

.58
60
59

&7
80
. .98
| 1.17
1.26

1.92
1.20
.83

59

.62
59
.55

. 27.9




TABLE 18 (continued)
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v
. pst

2688 *
1385 *

733 *

407 *
43 *

o, applied,.

g, caorrected

v

for frictiom,
psi

2837
1534
90Q
503
8%

Thy measured,
psi

3219

1937
1214
761
379

1.13

1.26
1.3%
1.57
Z2.05

n%.-x

28.8.
29.8
3.2
12.2
33.6

* unfoading

** relgading
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TABLE 19 - Experimental ‘Results for Sample No. B

e K e s 1t s st i e

- o, applied, o, corrected oy, Measured, 1(0 *n%
. psi- for friction,. psi
) . . psa
I 0 0 82.2
407 B 383 286 75 | s4.4
- 1385 1325 047 79 | 475
5295 5199 32 67 | 40.4
) 1385 1463 1322 .90 | 42.2
= 733 * 783 | 672 | .85 | 43.5
407 * 467 45 | 98 | 455
: 1385 % | 1352 148 | 85 | 44.9
- 2688+ | 2610 o tmaz | s | 4z
5295 % | . 5746 3605 .70 | 40.5
10183 ** o034 7257 72 | 377
~ 5295 * 5444. 4857 .89 | 37.9
2688 * 2784 2846 1.02 | 39.7
138+ | 1463 583 | 1.08 | 41.6
® 407 * 467 584 1.25 | 45,0

* unloading

- . ™ reloading
- ¥
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TABLE 20 - Experimental Results for Sample No. 0S-1

S applied,. o, corrected T measured, KQ nk -
pst for- friction,. psi
psT
a 0 0 40:3.
407 347 170 49 | 365
73T | 655 313 48 | 35.7
1388 1307 603 .46 | 35.4
Z688& | 2628 1260 , 48 | H4
5295 5235 2672 50 | n.8
- 2688 * | 2766 1853 .67 3%
. 1R 1487 1336 90 | 3T.e
733+ | gt . g 1.6 | 2.a
s | 50T 668 | T.3z | 3z.4
733 v 566 588 1.04 | 32.2
1385 * 1182 819 69 | 320 .
2688 *= 2485 1257 5T | 3T.7
5295 ** | 5056 2422 .48 | 3T
10183 *» 9908 5053 5T | 265
5295 * | 5552 3260 5% | 24 5
2688 * 290% » 2337 8a | a7
1385 *= T60G 1705 T.08 | 25.T
733 - - 9s5& T12Z 1.18 | 25.3
o wT e 610 87 | T1.38 | 25.6
- * unloading: |

** reloading
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TABLE 21 - Experimental Results for Sample No. 0S-2
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oy applied, z,, corrected oy measured. ‘K«o g
psi For Friction, Psi o
psi
0 g 0 39.6
36 29 20 0| 39.3
72 60 40 67 | 39.2
143 123 78 .63 39.0
407 356 207 38 | 387
733 546 418 65 | 38.5
1385 1289 725 56 | 38.1
2688 2467 1456 5 | 3T
5295 5146 B 61| 367
2688 * 2807 2531 90 | 36T
1385 * 1499 1746 16 | 363 |
733 * 823 1197 145 | 365
407 * 503 762 1.51 36.7
143 % 203 345 170 | 3.9
407 329 453 1.38 | 36.8
733 > 637 605 95 | 36.6
1385 ** 1236 960 78 | 364
2683 ** 2502 1536 .61 36.1
5295 ** 5074 2847 56 355
10183 9890 5879 .59 31.3
5295 * 5534 4409 .80 31.4



TABLE 21 (continued)
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o, applied,
psi

o, corrected

far friction,.
psi

o}, measured,,
psi

2683 * 2909 3269 1.2 | 316
1385 * 1579 2312 1.47 | 39
733 * 900 1713 1.90 | 3z2.2
407 * 556 1224 2.20 | 32.4
143 » 297 786 2.69 | 32.4
* unloading
** reloading
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TABLE 22

- Experimental Results for Sample No. 0S-3
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o, applied,

psi

oy corracted

for friction,

|

407
1385
2688
5295

10183

o Measured,
s

31
<50

.50

.51

- .58




TABLE 23 - Experimental Results for Sample No. MC-I-U
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o, applied, s, corrected gy, Measured, K_ n%.- [
') V h 0 )
psi for friction, psi :
psi
0 q
407 370 203 .55 42.7
1385 1307 84z 64 7.1
2688, 2248 1325 .5¢ 33.8
5295 5187 2803 .54 28.8
10183 10076 5427 .54 23.8
5295 * 5498 4050 Th 23:8+
2688 * 2873 3020 1.05 | 24.4
1385 * 1570 2084 T.33 25.4
4q7 = 556 1025 1.84 27.3

* unToading
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TABLE 24 - Experimental Results for Sample No. fMC-I’-‘R
T Ty '°:v' applied, v, Corrected o, measured, Ky %~
- psi for friction, psi -
" psi ]
- R 0 0 71.9
- 407 365 201 55 | 427
1385 1289 © 656 S| 357
2688 2592 1438 .55 3.6
- 5295 5128 2803 .55 27.8
10183 9980 5433 .54 2.5
. 5295 * 5498 3962 .72 23.6
~ 2688 * 2855, 2759 .97 24.2
" 1385 * 1534 2224 1.45 25.2
4Q7 * s 1129 2.09 27.9
© | B * unloading’
~
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. TABLE 25 - Experimental Results for Sample No. MC-II-U

v, applied, S, corrected o, Measured, Kg n%
psi for friction, psi
psi

0 0 | a 4.2
407 65 107 .29 67.6
1385 1307 620 AT 55.0
2688 2592 1264 .49 48.5
5295 5163 2440 AT 42.0

10783 9998 4947 4 | 36 |

¢
LI
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APPENDIX V

RESULTS FROM TOTAL HORTZONTAL STRESS MEASUREMENTS
WETH PORE PRESSURES INDUCED
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TABLE 26 - Horizontal Stress Measurements with Pare

Pressures Induced for Sample No. 0S-3

psi

e, Applied, u Induced, O Measured, A, Correlation
i
psi n, % osi Ccef,wcnsnt

3288

45 199 "
90 242
134 273
| 179 | 304
1385 38.1 a 645 0.723 0.99928
90 701 | |
179 770
269 84Q
35% 900
g 965
2688 - 37.6 Q 1274 0.723 0.99893
179 1385
359 1525
538 1657
raba 1786
5295 36.6 o} 2584 0.784 0.99974
179 2718 o
359 2861
538 3003
717 3137
896
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TABLE 26 - (Continued)
- |
- - o, Applied, 4 Induced, | o, Measured, Correlatibn
" psi n, % psi Copsi | ’A,wa; Loefficient
> 10,783 3.5 0 - 5744 0.749 | 0.999T3
- 179 5875 g B
‘ 359 6017
- 538 6145
7 6306
B96 - 6412
> 1075 6546
1255 . 6680~
o™
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', " TABLE 27 - Horizontal Stress Measurements with Pore
o Pressures Induced for Sample No. MC-II-U

B

e R

a, Applied, ubInducéd, Ty Measured, Corre!a?iqn,
psi m, % psi psi Aw Coeff1cneﬁg_
407 67.6 0 107 0.591 0.96233

90 136 :
134 177
178 203
224 238
1385 | 55.0 0 620 0.644|  0.99995
179 734
359 857
538 964
avs 1083 |
2688 48.5 .0 1264 0.728]  0.99963
359 1509
717 1760
1075 2029
1434 2299
1792 2562

g,



TABLE 27 - (Continued)
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| o, Applied, u Induced,| O Measured, | ; Correlation
; st n, % psi oS A, | Loefficient
ﬁ T 5205 42.0 0 2440 0.740 |  0.9982] B
359 2659
7 2921
- 1075 3240
1434 3538
1792 3787
o 2157 4024
2878 4520 - -
T 1083 | 3.6 o 4947 0.7%6 | o.co0a7. |
| 358 5206
7 5473 L _
o 1075 5704
1434 5960
1792 6239

O

3

i ‘«‘e
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