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Equilibrium and experimental test esiilts show that the variation in
pore water pressure with respect to depth in.a constant porosity formatwon‘
‘must he~equa1 to .a constant that depends on the spec1f1c grav1ty of the
mineral and the porosity of the format1on.

As tﬁe type of'm1nera1 changes -in a formation these ronstants change.
The compress1b111ty coefficients of a format1on can be related to the
Atterberg Timits of the formation minerals. The total overburden -stress
o~ can be computed fromtthe'porositytmeasurementspn'the»cuttingssand'the ,

. compressibility constants westimated from the Atterberg 1imit tests on the
cuttings. The pore pressure in the shale canfbe‘ca]culated'fromfequiiibrium
-~ -conditionﬁ. The pore water pressure in ‘the sands must be 1eSS’thanjthe
‘pore water pressure in the shale. These calculations can ‘be ‘programmed on
{a:mini~ca1cu1ator‘forxeaséaofaopenation o*‘field.pensonne1'so thataexpetted
o ;pore'pregsure,canﬁbe@estimated:before the~formatibn*iStpenetnated;and
fwhile«dr111ﬁng:progresses, )
Using equilibrium, conservation of mass, and the -experimental Tesu1ts,
o - the govern1ng partial d1f$erent1a1 ‘equation for porosity as a function of
depth and time has beenwderived.  It has avunique'solution.
| Using the:energy-equat?on\and~experimenta1'resu1ts for‘the.réCOverabTe
strain -energy and the heat conductivity, anotherfgoverning‘partia]
differential equation has been derived for the temperature and porosity
-as-a function of depth and time. Further decoupling of‘the governing
differential equat1ons 'should make it poss1b1e to predict the porosity and
temperature as a function of depth and time.

‘The coefficient of lateral earth stress at rest and the hydrofracture
- pressure aﬁe also re]ated‘to the porosity and Atterberg Timits.-.Hydro-

fracture could not happen if the fluid pressure was neutral as postulated

by the effective stress principle.
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1. OBJECTIVE OF RES;ARCH

The .'t'o.ng term purpose of this study is to «develop 2 thnsoﬁﬂét-ion of

the sediment theory applicable to the progressive burial of ocean bottom

sediments which il give the porosity of the sediment as a function of

«depth and time for various rates :of «deposition on the ocean bottom. It

is hoped that the theory will explain how geological formations develop
and how their contained fluids derive their energy. It is 2lso ‘hoped that
the theory will :explain how pore water pressure at both great and shallow '_

«depths can -exceed -either the hydrostatic or geostatic pressure and how

when these ‘overpressured formations are penetrated they can release

sufficient quantities of energy to cause blowouts of catastrophic pro-

portions.



2. INTRODUCTION ) ;

Blowouts are -one of the major tauses of Failure of offshore wells. -
Ereat loss of Tives and mrnperty'resu1tvand the ocean -is substantially
#)0‘! luted with many of the accidents. Overpressured formations may also
be 'one of the causes of :ocean bottom 011 seeps. Beneficially, it is
generally believed that -overpressured formations provide the major energy
source (drives) for artesian3productioh of 011, gas and fresh water (24).
However there is no common.@greement-concerning“the"sourcetoffenérgy‘ihat
‘causes overpressures to develop.

Overpressures are quite bﬁevﬁlent in both shallow clays and deep rock
formations, both generally in regions where the vate of deposition s rapid.
Overpressured shallow clays .wsually have low to wery low Sirength and may be

, :the_‘nnajorf.x:ause ©of submarine sTope instabilities and :0f the Jow bearing strength
for ocean bottom founded structures. Overpressured deep rock;*ormatinns‘
generally ‘have considerable strength, ‘however., -?ﬁgure 1 represents the

- generalized relations between depth and pore pressure, temperature, porosity.
electrical resistivity and sbme~ve10city, The various profiles are for the
GulT ctoast region extending from New Orleans, Louisiana to Brownsville, Texas.

Subsidence may result when the pore pressure is lowered in .a sand
formation. Large hydraulic gradients may be -established in :the ‘higher
fpfessured,adjacent clays causing drainage -into the sands. The clay, being
compressible, densifies with drainage whereas ‘the sand, being nearly
incompressible, does not.

Formations may have pore pressures that are subnormal, normal or

abnormal. Normal pore pressure is usually thought of as the hydrostatic

water pressure. If the water stress exceeds the geostatic or 'dvérburden

stress the pore fluid stress may be said to be hypergeostatic. Both
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abnormal and ‘hypergeostatic formations are sometimes termed ‘overpressured.

‘#When a well s drilled into a porous Formation and its pore Fluid |
pressure s graster than the drilling Fluid pressure at the same depth, the
formation Fluid may -Flow into the well bore diluting the drilling Fluid
and as the formation Fluid rises in the well bore dissolved ‘gases may
pop out of solution and expand due to the reduced pressure. This further
reduces the specific gravity of the drilling fluid and further lowers the
drilling fluid pressure which permits even -hi gher formation Flow ‘Tat»es inte -
the well bore. If the well s not gquickly shut <in by closing the bﬂnwouf
preventers a catastrophic blowout may occur.

After the blowout preventers are closed the diluted well bore Fluid
must be lti’r:cm'a.‘ted out and new ‘higher density drilling fluids “introduced
into the well scthat the -ﬂr‘ﬂ‘lf_ing Fluid ;pressure safely -exceeds ‘the
formation ;pore presshne. -However, the »:dr'i"llfi-n'g Fluid should be sheavy
enough for safe withdrawal of the drill pipe, but mot so heavy as to unduly
Tetard the drilling rate :br 10 cause the :-E.or'maf'ion 1o fracture awith a
| circulation loss. | |

Blowouts occur -only in porous formatjions that have high pef;meabﬁ"l‘ity,.
The shales or clays that Tie .above or below ‘high pressured 'sands} may ‘have
an even higher pore fluid pressure but their permeability is so Tow that
they pose no threat.

The most immediate application of this partialily completed research
may be in making better estimations of the drilling mud weights needad to
.prévent @ blowout from a sand member -<interbedded in an overpressured shale
formation before drilling into the sand. ‘If the high pressured :shale
formations can be recognized before the interbedded sand ‘fo-rmat'-.i‘ons are

penetrated it will be possible to save many lives and expensive property

4
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and prevent much cont&min& ion of the '}oc-eanﬂ.v MQAn outline of such a ‘.scheme
is presented in the section Possible Application «nf '-Res-ea'r.ch 1o Well

Drilling.



3. EQUILIBRIUM AND THE EFFECTIVE FORCE .CONCEPT

Terzaghi's effective stress concept is based on .2 theoretical gondi-
tion of vanishingly small contact areas at grain to grain -interfaces.
Inasmuch as wvanishingly small contact areas are mot present 1% meal vrocks
it has been recognized for years that Terzaghi's effective Stress concept
-does not strictly apply to real rocks (30). Engineers have used it *knowing
that it is a partial pressure concept simi1ar*io'the:artifﬁcﬁxused to
study mixtures of gases (20). It 4is a Teasonably good approximation For
coarse soils and perhaps for fine grained s011s that -have very high
porosities. However, there is some doubt that it can «even be strictly
applied to fine grained so0ils with very high porosities such as slurries
that behave .as ‘heavy 1iquids. |

| *Equ'ﬂﬁbri.um requires that at .ahy ﬁepth ‘the Force -in the water plus
the force in the sediment in;any;directipnzmust;besequaﬁ‘ip'ihe total
force in that same direction. The force 4n the water is the water stress
times the water area. The forceAin'sediment'15‘ihe.sedimentfstress’1ﬁnws
the sediment area. The total force +is the totaj.stness times the total
area. The total area is the sum of area of the water plus the area of the
sediment. The total force and the water stress must be continuous functions
of depth. The total force and the total stress continuously -increase with
«epth. The stress in the sediment, the area of the sediment :and the area
of the water may vary -erratically @as long as they are piecewise continuous.

‘Figure 2 shows ‘how the force in the water and the force 1in the mineral
‘can change with depth going from shale <into sand.

Figure 3 shows a mechanistic analogy for soil or rock. The top diagram

shows the compression in the mineral grains is represented by ¢’ acting over
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a

the area of contact betv;een'them'mera'lgrams ‘The cohesion (p1 us the
attraction) is represented by ¢ ;actihg over the same area of tontact
between the mineral "gra'i-ns; .‘Cohesion is the jihterha'l force that -gives
so0il or rock tensile or ssheér strength' in the absence of any compressive
force between mineral ‘fgr.a'ins caused by externa"l forces. The water pressure
is represented as u acting over all the area in excess of ‘the contact area
between the minel';al grains.

Since the sum of the mineral grain contact area a. and the water area

a,, must be equal to the total area ats it «can be seen that

R 4F.
t
H‘mlsﬁ’
]

—d

¥

E ol
]
—4
é

or Aw

L T P T Eq-o i

where the 'A.w and Arn are the area ratios.

The -area ratios change as the sediment consolidates into rock. The
‘porosity and the area ratios are not independent for when the porosity
is zero, “Am = T and Aw = 0, and when the porosity is one, :Am = 0 and

l\N = 1. Figure 4 shows that the area ratios can be represented as a

power law function of the porosity ratio n to give

A, = 'nE and . . . .. e e e e e W o e e e v e . .. Eq.2

L}
o)

i
=3

Am‘ e e e e e e e e e e e e e .. . Eg. 3

because this function satisfies the required natural boundary conditions.

For mathematical reasons porosity ratio n herein is defined as the ratio
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a

©0f the volume of the voids divided by the total volume or a numbekfa]Mays
tess than 1 rather than a percentage. |

More than Tikely, for sands E s very small and Am;approaches>zeno<$or
the -high porosity clean sand. For clays and shales F 4s probably close to
‘one, because as shown by Bennett €t al. (7), the cross sectional area
‘ratibaofvthevwater in 2 clay sediment is the same as the porosity determined
on a vo]umetrié basis. It is also possible that as the structure of .a
thixotropic clay suddenly changes the value of E changes.

The bottom diagram of Figure 3 shows how the forcesiwfthin the
sediment might be re;resentedawith-a typical text book piston-water <filled
cylinder-compression spring analogy. The second tens4ion spring-ratchet is
used to~represént the :cohesion that develops as the clay mineral iS
forced 1ntoﬂcloserfcontact. “The:cnhesion'prevents-wenyfmuch rebound'or
ichange “in 'porosity as the sediment is un}oaded and 91ves the 3011 or rock
'tenswle strength when completely unloaded. 'The-needTe-va1ve«at the :bottom
can be used to represent the permeab111ty of the sediment and 1ts changes
as the poros1ty decreases  The porosity is represented by the‘he1ght=of

‘the cylinder.

Since equilibrium requires the total force to be equal to the mineral

forcerpius the water force then

o (a;) = (of + ¢)(a,) +ua, .o e e oL, Eq. 4

by diViding through by the ay and using the power law representation for

the area ratios then

= (¢' +¢)(1 - nE) + un

11



where o = total wvertical stress

o = ccontact :compression stress transmitted through the
mineral
€ = rohesion between the mineral grains

For -geostatic conditions, -equilibrium also requires that .:t-he total wertical
stress  times the total horizontal area of one unit be wequal 1o the »awefight
of the overburden above the unit area.

Lombining the vﬁequ’ﬂ ibrium condition with Equation 3 <t can be seen
that |

('CTx ~+ £)(1 - ‘.YIE) -+ .,,unE =

If for some reason the total force 1in the 5011 <is small and app'rioacihes -
zero so that the water carries most of the load it «can be seen that the

‘pore pressure

Since both n and E must al ways be less than one, the term 'TIJE must
always be greater than 1. Therefore, the pore ppressure can -exceed the
overburden stress with geostatic conditions and equilibrium stil11 be |
maintained. However, it should be noted that the pore pressure in sand and
sandstone with -a porosity ratio of 0.3 and with an E value .of 0.3, the
maximum pore pressure would be about 1.44 times the overburden stress.

For a clay or shale with a porosity ratio of 0.3 and an E value of 1 then

12



the maximum jpore pressure would be about 3.33 times the overburden stress.
In each case the Terzaghi -effective stress, which is the difference between
the total stress and the pore pressure, wouid be'negat1ve,1whereas the
effective force in the mineral only approaches zero.

In 011 field practice, formation ppore pressure is determined by

- ‘measuring the pressure in the drilling fluid. It 4s assumed that formation

pore pressure is the same if there is no flow from the fbrmation 1o the
bore ‘hole or vice versa, - It is usually assumed that these pore pressure
‘measurements are on1y'mean1hgfu1 for the very porous formations 'such as
sand and sandstones where a difference -n the pressures will cause a Flow
Tlarge -enough for detection. In the almost impermeab1e formation such as
Clay and shale the formation Ppore pressure might be eftherﬁgreater-or Tess
‘than the dr1111ng Fluid pressure<but the very sma]] flow T&t&S’that wou1d
:deve1op could not be detected and ages would be requxred for porewpressure |
equilibrium. However, there 1S probably a ]1m1t on the pore pressure, As

Dave Powley has pointed out it s probably the pressure requ1red“to cause

2 natural hydrofracture.

It is well documented that many deeply buried rock formations +in the
Gulf Coast region of Texas and Louisiana, 800 miles Tong, are overpressured,
Pore:pressures of about | l.Ajtfmes the overburden stress have been
measured (13). Abnormal pressures have .also .been measured in Pakistan, Iran,
Papau and the U.S.S.R. When blowouts occur no one knows what the .original
format1on pressure was; however, it must have been high enough to accelerate

the whole column of drilling fluid. Over 60 mobile offshore drilling rigs

~ have been involved in blowout accidents worldwide and there have been 154

permanent Guif Coast drilling platforms involved in blowout accidents (33)(25).

Overpressures and blowouts are worldwide occurrences.

13



Many ‘have thought that only the wdeep rock formations are :overpmssured
but this s debatab¥e since an offshore blowout -occurred off the Louisana
Toast at a depth of 184 ¥t below the mudline as Dave Powley of fdmogco DI To.
has pointed out. In fact, 3 different sets of PpoTre pressure measunements
by William Bryant ©f the Oceanography Department and Mayﬁe Dunlap oFf the
Livil Engineering Department, Texas A&M Uni versity, ‘Richard -;Bennett of the
- NOAA Marine Geology and Heophysics Lab, Miami, Florida, and by Tom
‘Hamilton of FUGRO .Gulf 5Eng°i‘neer1'ﬁg, Houston, Texas. -in the Mississippi
«le1ta :both on shore and off shore show that at xepths ©f 20 ¥t and 40 Ft
below the mudline the pore pressure sybstantially exceeds the overburden

stress (8).

14
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4. EXPERIMENTAL WORK — COMPRESSIBILITY, PERMEABILTTY AND
HEAT CONDUCTIVITY

A new high pressure sta1n1ess steel progress1ve burial s1muTator‘has
“been designed, constructed and ca11brated. Figure 5 thnough ?1gure 3 shows
the design of thelequipment. The ocean bottom sed1ment is compressed and
'heatedeto~mode1 the effect of both the overburden'pressurexand'the‘thermai

gradient. The maximum vertical stress is 10,000 ps*s and the *maxamum
temperature is 200°F. The diameter of the sample is 2.5 dnches. The
sediment is Toaded or un1oadedﬁand‘heated incrementally and a110wed‘tov
conso]1date and reach equ111br1um before testing. The rate of change-of

porosity is measured by the rate of height change and this 15 thecked

against the rate of flow .of water from the samp]e.

F1gure 5 shows the conso]1dometer and Figure -6 shows the Tever System -
Toading the consolidometer. ‘Fvgure 7 shows 2 schematiCch“Ihe;tonSOTido-
meter .and Figure 8 is a schematic of the measuring system for the
:nonso]idometer.system.

After reaching -equilibrium the permeability and heat conductivity 4s
wmasured The coefficient of earth stress at rest 1s.a1so~neasured
continuous1yﬁdur1ng the consolidation process. The sample is confined by
a 0.03v1nch thick stainless steel cylinder that is strain gauged in the
horizontal direction. The thin 3tain1ess'stee1,cy1inder'isfeonfined by
Mater‘ihside‘the thick stainless steel outside cylinder. As <the strain

gauges register, water is forced in to null the strains. The measured

water pressure simulates the lateral earth stress.

The permeability is measured directly by forcing sea-water'through“the

sample with various hydraulic gradients. The maximum hydraulic gradient

15
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used ‘has been the consolidation stress divided by the length of ‘the sample.
The ‘heat conductivity is measured using the transient method. A -tiny
heating ®lement and @ thermister 4s embedded “in the center of the sample.
Figure 9 shows the heat conductivity transducer and the mecording equip-
ment. -After an -<increment of consolidation -is complete é ronstant amount
of ;power is supplied to the heating clement. The temperature thange is
Trecorded as & -function .of time during the -heating phase. The transient
solution for the change in ‘temperature ag of a spherical feat source of

radius r -embedded <in an infinite media is given 1in Carslaw and Jaeger

{10) as |
G
PP B S o e T
46 Tk {1-e erfc’ 3} ... ..l £q. B8
where q = rate of #nergy output from the sphere
t = time |
sk_h = thermal conductivity
k
o = = thermal diffusivity of the media
o , ,
p = mass density
and ‘.'Cv = specific ‘heat of ‘the media.

The term "erfc" -is the complimentary error function and s the

solution to the integral

r

where g = 5

'l/at. The solution to this integral can be found in various

20
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FIG. 9 -

Heat Conductivity Transducer and Recording Equipment
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math and statistics books.

The recorded temperature vs time test vresults and EQua‘t‘inn B make
it possible to calculate the thermal conductivity ‘x,h when the :spec*i'ﬁt heat
I:-v’ the radius of the spheribaT mea':l::er r _and the mass density o §s &known.
A -computer :;program has been written to .:a’ltu‘l,hte the ronductivity by
iteration methods because of the difficulty in <inverting the solution to
the transient heat -equation for ;Sphér’itﬂ dissipation.

The samples were w'econsftéi'ftuted »:b,y rmi.x’l-ng them with sea water to get
the maximum porosity to émbde’t the phys?'i,ca'i state at ‘the :ocean bottom. The
mineralogy ,and fthe Atierberg Timits were determined for type of sediment

before and after each set of loading and wnloading tests.

22
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5. [EXPERIMENTAL RESULTS

Compressibility

The materials originally tested are described <in Table 1. It gives the
Atterberg Timits and the mineralogy of the sediments. The temperature was
22°¢C. By plotting the force <in the mineral .against the porosity ratio on
2 log-log plot, as shown m Fig. 10, it has ;béen found that .2 power law fits
the data very well giving |

o~ MHE - AnB . e a w s w mw e e o e o m e e e e e s :Eq. -]0

i

where o = total wvertical A‘stres-s actﬁ'ng over a un'i..t‘);area.,,
4 = pore pressure,
T = porosity ratio,
E = area tonstant,
A = tintercept of "Euncti‘on when n = 1.0,
and B = slope .of function. .
The -expression on either side of the fquality in Equation 10 s the
force in the ‘mineral which has an area of 'l~-riE when the total area is unity.
- The compressibility coeff‘icirents A and B are given in Table 2 for the

different sediments tested. The power law can be seen to be a good ‘repre-

sentation of the compressibility because in fitting the data the coefficient

of determination is always equal to or greater than 0.52.
Sand was found not to be very compressible, al though the very high
stresses did cause some grain breakage, degradation and comminution. A1l

of the data presented are for samples that have been ground up and mixed

23



TABLE 1-- Atterberg Limits and Mineral Analysis of Sed'imen‘t'

Atterberg Limits

Mineral Constituents by X-ray diffraction

Sample | Virginia | Mississippi | Tampeche | Hawaii | South
Delta 1 Thina
“Test | Sea
before $9.3 113.2 1.4 825 | $8
Liquid Timit .
: after #%7.5 06.7 8
before 3%.3 32.8 26.3 352 | 37
Plastic Timit , '
’ after 23.4 34.% 30
" | before %1.0 52.0 5.0 | %.0
Smectite _ 1
|after | 52.0 $7.0 | 10.0
| before| 32.0 17.0 48.0 | 22.0 | #43.0
I14te ‘ ' ‘ .
, |after | £42.0 ] “;321.'-13 £2.0
: before 36.0 17.0 24.0 | 27.0
‘Kaolinite ‘ .
after 22.0 | 3.0
before 3.0 | 21.0
Chlorite
after 6.0 17.0
. : before 7.0
Vermiculite
after
before - 5.0
Quartz ’ -
after

NOTE: The liquid 1imit and plastic 1imit are Atterberg 1imits. These .are
moisture contents defined as the weight of water :divided by ‘the weight of

the mineral. These tests are described <in ASTM D423-61T ;and D424-59 (2 ).

The six minerals listed are the percent of the total sediment

measured by X-ray diffraction. See Gibbs, R. J., 1970

before - :denotes test results before consolidation.

-after - denotes test results after consolidation to 10,000 "psi at
room ‘temperature
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CONSOLIDATION STRESS, G-unt (psi)

(8

1000F -

Solid lines show -extent
-of data

iodL- -
0 = total vertical stress
u = pore pressure
= porosity ratio
‘E _ area of voids
n = -
anilt .area
o - unE = AnB
: See Table 2 for -experimental A BAN
‘ values of A & B l k
104 ) T \\ —_
| N
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\ \\\ A\ \
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POROSITY RATIO, N
~Fig. 10 - Plot of consolidation stress as a function of porosity ratio.

(Laboratory test results)
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‘Permeability:
D<n=<1 wheren

2

il

K =

= porosity ratio =

on® (emssec) = 10° “L_'rgJ

TABLE 2 -~ Tonstants for -:Cbnso’i‘i\datiton and
- Permeability “Power Law" Equations
CONSOLIDATION PERMEABILTTY
OF gg%ﬁgm Lonstants > 'Bofxstants ‘ .
A (psi) B T T (cm/sec) D kS
Virginia 1.799 x 10° | ~5.50 | 1.00 | 1.768 x 1072 |18.41 | 0.99
Mississippi Detta | 3.484 x 107 | -1.21 | 0.97 | 2.4984 x 107 |18.17 | 0.98
Campeche | 2728 x10° | - 53 | 082 7.2275 107 |6.610 | 0.95
Hawaii 3592 x 10° | -5.71 | 0.96 | 8.2356 x 108 |6.525 | 0.94
South China 3.721 x 107 | =10.70 | 0.98 | 46436 x 107° |10.18 | 0.98
Dttawa Sand 7.376 x 1072 | -23.55 | 0.94 | 2.0053 x 10~% | 630 | 1.00
Consolidation: oeun® = AnE (psi) = 144 An° (1bs/sq Ft) = 6.894 x 10° An® pascals

(ft/year) = 3.048 x "’IOS :?CnD m/year

volume of voids
total volume

coefficient -of determination to ‘measure goodness of it of

data .by assumed "power Jaw." ‘Note that 0 < 12 =<1, and

if -r'2

Smith, (11).

26

=1, there is @ perfect fit. See Draper and |

i




8
o

with sea water so as to start at the highest porosity possible. Some of the
- samples were from the ocean bottom; ‘:others were taken by the Glomar Challenger
deep ocean drillship. |
Further testing ‘has also shown that the :compress*ibﬂ ity Toefficients
-~ | A, B, and B.u are very sensitive to temperature. WResults of mew tests on

A kaoTinite show that at a temperature of i;’/’.20,,(:

ft

~ R A=2.313 x 107 psi

B =+ 16,112

f

;énd -for a ttempekature of QOOY.C

A =6.903 x 107 psi
B = -6.4744
‘Unloading
| Further -experimentation -has :shown that the sediment does not recover -ts
“ original hei ghi or porosity ratio when unloaded. As shown 4n Fig. 11, ~Fdr
. Kaolinite clay, the sediment unloads and reloads al ong ia steeper *"Eunc,‘c'inn
‘than the original loading. The slope of the uni oading function seems to ‘be
° a constant ‘and independent of the minimum porosity ratio ("o)‘ developed
«during its history. The material also seems to reload along mearly the
- Same path .until the minimum porosity ratio LA is reached. Then the material
follows the .original loading ffunct‘i‘on. During unloading and reloading, the
total force in the mineral can be described by another power Taw Tike
- Equation 10 > Wwhere
g

27
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FIG. 11 - Typical Loading and Unloading Function for
Marine Sediment in Uniaxial Compression
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Again each side .0f the equality is the total force tin ‘the mineral. TThe
unloading compressibility coefficients apply for both unloading and reload-
ing as long as n > ny- At the minimum porosity n, tboth T-oad'ing__ and .unload-

ing functions must describe the material therefore

now the .unloading function becomes

(B-'-'Bu) B;u
u-‘-*—»AnA0 n ..A.,..,.,.‘.....,..,,...:E’q. 13

(o - ‘unE)
The material can never be completely unloaded because of gravity.
Therefore, the porosity ratio that can be recovered n,. can be computed for
a very small total force in the mineral of say, 0.1 ‘pounds when the cross

‘sectional area of ‘thé water and the mineral is one sq.in. Therefore,

Equation 13 becomes

29



Solving “for the porosity matio that tan be recovered . Pproduces

L=
(8,7

If the material has mever been .unloaded then N, = and the recoverabie
porosity ratio becomes

(8,7 (1837 | |
‘nr=,(‘lDA) n ‘ @ e e e e aae o Eqg 16

Since the porosity ratio is a «direct measure :0f the wertical strain
since deposition f-:t:hé rate of recoverable strain becomes

an

r_
ks (10A)

<] oy
=B . ~ -BB . .
( u ) (1-B 'BQ.] ) zsn( u )

Rate of Change of S‘train"En'ergy

The -input rate of change of strain energy can e written as

and the recoverable rate of change of strain energy can be written as

=]

' B ~1 (-8B, ")7.
v+ - _An (=B" "), -1y . u 3n .
o'e, = mq...nE [(’IOA) (1-B B, ) ]_at -+ . . Eq. 18

The difference in these two terms is the dissipation or the Stress power

30



that produces heat. It s _ .

] | o (-B B 7)
o'e - .U'rC_r = AYI‘E I] - (TOA)B (1-B :B‘_u‘:] ) n Bg - Eq. 20

The second law of thermodynamics requires that the dissipation always be
‘greater than or equal to zero. This requ‘nrement is :equivalent to a state-

‘ment of the -entropy principle, and it is sometimes :called the C’lausws-

- Planck principle. It should be noted that Eq. 20 is always “posifti ve.

‘Cohesion

In well drilling 9t is the tohesion that keeps the clay pr shale :;uttings
Wintact as they are pumped to the surf,-a-ce. The .:urﬂ‘oad'ing function can be
used to study the development of this -cohesion that ho‘I ds the material
:hogether after it s un"‘! oaded as shown n Fig. 71 . From ‘Eq. 5 tt‘he “force }'

in the mineral can be written as

‘ (& - unf)u ‘__:‘ ;A.uT;BU = (o' )1 -1F) . .. . g 2
where (o - ..unE_)u < (o~ un:E)o |
| n, = mineral porosity ratio developed during the history of the
‘material, '
©= E

cohesive stress in the mineral acting on the area 1-n-.

The porosity ratio is determined by the mineral stress o' -for both

loadi ng ;and unloading, therefore

(¢')(1-nF) =

31



Substituting feuation 22 and Equation 12 into Equation 21 pro-

duces
(B8) B _
ang Y= (R4 0)(1 - )
o 1-nE
(B-B,) . - B-B
Ang U an® 4\(7\1D e mB)
0r o £ = - E T Tt mmeee e £q. 23
T-n J-n

The cohesive '*stress,, C, s assumed 1o act on a ‘horizontal plane in 2
vertical direction. The cohesive St'PESS in .pther directions s probably
different because of the aﬁisotropy 0f the :particle orientation. It
should be ‘noted that the calculated value of the cohesion 4s always -
negative or tensile. ” '

The maximum cohesion would develop if the total stress could someway
be made tensile to the point that o' approaches zero, say 0.7 psi, then

Just before tensile failure Equation 23 would require that

(B-B ) ; :
An, U n=0.1+c (1-nb)
(B-B ) .
u’ B
g . ) ~Ano n - 0.7 Eq. 24
, iy —F B -1+ B

‘Pore Pressures

The unloading function can also be used to compute the minimum possible
pore pressure to be -expected while drilling. By measuring the'porosi‘ty

ratio of the intact cuttings nm collected from the circulated drilling
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Fluid, the minimum value of M, can be estimated as shown 4n Fig. 11.

Solving for n_ -in Equation 14 -gives

0
- 2

‘B B -B
(B«B ) B .B“ B, )

= (10A) n

Mo = 0 e e e e e e e e £q. 25

where n, is the minimum possible pporosity ratio for the mineral -n situ.

Therefore, by Equation 10

Substitution -of Equation 25 into Equation 27, assuming E=1 and ttak'ing the

minimum possible value of n as n, it can be seen that

; ‘ n 2. g -
(B,~B) (B “~B B )
ypeo=o(108) ¥ Tp U T

min '
(8-B,)(B-1) (B BB %)(B-1)
- “A“DA), o ,,Hn""o . . e+ -. Eq. 28

In order for the pore pressure to -exceed this minimum value there must have
been unloading. This might ‘occur through hydrofracture or erosional removal
of overburden. | |
As Dave Powley of Amoco 011 Co. -has suggested the maximum pore water
pressure to be expected 15 the natural hydrofracture pressure - Since hydro—
fracture can occur by several mechamsms there is need to stud_y these

mechanisms in order to determine the maximum possible pore pressure.
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Permeability

Direct measurements of permeability show that Darcy's law describes
the steady stote flow in «lays. The permeability data -can also be descrihed
by @ power law function of porosity. This Function shows that the permea-
bility decreases many orders of magnitude faster than the porosity decreases.

The permeability, k, may be described as

*k-:cn . B @ W @ o 0 ~-«"uo-4-ununa»anc-nnx-.,ifq.,zg

where € and D are ﬁonstants for each different type of sediment. Typical
‘test results are given in Fig. 12 and the 7pem§eab?1"l ity factors are -a‘ls_d
given {in Table 2. | |
Further testing on &«aolinite has shown the permeability coefficients
are -influenced by *tempenatune; This was expected because sea matei” becomes
Tess wviscous as it is heated. TFor kaolinite,at ;ZUOL,“:the power law _
permeability coefficient ﬁ,awats 7.734 x 10'7 cm/sec and the eXponenﬁa‘l

 coefficient, D, was 6.40. At 90°C C was 2.012 x '7110'::6 and D was 5.4188.

Thermal Conductivity and Specific ‘Heat of Sediment

The thermal conductivity or vari 6us sediments as determined from a
Titerature survey is shown in Fig. 13 . Tests on kaolinite are shown in
Fig. 14. The kaolinite test results are much lower than the values
published in the Titerature by a factor of about 2. ‘Most of the pub-
Tished values were .determined by a needle probe that measured the horizon-
tal conductivity by .ihserting it down the axial center of a 'cy'f indrical

core. Penner has shown that clays have anisotropic thermal -conductivities
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Thetmal Conductivity x 103, cat/%-cisec

0.2 ' 0.4 0.6 0.8 1.0

Porosity ratio

FIG. 13 - Thermal Conductivity of Various Sediments
versus Porosity Ratio from the Literature
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Thermal conductivity ky x 103, ¢al /% - em-sec

NOTE: porosity ratio s -erroneous Ffor
v"\; last two points. »Confiniﬂ% sTeeve
iy ) buckied at about 5000 psi (see
© :
© "\  Fig. 7)

3 o

| = .unloaded and/or
‘reloaded

© loading o

2

» k= E+ Fn + @n
0.9 E=1.1486 x 1073
F = 7.5515 x 1074
6= -1.8510 x 1073

0.8 T

- v-O 7 1 1 1 1

0.0 0.2 0.4 0.6 0.8 p 1
Porosity ratio n '

FIG. 14 - Laboratory Thermal Conductivity of
Kaolinite measured during Consolidation
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because of their anisotropic particle arrangement (26). He *found the
horizontal conductivity about 1.7 times the wertical conductivity at
shallow depth. These kaolinite test results are For the thermal conduc-
Tivity -in the wertical direction -in ‘highly compressed sediments with a
‘high degree of horizontal particle arrangement. This may be an explana-
tion for @ difference in these test results and 9n the values that have
been -found by other <investigators using different test equipment,
different minerals and different measurement direction.

i‘t should be noted that the last two porosity ratios 1in Fig. 14
are probably +in-error. It was found, after the test was over, that the
thin sleeve ‘that confined the sample buckled with the high pressure. The
Pporosity ratios were calculated From the height -0f the ‘:sainp‘l».e assuming mo
lateral deformation. With buckling there was lateral wdeformation and ‘the
last two ;porosity ratios are wWrong. "_Iable 3 shows the "J,n’a‘d; porosity
Tatio .and thermal conductivity for the kaol 'in“i'.te- and Ottawa sand.

"The thermal conductivity can be Tepresented as parabolic function of

the porosity ratio as

ky=E+Fn+6n" . ... ... c e e eeae ... Eq.30

where -kh = thermal conductivity of the mineral-salt water system in

cal /.C° cm/sec. ,

]

n = porosity ratio,

and E, F and G are the coefficients to describe the materizal.

For kaolinite the test results give

E= 1.1486 x 103
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~  TABLE 3.~Con§011datioqJgoad,#Porosityaand'Therma1
Conductivity for Kaolinite Clay and Ottawa Sand.
& T T Consolidation Porosity Thermal Conductivity
‘Material Load(psi) (o-AnE) ratio n Y (cal/ C-cm=sec)
Kaolinite Clay 0 0.695 0.79 x 1073
| 63 0.532 0.96 x 107
” 99 0.509 1.05 x 1073
206  0.269 1.10 x 1073
350 0.438 115 x 1075
- 637 0.400 1.17 x 107
1210 0.360 1.18 x 107
2357 0.311 1.19 x 1073
350 unioad 0.325 119 x 267
-~ 63 .wnload 0.371 1.19 x ;1i0"f3'
206 reload 0.368 1.19 x 1073
637 reload 0.347 1.19 % 107>
2357 reload 0.298 1.19 x 1073
- 4651 0.251* 1.21 x 107
10386 0.147% 1.21 x 1073
e S—  Ervar—
K Ottawa Sand dense 0.330 1.39 x 1073
loose 0.360 1.49 x,10’3

éfjb,»._,-.. e i

* Porosity ratio based on sample ‘height not correct because
sieeve buckled
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F = 7.5515 x 10~

and &= 1.8610 x 107>

The specific heat times the mass density for a unit wolume of the

sediment can e calculated if the specitic heat «of both the mineral and

the water 4s known as

pTCVT

where Py =
C o=
’n —3

"Esw =

ft

B

QSW

and L=

f

= Mobgulgy + (1-n) &

total density of the sediment in gm/cc,

total specific -heat of the sediment <in £al/C° gm,
porosity rati o,,'_

specific égnavi:ty ©f the sea water ~ 3-133;
specific :gravity of the mineral - 2.65 to 2.74,
specific -heat 0f the salt water ~ 0.94 ‘;r.a'l_/o.;c ﬁgm,,
specific heat of the mineral ~ 0.18 £al/CcC gm.

SYDES nnoaon«o.uo«o—w‘om'

Equation 31 4s @ linear function of the porosity ratio n. When m=1 4t has

@ value of 0.94 cal/ Coozgm. Hhen =0 4t ‘has a value of 0.18 cal /,(fo-f;gm..
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6. CONSERVATION OF 'MASS -AND DARCY'S LAW -
DERIVATION OF THE PROGRESSIVE ‘BURIAL TONSOLIDATION EQUATION

m As the sediment is compressed water must be expelled 4f mass -is
~conserved &and if the mineral particles and the waterare incompressible.
This requires that the rate at which the mineral is compressed must be
-qual to the change [in ‘the average flow rate 0f the water through the
mineral. The rate at which the sediment ds compressed is the change in
the porosity ratio with respect to time. If Darcy's law +is true for the
sediment then the velocity of the water is given by ithe product of the
. hydraulic gradient :and the coefficient of permeability. Therefeore
o
‘ ki _ an :
I R T T T T N T S : ,Eq._ 32
or
o 5k PO ,
91 _ on o
1~§Z—-‘+k~5—‘—€ . a4 w e e e i e ...'.w - e e w e s Eq~ 33
& o mhere
k = coefficient of permeability based on the total area,
o n = porosity ratio, |
O .
t = time,
z = depth, ‘
- and 1= hydraulic gradient. v ‘
The ‘hydraulic gradient is defi ried as the change n the 'to‘ﬁal ‘head
with respect to the direction of flow. Cons1der1ng flow upward - omy and
-~ - taking the total head to be the sum of the pressure head p]us the
) elevation head then,

4]



3h |
t p £
= = “’ g W B W G e B W W we W e e e el . e - N
9 = 37 33 Eq. 34

hy = total head
h , = pressure head

-he = sglevation head

Taking z as increasing downward the «elevation head will decrease with

. «epth and the preSs,ure head will increase with depth. Therefore

3h |
?Z’-_’“al * @ W @ 0 @ e e 0w @ . w w . "n . v W e Eq- 35
The pressure head -is defined as Ffollows:
Yoy Th__p Tl e m e e e e e e e o o e e e e e - Eq. 36
where Yy = unit weight of the water

‘pore pressure

“

u :
Differentiating Equation 36 with respect to z and substituting it and
Equatwn 35 -nto £quat1 on 34 produces:

1 su .
v £q. 37
Y, o2 g
. ' au
; <+ D e
or (i+1) v, 57

Since the hydrostatic pore pressure produces no flow it s the pore

pressure in -excess of hydrostatic .pressuré that is of interest. Defining

= -+
U= U+l e e v e Eq. 38
where u = total pore pressure
Ue'x = «@XCess pore pressure
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ML

.UH = ‘hydrostatic pore pheSsure | i

therefore

3l .
3’5" S T £q. 40
1]
or i= :-l— e e e e Eq. 4]
Yy 92

Differentiati rig Equation 41 with respect to z .and -subSti:tut‘ing it and
Equation 41 into Equation 33 :produces
;,2

L 90U U )

K ex 1 2y 2k _ 3n

e F o e e = L L “ . e w4 w e e

Yw 522 Yy o2 8z Bt - q. 42

if it is :assumed that the unit weight of the Méter Yy 15 @ constant.

| Equation 41 shows that “there must be .an £XCess pore pressure
gradient for steady state flow and Eq:uaft’ion 42 'shows :thét <for consoli-
dation and settlement a gradient of the hydraulic gradient is Tequired.
When the pore water is hydrostatic there is no -excess pore pressure; any
change in pressure head is -exactly compensated by the elevation head,
and therefore there is mo flow.

| Equation 29 allows the permeability in Equation 42 to be rep].aced wWith

a function of the porosity rdtio n. Differentiating Equation 29 with respect
to z and substituting it and Equation 29 into Equation 42 produces
2 |
cnP? Uex conP! an Uy - an L
—m—— < -Tt- "’_'t-,..............Eq.'43
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When the experimental compressibility me‘l-atinnship,} Equation 10, s

combined with the ;equilibrium condition, Equation 6, it is seen that

z ,
:n=-AnB-=!-4m£= j (1-—-11)(15 )(y)-FmG }adz e e e~ .. Fg.#84
Solving for u produces
U= - eAnB"‘E +n7E f {(0-n)6yy + MEy 3 dz . . L L. . - Eq.45
. o)

'.Usi"ng Equation 38, the a;ssu.mption that £ = 1 for clay and shale, and

~assuming that

z Z
nE f {(0=n)Boy, + 18,70} 4z = | ((520) 6.y, + G v,) 2z . - Eq. 46
0 g
‘then
ST N T AB"l f{( )' ~.} dz | Eq. 47
H™ Yex J 'sYo V“QwYo} e q.

differentiationwith respect to z yields

ol .

ex ’B«-Z 3N -'l :
a.z°°A(B1) a«+( ).G‘S«Y‘!o,..\..._‘.,.fq.-48

A second differentiation with *reSpéct to z yields

azuex B=-2 azn «»2
322 = - A(B"-!) ;;? ' GSYO az ot e '0 . Eq. 49

1f it is assumed that the product of differentials are small and can be
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same and the length of the drainage path s the same.

ignored.

When Equation48is combined with '£qua‘t'i'on 49 and Equation43 then

2 &
A(B-1)C ! B+D«-2 an CD -3 1,’?D--Z’ (T=n-D~ )

n—c——

-7 &y 22% By :az ;r.t - - %030

As mentioned before all the coefficients A,B, Csand D-and »aeven‘G e
and G are all influenced by the temperature.
- This last -equation s a parabolic quasilinear second order non-homo- -

geneous partial «differentialequation. The independent: vamab‘le, the porosity

~ratio n, is a function of both depth 2 and time t. It is the controlling

differential ‘equation *for consolidation, subject to the .above assumptions.
Such an -equation is said to have .a unique solution (3 ).

In the second rterm on the ‘left ‘hand side ;of JEquat*:on 50 'I:he :porosw:ty
ratio n israisedto the power nf D-2. S‘mce :D is always Jgr'eater"than 6 as shown
by tests and since n s a]wa_ys less than one, the second term :could be
dropped with Tittle loss in accuracy. Hermes :prove:d that such an equation
‘had a uﬁilqu.e solution {17). | |

If the coordinate system 4s attached +o the mudline and the origin
moves as the 'sediment subsides nof new sediment is deposited and if the
rate of deposition is 'constant, then the mechanical processes at .any giVen

depth below the mudline will be independent of time. Different materials

will be involved at different times at the 'same depth but stresses are the

For these condi-

‘tions the mght hand term of Equation 50 vanishes and Equatmn 50 becomes

an ordinary differential equation gwmg the porosity ra‘mo n as .a function

of depth z only. The porosity ratio n will be a constant at .the mud]ine,
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7. HYDROSTATIC PRESSURE — DEPTH RELATIDNSHIPS
FOR INTERSTITIAL SALT HATER

As shown by Equation 30 it -is the pore pressure gradient 4n excess of
‘hydrostatic pressure gfadi*.entt that produces Flow through the sediment, and it
1s the gradient of the gradient of the excess pore pressure that produces
‘consolidation. To compute the -excess pore pressure it is mecessary to know
the hydrostatic pressure that takes into consideration the ®ffect of the
thermal gradient. | -

Figure 15 shows the bottom hole ‘Ttemperature and Figure 716 shows the ‘
bottom hole pressure for a number of wells 4n Brazoria Lounty, Texas to
illustrate how temperature and pressure varies with depth <in the Bulf Coast
region (6 ). |

Figure 17 :shows ‘how the thermal gradient based on bottom hole tempera-
ture wvaries -over the Gulf Loast region (23).

To determine pore pressures ;far below the surface 9t is mecessary to
consider the effects of :temperaiure and pressure on the specific gravity of
salt water,

-~ Equilibrium *mqu‘ires that the -’n_ydrbstatic jpore pressure be determined

using the equation:

‘UH:'/ RO -« -1

0

1% y6d
Or., Uy = ] ¥, 6,42

"0

- du
which can aisc be written as: ’Hfzﬂ = YnGw

wWhere G, is the specific gravity of the salt water .and a function of

temperature and pressure and uy is the hydrostatic pore pressure.
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A non-1inear representation of specific gravity ofsalt water as it
relates to .‘cemperhture and pressure ‘has :been developed From data of Fi ne,
Wang and Millero (15), with salinities ranging from 30% to 40%. “This

representation s as follows:

Gw

[

g(e) + F(u) + uh(s) o e e e e e s . I R YR

f

where:  §(e) = 1.02651 + 3.91069 x 1076~ 9.99260 x 1076 62 + 1.42754 x 107863

f(u) = 2.21598 x 1072 4

-7

h(e) = - 1.76558 x 107" & + 2.88827 x 10710 ¢2

u is the pore pressure +in psi (0 - 10,000 Psi range) ahd ® <is the
Ttemperature in degrees centigrade (0 - 200°¢ range).

A typical Tinear -subsurface temperature profile can be

written as:

6=L+Jz . .. e e e e e e e e e e e e e e e e W hG. U3
where G s the surface temperature and J is the thermal gradient.
When this is combined with the -above specific gravity -equation, the

following équa’tibn results,which is a function only of Ppressure and depth:

GW = _g_l (z) + Fu) +""Uh] -2 Eq. B4

where: g (z) = 1.02651 + 3.91069 x 107% (& + dz) - 9.99260 x 10~5
(6 + JzP+ 1.42754 x 1078 (G + 32)°
F(u) = 2.21598 x 107> 4

hy(z) = - 1.76558 x 1077 (G + Jz) + 2.88827 x 10710 (6 + 9z)2
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Pt

0
T

Performing the necessary algebra and collecting terms yieids:

P p -2

where: ' R S

5
]

o = 1-02651 + 3.91069 x 107% & - 9.99260 x 1076 &2
4142758 x 108

Ay =3.91069 x 1074 J - 1.99852 x 1075 6 + 4.28262 x 108 B4

= - 9.99260 x 1076 32 + 4.28062 % 108 &2

3= 142754 x 1‘0‘3 3

,:EN
i f

Co = 2.21598 x 107 - 1.76558 x 107 & + 2.88827 x 1010 g2
< 1.76558 x 1077 J + 5.77654 x 10~ &3
., = 2.88827 x 10710 52

. 3
—
t ]

Substituting Equatmn 55 mto Equatmn 51 pr'oduces A "l‘mear Ffirst :order

differential equation of the ‘Form

au ,
H_ | 2 | 2. Eq. -
Bz - UG+ Lz + 02%) Ut By Azt Azt agzhy - Eq. 56

A fourth -order Runge-Kutta Finite difference program was written <or
the AMDAHL 470 V/6 i:amputer‘ to solve this differential equation for
different surface temperatures & and different thermal gradients J. The
constants used for five different cases were computed -and shown in Table 4.
Table 5 gives the computed pressures for various depths using the five
different cases. The specific gravity of the sea water: was ‘then ca""u‘lated

by Equation 55 and is also shown 1in Table 5.
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IABLE ©

o N Calculated hydrostatic ﬁreéssurea specific gravity
-and temperature for various depths using the -eguation
- of state for sea water .and different thermal gradients.
o } —
T CASE 1 2 i B 5
 Surface Temp. OF 68 68 68 | 68— | g5
T T Thermal gradient °F/100 Ft. 0.5 1.0 1.5 2.0 ) 22
| Depth (t. )y |
o
———— T T [PRESS—(PST) 0 0 0 0 0
- S iy 1.030 1.030 1.030 1.030 1.030
- [ TEMP. (OF) 68 68 68 R - S N7 S
- |PRESS. “(PST) | .44p 440 440 440 440
1000 G, 1.038 1.038 | 7.038 1.037 1.037
e TEMP. (OF) 73 - 78 83 - B8." 907
- PRESS. (PSI) | 8op 889 888 886 883
P 2000 Gy, 1.046 1.044 1.042 | 1.040 | 1.039
" - [{TEMP. (°F) 78 88 98 308 - o111
R PRESS. (PSI) 1340 1340 1338 1336 1327
Q- - ~ T 3000 16y 1.053 1.050 1.045 1.039 1.037
O~ . A . .
— 1ITEMP. (°F) 83 98 113 928 ] 133 |
- PRESS. (PSL) | 4994 1789 1788 1779 1767
o o
- 4000 Gy 1.060 1.053 1.045 1.035 1.032
TEMP. (°F) 88 108 128 148 7| 154
o PRESS. (PSI) | o347 2239 2238 2219 2207
5000 G,y _‘ 1.066 1.056 1.044 | 1.028 1.023
- TEMP. (°F) 93 | 118 143 168 - |-176
{ i —
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TABLE 5 (Cont'd)

CASE 1 2 3 4 5
Surface Temp. °F 68 68 68 68 62
Thermal gradient % /100 Ft. 0.5 1.0 1.5 2.0 2.2
Depth (ft.)
PRESS. (PSI) | 2707 2689 2688 2659 2644
6000 G, 1.072 | 1.057 1.080 | 1.019 1.011
TEMP. (°F) 98 128 158 188 198
PRESS. (PSI) | 3167 3139 3131 3092 3074
7000 Iy 1.077 7.058 | 1.035 | .1.006 | ..996
TEMP. (°F) 103 139 173 208 219
PRESS. (PSI) 3627 3589 3571 3527 3496
8000 Gy 1.08] 1.057 1.027 992 .979
TEMP. (°F) 108 149 188 228 241
|PRESS. (PS1) | 4089 | 4039 | 4017 3941 3911
9000 Gy 1.085 1.055 1.018 .975 ..960
| ITEMP. (°F) 113 159 202 248 262
|PRESS. (PSI) 4559 4489 4444 4354 4317
10,000 Gw 1.089 1.052 1.008 .956 .938
TEMP. (°F) 118 169 217 268 284

= Specific.gravity of Sea water at shown pressure-and
temperature as computed by Eq. 55.
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formations if the heat Flux vector is constant with respect ‘to depth

;@—,j,;fy:"i;»«‘ifé o s’}:? EE gy

The hydrostatic pressure Uy can also be rewritten as

................... - ~ Eq. 57
where Uy = ‘hydrostatic pressure <or Sea water that takes 4nto
ﬁ consideration the effect of the thermal gradient,
Yo = unit weight of pure water at standard conditions which is
4°C and atmospheric pressure at -62.4 1bs/cu ft,
Z = depth,
and Uy = deviation in hydrostatic Pressure caused by considering the

effect of the thermal gradient from the hydrostati C pressure
calculated by assuming the wnit weight «of water s & constant.
Figure 18 shows a plot of +the deviation in pressure u,

depth for different Tases.

as a function of
#ith @ thermal gradient of D.5°F per T00 it the
«deviation is about 225 Ppsi at 10,000 -t depth or about 6 percent of the
pressure calculated by multiplying the depth times the unit
at standard conditions.

‘weight of water
Figure 19 is 3 plot of the specific gravity of sea

water as a function of depth for different cases. It shows that the

deviation in specific gravity can be as much as 8% at 10,000 +t with a
thermal gradient of 0.5°F per 100 +t.

A1l preliminary thermal data for the marine sediments show that the

“thermal conductivity increases as the porosity decreases. Therefore the

thermal gradient should not .be a constant except in constant .porbsity

Y ,i ~8. s
there are no local heat sources.
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Calculated depth 2 - 1000 £t.

g

y

10t

FIG.

Pressure deviation in psi, 4y In psi

50 100 150 200

Lase
] cxmoma— H8°F + D.5°F/100 Ft.
11 commememe 58°F + 1.0°F/100 +t.
111 e £8°F o+ 7_5°F/100 Ft.
IV comssmem 68°F + 2.0°F/100 t.
V oo 68%F + 2.29F/100 ft.

uy = (0.433 psi/ft)(z ft) + Uy

18 - Deviation of calculated hydrostatic pressure calculated
by taking into consideration the effect of the thermal
gradient and hydrostatic pressure calculated by assuming
the specific gravity of water is one.
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Specific Gravity
0.92 0.94 0.96 0.98 1.00 1.0?2 1.04 1.06 1.08 1.10 e
S Samotnisiir o y1 L T ¥ ‘ L4 L] R 1 1

Lase -
T e 68CF + 0.3°F/700 Ft.

e L 3 11 ———— 58% + 1.0%/100 +t.
o e ‘~ N 111 68°F + 1.5°F/100 Ft.

> 1 IR IV emcemm 68°%F + 2.0%/100 t.
— - ; ,\'\v e e 680F # 2,2°F/100 t.

i

Calculated Depth Below Surface - 1000 #t

1
|

-

10 &

FIGURE 19 - Specific Gravity of Sea watervadrostaticaT1y
Compressed with Different Thermal Gradients
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8. POROSITY - DEPTH RELATIONSHIP FOR NORMALLY
CONSOLIDATED FORMATIONS AT CONSTANT TEMPERATURES

~The porosity-depth relationship can be computed for a2 novmally pressured
formation i it is assumed the density of the pore water is a ctonstant.
The total stress o 1is equal to the weight of the overburden of

‘the depth Z distributed over a total unit area

U'f ’YTdZm‘o-»-aw-«ow‘owcan» oooooooooo :Eqaé ]

where the total unit weight Y7 can be written as a Function of the

“porosity n, as
'YT= ('l - ‘n)(ﬁs)(‘yﬂ) *Yoﬁwn m et e e s e = e s e o« « g 5B

- where = porosity
Yo = unit weight of water at the standard reference

‘temperature and pressure.

Gs = specific gravity of ‘the mineral solids.
Gw = specific gravity 0f the salt water ~ 1.03.

As 'shown before -.equilibrium requires

0= 0" (T =N )+ UN" & v v e e e e e Eq. 5
where o' = mineral stress
| u = pore pressure
o = total stress
and n = porosity
E =1 for a clay or shale
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‘As shown before,the compressibility of the sediment may be represented

by a power Taw s0 that

o - unt‘= -=i-An‘B

‘Where A .-arj-d B are x:omphéssi bility constants for a given sediment.

If -4t 4s assumed that “the pore pressure is -equal o the hydrostatic

~ Stress and the specific gravity of water is a constant then

Lombining all of tthe above :equations produces
3 Z
An +yoGzn f{'l—n)(ﬁs) O*nGYO} dz

:An’31 Y562 = / {(-—-—) 67 + G Y
A(B- 'l)nB -2 g‘z‘ + (1““) Gyvg + Gevg
dn = dz

1o -obtain finally the "Eo'l‘lowing integral.
B- :
= A(B-1) E .
2 G ,Yo -T_' dn * e 8 o e e jc . . e e £q‘ B]

The terms 1in 'Fr'ont of *the integral sign are all constants for a given

Ac] ay or shale.

Yo = 1 gm/cc = 62.4 1bs. per cu.ft.

G.s 2.74 For the usual clay minerals

",

0< A< 3 for the usual sediments tested

-11.21 <B <=5 for the usual sediments tested
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B = -~ 23.55 for Ottawa sand.

It should be moted that A & B are not mecessarily integers and that

B s always negative. Since

This can be -integrated term by term to yield

‘n B 3 n o _
7 o= M 4 I L}l v W e e e o e a e e e e e qu B4
E?-s“YO m=0 B n=nq

©or when the 1imits are ‘taken where ng is the porosity at the ocean bottom

and about equal to 0.85 and n is the porosity at depth z.

_ ' -~ B+m : '
z=-’%-$§-‘§%imy R T, Eq. 65
G vg * TBmT Y B e e 9

m=0 m=0

Since n is always less thén' one there will be very 1ittle contribution
to the solution of any term when B+m > 1 but ‘there wﬂj be & large contri- |
.bht*‘ion when B+m < 1.

Therefore the number of terms needed for convergence s m = =B ‘because
B 1s always negative.

Table € gives the normal pressured formation depth-porosity relation-

ship for the sediments tested and Fi gure 20 siows .a plot of these resu]ts.
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Calculated bepth (Ft)

Porosity ratio (n)
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500;' 1.,; SEDIMENT -~ Compressibility
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CAMPECHE ~ A=2.73; B = -6.13
.s,ooof- 47 HAWAII - A= 3.39; B= -5.71
| 1/ - - A= 0.37; B= -10.1
10,000 + 'y SQ!IE.E&EE& |
- | OTTAWA SAND - A= 7.4 x 10°°
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FIGURE 20 - Plot of Computed Porosity Ratio Depth Relationship - With
Hydrestatic Pore Stress at Constant Temperature.
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I the porosity s measured at a depth and it is ']arge‘r than the value
computed then the *materfi‘a'l is underconsolidated and overpressured. The

percent consolidation U can be computed as Follows. Lalling the above f

~talculated porosity M.» and the porosity at the ocean botiom Ty» which

is the maximum porosity and the measured porosity n, at ddepth z then

-oqa-ooo'a-.—<-o-oq~w~vo--nmoo-ou

It 1is interesting <to mnote the same type -of equation for ‘the porosity-
depth s produced if the Terzaghi effective stress concept is used instead

of the ae'ffe_cti ve force concept. In this case T §s the effective ‘s"..t'res_s

and ' _
= . , , \ . £7

- taking o= ««An.{B from the experimental test results <then

B Af . o
0

A +B-1 dn ~ | |
AB-1)n™" 7 + Yol = (1=n) &gvp + 1 Gy

AT 2 (1n)e v, - (1-n) 8,7

AB-1n" Q0= (1n)(yg) (6 = 6,). . . . . . .. ... Eq. 68

B

n=n; B3
. A(B-1 f n _ .
Zz = Tg——Ly i — dn 4 e e e @ e e s e s e e - Eq‘ ’69
Yo GS'GW - 1-n
n=n, , : |

The only difference between Equation 69 and Equation 61 s the con-

stant in front of the integral. ,Comparing"the two constants and t-aking G.s =2.70

and G&f 1.03 then the Terzaghi assumption requires that the depthfor a given porosity
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be 1.62 times the depth calculated using the mineral stress ctoncept.

This difference ‘may make it :possi ble to test whether the effective
stress or effective force toncept is correct, or to evaluate the void
area constant £ for a .given sediment type. Such a test would be @
sedimentation experiment in the laboratory -in which the porosity is
measured as a function of depth after the sediment stops consol ‘i-da‘ting..

It s important to establish the effective force -concept experimentally
as well as theoretically so the édrﬂ‘l‘i’ng industry can prepare itself for
-hypergeostatic pressures +if hypergeostatic pressures can occur <in geep +ock .,
formations. 1In the past the effective stress concept ‘has been accepted and
there has even sbeen a reluctance to report pressures that exceed the depth
times 1 psi:even though -greater pressures may have ,heén involved in many
catastropic blowouts. The s,éssumed maximum total stress gradient:of 1 psi
per oot -of depth requires -that the average total unit weight ©0T the material
to be »%eqdal to 144 lbs/cu ft :sor that the average porosity ratio be about
0.26. Even if the pore pressure is hydrostatic none 0f the materials tested
w111l compress under its own weight to .an average porosity ratioc of 0.26 4in
50,000 ft. ‘ThiS is illustrated by the fca’l:cu‘ljafted porosity-depth curves -in
Fig. 20.

64



D

9. VARIATION IN PORE WATER PRESSURE
IN CONSTANT ‘POROSITY FORMATIONS -

In the petroleum industry it has been pbserved that the zones

immediately overlying many highly overpressured Formations are shales

- that have very 1ittle or no variation 4n porosity with respect to depth

@s shown in Figure 21. 1In ‘some ﬁreg‘ions the porosity -even increases with
greater depth.

It ‘is 'inter_est‘»in_g to ,study the :»vbariat;ion in ;pore pressure that can
be expected when rdrﬂ‘]ing into these "seal" formations 0 that the
driller can "weight up" his drilling fluid in anticipation of pene‘traﬁﬁg
@ :sand member that could cause a blowout. | ' | |

Again equating the force “in water plus the force -in the r:minerza‘l

~ matrix to the overburden force it has been shown that

By taking the derivative with respect to depth to remove the “integral
then

reB=1 an . . au _ , o
(ABn + u) =t == (Ten) G Yo +\"§w7~o -+ ... Eg. 70

_ If the porosity is constant in the formation then %: 0 .and the

equation becomes

or LaézYo{Gs(%ﬂ)+Gw}+H e 1< T 74

The first term of the right hand side of Equation 71 is the excéss pore

pressure gradient since the second term is the hydrostatic pressure

radient.
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#As shown in Figure 21 the pressure-depth ratio o, at the top of the

seal at point 1 is given by ok It can be written as the sum of the ‘hydro-

static and -excess pore ppressure divided by the depth. Therefore

shere Ugq = the excess pore pressure at point 1.

The pore pressure u, at point 2 .can be computed as follows:
oo Bu | ,_ y
huz—-a1z+(-§-i);y. ..... @ e e e e e oa e - - Eg. 74
swhere y s the distance drilled into the seal, therefore

Up = gz + {y,6 i_n_l'l' Gy Yol

Uy
but 0-2 = Fy
therefore
'°52“z'+y+{ - +_aw}§-;y e e+ ae s e e+ Eq.T5

For an example, if o) = 0.5 psi/ft., z = 10,000 ft., & = 2.7, &, = 1.03,
y =100 ft and n = 0.67 then |

«,{10,000) |
_ 4o, 2.7 (1-0.67) (62.4)(100)
“2 =700+ 7 S oer * 1-08) IS Tie,00)

ap = (0.5)(0.99) + (2.36)(0.433)(0.0099)
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o, = D.50512 psi/ft

Therefore a mudoweight of at least 9.72#/gal is meeded in the borehole to
equalize the formation pressure. |

Had the constant porosity -formation been 1000 ¥t thick then

.

_ =1 010,000 pe 1,000
oy = (0.5)(m) =+ (2..36)(0.433)(-m)

or a, = 0.4546 + 0.0929 = 0.54745 psi/ft

Therefore, 2 mud weight of 10.53 #/gal {s meeded to -equalize formation
‘pore ‘p»ressufﬁe. |
‘+Iad ‘the Terzaghi assumption been used where o = éAﬁB < . then

Equation 71 would have to be written as

du _ , ‘ :
o= -0 (E)(vg) +mBvy - - o o o - L . e - Eq. 76
Cor u= 2y TN (B) + M Bvg} w mwwoewe e Eq. 77

The pore pressure gradient of Equation 76 can be obtained by multiplying
pressure gradiént of Equation 71 by the porosity ratio which is always less
than one. For the first example ap -Would become -0.50183 psi/ft and +4n the
second example s would become -0.5168 psi/ft 4f the Terzaghi effective
stress concept had been used instead of the effective force cconcept.

A Tittle reflection -will show that the computed pore pressure .gradient
of Equation 71 1is the greatest ‘that can -exist in a constant porosity forma-
tion. The water muﬁt supporf any v’added overburden -above the 'Fbrmation

without a decrease in porosity. This maximum pore pressure gradient is the
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siope of the pore pressure ‘funct'i on not the pore pressure divided by the
depth of the formation. As shown by Equation 71 4t -is :the total umt
- weight of the Formation divided by ‘the porosrty ratio.
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10. EQUILIBRIUM REQUIREMENT FOR POREWATER
‘PRESSURE AT INTERFACES

The #quilibrium condition can also be applied to <the interf,ac«e bet-
ween Iwo :vcﬁf‘fefent formations and the total force must be the same 4n

each 1f static -equilibrium exists.

At the horizontal interface between shale and sandstone the

pore pressure and the total stress in each must be the same. WUsing these

requirements -and Equation 10, then

S o+ - S = N _TC -+ A C 7
ui‘SnS ASnS l'I'C £ ~CnC c et e e~ Eg.78

where a1l subscripts s -:denot-e_ the sand and all subscripts « «denote the
Shale.

For the sand E¢ is wvery small and n_fs approaches 13 For the shale

'E;c is probably about 1 and n Ec approaches n_.

c o~ Therefore
u+A n‘B'S = un_-+ A n Be ';Eq 79
<N un, e e e e a e e e e . Eg.T7
Solving for u gives
AchBc - vAsns'Bs ‘
YT 3 s e e e e e e e s e e e A e Eq. 80
L

This -.expression shows that unless the materials have been unloaded

the pore presSu-re is not independent of the porosity of the two different
formations. '

For a water to horizontal rock or sediment interface, the same
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requirements produce

T . e e e e e e e e . Eq. B

solving for u gives

This expression shows thai the porosity of a sediment on the ocean |
bottom is mot independent :of the depth ©f the water. However, Jaboratory
tests have shown that the porosity ratio n falls in the range of

n = 0.80 to 0.85 for several different sediments when u = SIJ.V

The same ‘principle :can be wsed <to compute the drilling ‘F,r;:"iﬁ;d pressure |

(mud slurry) U meqin"red 10 balance the wvertica] sand ;?Format'ivnri “force.

- Using Equation 6 then

_ Ec .~ Bs
U =un ‘As“s ~~~~~~~~~~~~~~~~~ £q. 83
‘where u = formation water pore pressure,
n, = formation (sand) porosity,
Es = area power law constant for sand (very small ~ 0.09) so
n B I
that ngs 1

and A,s and .Bs are the compressibility factors for sand.

At -each of the interfaces considered, it has been assumed that the

forces on either side of the interface are in -equilibrium. It has also been

assumed that the force in the fluid p]u.s the force in the minera] matrix
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are :equal to the total force. This is <in contrast to ‘the Terzaghi
effective stress principle that requires the stress in ‘the Fiuid plus
the effective stress to be sgual to the total stress.
Ac:cbrd'ing *o the Terzaghi effective stress principle the Fluid
stress is a neutral stress. It can alter the spherical stress only; it
cannot phoduce'shearrstress'or‘princip1e stress differences.
When this principle -is applied to the <interface along the side of a
borehole where the pressure <n the borehole Fluid is ‘higher than the
pressure ‘in ‘the formation fluid, the -only thing that will ‘happen s that
the fluid will flow From ‘the borehole nto the Formation and the formation
pressure will -increase in the'ﬁnmmdiate'viciﬂityeof'theawe11.bore- According
- t0 Terzaghi's effective stress principle the borehole Tluid cannot push against
the sides of the borehole mincral matrixs it only «changes ‘the spherical stress.
This may be mearly true for @ wvery porous ‘highly permeable sand or
gravel where the contact area between -grains ﬁsvwerynsmaﬁ1;*however, 1t
is contrary to fact -for sandstone, 1imestone, shale and :other Formations
with Tower porosities. The borehole‘quid,doesxexer; force 'on the mineral
matrix at the borehole interface; radial vertical cracks develop as the
diameter of thg‘boreho1e increases. This is the phenomena of hydrofracture(i8).
It could be argued that the borehole Fluid contains suspended c1ay‘
particles that clog up the pores in the formation and form a "filter cake"
in the formation. Now the borehole fluid could exert an “internal pressure
on an impermeable pipe and cause it to ‘rupture.
Were this the case the cracks could only propagate the thickness of
the "filter cake" and this is known not to be true. Also, it is very
difficult to apply the “filter cake"~reasoning"to‘the'borehole'ﬁnterface

when the borehole fluid is €ither kerosene or varsol. There are no
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suspended clay particles to form the filter cake. These are the usual
borehole fluids used to expand the ‘borehole and propagate radial ::cﬁacks
for many diameters :of the weii. This s standva'nd ©il Field practice to
increase the permeability of 011 bearing Fformation (18). It s also physical -
evidence that Terzaghi's effective stress principle does mot apply to

formations with significant :contact area between mineral particles.
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"ﬁ .. THERMODYNAMICS OF PROGRESSIVE BURIAL .OF SEDIMENT

It "has been cbserved'thatnmnyfoverpressured;zonesfhave'high
umorositiesvand higher than normal thermal gradients. It -has generally been
~@assumed that these high porosity Formations all ‘have low thermal Londuc-
tivities. Since the product of the thermal conductivity and the tempera-
ture gradient is equal to the heat flux, if Fourier's Law applies, -t
follows that the temperature gradient must increase when the thermal con-
ductivity decﬁeases if the ‘heat flux is constant with respect to depth (22).

This reasoning implies ‘that the1nverpres$ured)fonmation ﬁS'the:cause:ﬁf'
the high temperatures. Another group has theorized that the ‘high temperature
has caused the high pnessuresfand'ihe‘high,pressures»have preserved the *high
porosities (4), | "

It ‘has been assumed that because of faulting, some Fformations have been
dropped. 1f the thermal gradient remains the sane.and ‘the dropped forma-
‘tion ﬁs;coveredjor,sea1edﬁwithfnearTy impermeable cclay or shale the water
will be heated and if 4t cannot escape ‘high pressures will resylt.

Each of these explanations assumes'the‘thermodynam1cs is separate
, from the ‘mechanics of progressive burial of sediment, swhen -in reality they
are coupled. In fact if the material is properly described by constitutive
-equations for stress,AﬁnternaT energy, -entropy and heat flux, then the Field
equations (conservation laws) should make it poséibTe to predict both
temperature .and motion as a function~of;$pace~and‘time.

As a material is compressed the irrecoverable strain senergy is
converted into heat. 'That heat@Which-doeS’not*escape through either con-
duction or convection must raise the temperature of the sediment and the
-water in it. This is called the heat of .compaction.

‘There are two other sources of heat to be considered; the heat
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:generated by the decay of »-'disperse& radioactive -elements and the heat
«dissipated from the ‘hot core of the earth as it crools.
The sum of these :thfee heat flows. has bean indivectly measured in -

a great :mahy places -in the ocean bottom and in sinany rontinental Tocations
(9). This is-accomplished by measuring the temper:a‘i:uré at two different
depths several feet apart. If the thermal conductivity -of the material is |
known the heat flux can be computed by f?our‘ier's' ]};aw. |

" The variation of thermal Flux over the oceans is shown in Figure 22 (21).
The variation in tehperatu-re with depth for several 011 wells <in ~II-hoco'l‘a'te
Bayou field, Brazoria County, Texas +is shown <in Figure 15 {6 ). ?F'igufe

16 .gives the bottom hole pressure for these same wells in Brazoria

County, Texas. Figure 17 presents tontours of equal thermal gradient for

the Iast Texas area. These are based ©on the bottom hole temperature and
the «depth of the weTl. B -

The heat of compaction holds the most interest because the dissipated
mechanical ené-rgy is the source 0f the heat. This source develops only if
there -is drainage sb that the sediment can ,;éompres-s. Mith i.ompr-essi.bn
‘comes bottom subsidence and a -1decre»asev in potential energy -of the sediment.
There is an increase in potential -energy Qoffthe water.

As the sediment *compr.'esse’s its strain energy increases. However,
only a part of the strain energy is recoverable. Th:é't_ which 1is 'irrecbver-
able is converted to heat. A part of this heat s conducted .upward toward
the surface and the other part of the heat is stored in the :sediment and
its interstitial water. _ |

The increase in temperature will tend to lower the density and the
‘1'r_|crfease in pressure will tend to increase the density. Any ‘i.n‘crease in

water pressure increases the -excess pore water pressure gradientfwhich
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tends to cause water drainage. If drainage «does occur the water pressure
and temperature decreases.

As the sediment is compressed its permeability decreases also. For

 sediments with significant clay content., the permeability decreases :orders

of fmagnj‘ tude faster than the porosity, and strangulates the drainage.

If ithé water s prevented %roin draining, there is no subsidence and
no irrecoverable strain energy for a2 ‘heat source. As sediment is added at
the mudline the weight -of the added material is supporied by :both the
mineral :and the Mater,. - There -will be a small :‘i‘ncrease.iin strain energy

in the water. A1l of this senergy s recoverable -except the heat lost to

conduction. The compressibility of <individual €lay particles can be _

ignored because it is thought that their compressibility -is -g:about‘;bne order
of ‘magnitude Tower than the compressibility =of water.

' The field %equations wsed thus far havé ﬁnc’luded u.conservaﬁon of mass,
Tinear momentum @and moment of momentum. The ﬁ‘n?teract‘ion‘;between the water and

the mineral has been described by Darcy's law. The mineral matrix has been

described by the compressibility and permeability functions. Temperature

“and energy have been ignored.

To .account for the thermodynam cs of progresswe burial of :sechmen‘t
'there remains the pr1nc1p’le of conservation of -energy, the entropy
inequality, the specific heat concept and Fourier's heat conduction "law'.

When the ~conservat1‘on of Tinear 'momentum, moment of momentum and

mass ‘equations are combined w1‘th the conservation of ener-gy equat'lon the

reduced -energy -equation results (12). TFor the one-dimensional case with

both uniaxial compression and heat flow the reduced energy equation

becomes
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p;‘;a GE + %-% PSS e e e e e e e e e e e e e e e £q. 84
whers t= vate of <nange of -internal energy per unit mass,

v = mass density, |

o = wvertical stress on a horizontal plane,

h = heat flux vector out of the material where -h.:poi‘nts in the
direction energy is Flowing through the boﬁn_dary,

5 = the supply or sourceof ‘heat-decay of dispersed rad'i'oéct‘i ve
minerals, | |

z = the depth which is positive downward,

e = rate of change of strain where for the mineral, |

e

= %‘% = rate of «change ©f porosity.

The *r-educ':»ed a‘éneﬁgy equation ctan be applied to the mineral or the water
individually or to them fcdl1e.ct‘i;\/e“l,,;y.

The first term “.ron the right hand side -.0f Equation 84 +is called the
Stokes working vorA the stress power. It -is the rate of thange 0f strain
energy put into the material. The second term on the right ‘hand side of
Equation 84 is the divergence of the heat Flux vector. The third term is
the Tocal supply of heat. The sum of the last two terms 4s called the
local heating. The heat flux vector, h, dincludes the heat of compaction,
the heat generated by the decay of radioactive minerals, and the heat “from
the molten core of the earth conducted upward through the trust.

The internal -energy (12) does not inciude the potential or gravitation
energy but it dc‘)es include the recoverable strain -energy .and the thermal
energy. The internal -energy description is but one of the group of material

description equations needed to solve a thermomechanical problem. The other
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material -description equations (constitutive wequations) are for <the
stresses, ‘heat flux and entropy. If these -equations are objective they

must be -functions of the strains, strain érates and temperature. hen the

proper constitutive -equations are tombined with the conservation or-<figld

»ﬁequa‘ti.oris, theoretically it is possible to wniquely q:medi-ct ‘srnoti_:on.esand
'ttemper-ature changes. Only by comparing ‘measured motions .and temperature
changes -with predicted values can @ theory :or material «description be
substantiated. | This is because the only things ftha't tan be measured are o
relative motions and temperature changes (32). |

Taking the first constitutive eguation for the uniaxial problem as

v

where T p = specific heat of the material at a ronstant volume

times the mass density.

8 = rate :0f change of temperature
o = vertical stress on the ‘horizontal p‘lané
e, = Tate of change of recoverable fe'nerfgy':or the recoverable

working.

The first term on the right hand side of £»quat1'on 85 1is the rate of
change of thermal energy as given by the specific heat concept iand the
second term is the recoverable working or rate of change of recovenéb"l-e
strain energy. This -equation can be :applied to the mineral or to the
water individually or to them collectively.

It should be noted that all stresses 'arev recoverable; 4t is the

‘strains that can be divided into recoverable and irrecoverable components.

When Equation 84 and Equation 85 are applied to a unit volume of
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mineral-sea water mixture with a porosity ratio .of m then

ah ah
+n X +
5z 0 " TE T PsSs ooy sy

(1=n) o'e +;un’é_‘w+ (1-n)
= '(],.n) o' ;:Y‘ -+ }un%wr -+ (pwcvw <+ ps'fqu) :é - - s e e . - Eq. B6

where - o' = the sStress in the mineral,

ft

E the input rate of strain of the mineral,

it

T ‘the recoverable rate of strain of the mineral,

4 = the water pressure,

Lyt
fi

the input rate of strain of the sea water,

= the recoverable rate of strain of the sea '-wa‘:te‘rn,
hg = the ‘heat “Flux through the mineral s:on"l,y in a ;unﬁ‘t
| volume of the mixture,

the heat flux through the sea »wateréon]y in a unit

=5
it

volume of the mixture,
'pSSS = the ‘heat supply rate in the mineral only in a unit volume
of the mixture,

p,5. = the heat supply rate in ‘the sea water only €in a unit volume

wWw
of the mixture,
pszs = specific heat of the mineral only in a unit volume of the
mineral-sea water mixture,
Pwlyw = Specific heat of the sea water on] Yy in a unit volume of the

mineral-sea water mixture .

6 = rate of change of temperature.

If it is assumed that the water strain € is equal to the recoverable

water strain, ewre> then Equation 86 can be rewritten as
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(1-n) o' (£~ %) = (5,0

w . Ps 'C-‘vs) N

) ah 3h
- L0en)

- {p.S + p. SR S
ToySy * PeScd - - - - Eq. 87

The constitutive equation for stress tan be :i:ake-n “from Equation 10

which -is

This same sequation was .used in the talculation fffor'fthe‘ rate of

dissipation, Equation 20, therefore, 4f £ = 1 *for shales or clays then,
(1-n) o' (¢ - ﬁ;’é}r)
B 5 a, (BB g
=-An" |1~ (104) (1-B fB'u ) n 3T - Eqg. 89
The Clausiys-Planck principle requires that the rate of -d-'i';.,s'és*ipat'ion

always be zero or positive. Equation 89 is-equivalent to an equation

for the rate of change of entropy (34). From Equation Ji
wlyw T 25Cys = MBYCyy, + (T-n) By Ty
the supply terms can be written as

) -+ = +nG.v.s. . . . . . . o e e .
OySy * PgSg = NG vps, + nGoygs, v Eq. 90
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The total heat Flux hT through both mineral and sea water can be

defined as
%hT B‘hs ah
TolmE g - ©

The last constitutive egquation can be obta1ned.by assuming the Fourier

heat conduction "law" applies, then

- 068
th.kh‘?z- --------------- - o e o a :Eqagz
therefore
ah 2 Bk
T . 376 ., 28 (°h L - 1
37 kh 322 82 (az =) - - | E£g. 93

From Equation 39 as determined by tests

k. = E+ Fn+ Gn?

therefore
=7 = (F+ZG”)”',at c e e e e e e e e e awa .. . Eqg. 84

Substituting these into Equation 91 yields

dh. 2
1. 2y 376
=3 (E+ Fn + Gn°) 2 + + «. - Eg. 95
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- -variables, «depth z and time t. The material coefficients A, B, and '“Bu as

3f i1 is assumed that the product of differentials are small and can be - .

ignored.

Lombining-Equations 89, 31, B0, 81, and 95 with Equation B7 zpmd.um_es

: - =1
. ~1 (-BB, )|
U Sl E T
- (E+ Fn + 6n°) ag
- 1n &y, + (1-n) BoYgSel - - v - o . e e e e e T:Eg. ‘96

This -is the energy equation for the progressive burial of sediment. It

s a second «order monlinear partial differential equation with “two

dependent 'Mar'iab‘l-e-s, temperature and porosity ratio n, and two independent

~well as B.w and »;GS all depend on temperature. The wvalues of E, F, G, 't.»vw
C:vs’ Sy and ss may 2150 depend on temperature to some extent. Equation 96

- 'shows ‘the coupling of the temperature -and porosity ratio as the sediment

consolidates and subsides.

At first .91 ance it may seem highly doubtful that Equation 96 could have

2 unique solution, however, the porosity ratio must also satisfy }Z.quati'on

50 which does ‘have a unique sol ut‘ion It is the s1mu1taneous so'lutmn of

both Equation 96 and Equation 50 that describes the porosity ratm and the

temperature as functions oT depth and time.

A cursory appraisal of Equation 96 shows ‘that ‘when the porosity ratio
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n is @ constant and the local heat supply ds zero, Equation 86 will collapse
into the familiar heat equation. It has a unique 'solution (3 ). If the
.fbemper?ature is @ Tinear function of depth only and there is mo local heat
supply. then Equation 96 shows that the porosity ratio must be 2 function of
depth -only. If the porosity ratio m 4is a "Functfion ©of «depth only, all
con'so'l‘idatioh and subsidence has cteased. In -essence Equation 96 shows that
consolidation produces heat .and heat ‘production causes the ‘i:empe-natufr!e 1o be

generally a nonlinear function of depth and time.
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12. A PRACTICAL APPLICATION OF RE'SEARCH; ESTIMATION OF
PORE WATER PRESSURE WHILE DRILLING

Usually the first warning -of an -<impending :blowout éof "eick" s 2 gain
of volume of drilling fluid. _».Also, there -is r,u-Sua'l] yﬁan 'incréase in ‘the
drilling rate. Also, ‘ﬁhere 1s usually @ decrease 1in Tud :pump ‘pressure and
and increase in mud pump speed. If the bulk density of the clay cuttings s

monitored and it is found that the bulk -density s not increasing and that

the drilling rate has increased then the drilling fluid density can be "in-'

creased in preparation for possible sand strata penetration. If drilling
1s stopped and well logs obtained the overpressured shales can be better
recognized by no decrease to some increase in porosity with depth and a
‘higher than mormal temperature gradient. However, 11 -*i.s expensive to stop

drilling to obtain well Togs ;and even when Dvefbﬁes‘sured sShales are

“recognized the driller still does not 'kn‘pw what drilling fluid density will

be required for safe penetration of the sand formations. The methods now
in use to detect overpressure zones are listed <in Table 7 (14). The general
description of overpressured rock formati ons is shown in Figure 1.

The drilling fluid is routinely screened through a "shale “shakér"

(vibrating screen) as it is returned to the "mud ,'pit" from the well bore.

‘The shale cuttings ordinarily are about 1/8" x 1/8" x 1/4" 4in size. The

cu;tings are removed primarily to preserve the drilling fluid properties,
but they are also used to determine the formation porosity and mineralogi-
cal content. The porosity is measured by dropping them into a previously
calibrated variable density fiuid. They float ét the depth at -which their
bulk specific gravity is the same as the specific gravity of variable

density fluid (5 ), (1), (29).
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It seems from the work of Skempton (3 ) and this research that the

~compressibility factors A, B, and B canbe related to the Atterberg limits

--0f the sediment. The Atterberg Timits are simple tests that xan be Tun on

the cuttings fairly quickly.
Equation 28 relates the recovered porosity ratio and the compressibility

factors A, B, and Bu to the minimum pore water pressure of a formation.

Therefore, it seems that the measured properties of the cuttings may make

it possible to estimate the mi nimum pore water pressure of a formation

: Qwhﬂe drﬂ’hng

The pore pressure in an interbedded sand '.Eoma'tfi,on Wil éhaye 1o be less

“than ‘the computed clay pore pressure. Since sand formations are relatively

incompressible <t -is possible to estimate or guess the compressibility

- factors :0f @ sand formation that might be encountered. jewifth <the total over-,

burden “Eorb'e rknoirm Gt s ihen possible to-estimate ihé fpoftosi:ty -of the sand.

'-Using the interface relationship between shale and water -it s possible to

get -a better estimate of the pore pressure <in the sand which will be Tower
than the clay pore pressure if there is drainage from the clay -to the sand.
This is shown by Equation 78. |

Figure 20 shows the *re"l ationship between the porosity and depth for
@2 normally consolidated clay or shale. - If the cuttings indicate that the
porosity 1is ‘higher than this va'l ue then the driller can ﬁmmedia‘te'ly be |
warned and the ‘necessary tests made -as outlined above to estimate the
formation pore pressure. After this is.done the driller can start his
procedure to "weight up" his drilling fluid. Dave Powiey of Amoco Oﬂ Co.
has noted that all of these calculations could be done readﬂy on a

preprogrammed mini-computer for use by site personne'l
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13. 'CONCLUSIONS AND RECOMMENDATIONS

The study has been concerned only with the thermomechanical process
0f progressive burial of submarine sediment. Mithout doubt, there are
other processes <involved that are intrinsically related toFiheJthermo-
mechanical process that should be considered in future studies. In
particular the cementation of the mineral matrix and the chemical action
that alters thezareé of contact and the stiffness of the system should
receive further study. However,‘this is the first step necessary for a
mathematical analysis that'shwa'how sediment responds to both heat and
pressure as it is progressively buried. ‘

Using the simplifying concept of vertical uniaxial strain and one
dimensional vertical heat .and water Flow, the controlling differential
equations for the progressive burial of 'sediment ‘have been derived by
returning to the classical field-equations of continuum mechanics.

The field equations satisfied are for the :onservatinn,of:mass,'mohenta,
moment of momenta and -energy. The -entropy inequality is also satisfied.

A1l of the field equations were applied to both the mineral .and the inter-
stitiaﬂvwatér individually and collectively. The interaction between the
mineral matrix and ‘the interstitial water was described by Darcy's law. High
pressure tests show that the coefficient of permeability can be described by
,a;parabOTit function of the porosity ratio.

A complete set of constitutive-equétions has been postulated to describe
ihefmateria1s. High pressure laboratory tests show that these -equations fit
the data nicely. The constitutive'equations.describe,stfess,.rate'of.strain
energy dissipation, rate of change of internal energy and the heat flux as

functions of strain, rate of strain, temperature, temperature gfadient and
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rate of change of “témpertature. The wvertical strain is equivalent to a

- change in porosity. The axioms of constitutive theory satisfied are for

-causal "it_v,' determinism, «quipresence, :nbje::.t"‘wity, material ‘i"im}vaﬂr:iance.,
meighborhood, memory and admissibility.
The solutien of the two rontrolling differential aEQUa't'ions, onsoli-

«dation and energy, will :give the porosity ratio and temperature as 2

function of «depth and time. These :are measurable quantities; therefore, the

‘theory “is testable. TFailure theory is mowhere involved.
7E-ven' though the controlling differential sequations were derived ‘For '

the uniaxial case, ‘there seems "to be mo reason why the same -ideas can mnot

~:be -extended to three dimensions. For "‘instance; ‘the constitutive equation

“for the total stress was written as

o= (ot v ) (1-m) 4t i, B )
where . :
and
u=-F (‘.Qw‘, 9) ' Eq. (54)

This zequation can be -extended to three dimensions :by writing

. e _LE.. I.. - |

%5 (°'ij +'£'Ij) (1-n"i3) =+ gy 175 . - Eq. (97)

(60.) +c..) (1-nFij)=a.. nBig -  £q. (98)
i3 i3 i] | |

where scalar quantities have been rewritten as tensor quantities. The scalar

for total stress o has '.becomé the stress tensor oy 3 etc. ;Ea;h of the scalar

material descripters A, B, E, etc. have become tensor descripters A'ij’ ‘Bi.j’

Ejj, etc. where 1 = 1, 2, 3.and J = 1, 2, 3. The subscripts denote the
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cardinal directions and as an example 999 is the stress on plane perpendicu-~
1ar_to the "1" direction acting in the "2" direction. Each tensor ‘has mnine
components. A similar -expression can be written For rate of.stra1naenengy
dissipation, rate of change of internal «energy and for the -heat Flux.

In part1cu1ar it has been shown that equilibrium does mot require that
pore pressure be Tess ‘than the geostatic stress. Using 2 mew equation of
state for sea water and -assuming a linear thermal gradient, 4t ‘has been
shown that tempenaturé'and,depth*has,a significant effect on hydrbstatic
pressure. This work needs to be extended to include non-linear thermal
gradients because the”energyfequafionvshows that a 1inear'thermajsgnadiﬂnt
is a very special case. |

Preliminary tests at 90°C show ‘that the compressibility coefficients
are ‘highly influenced by tempeﬁature This work mneeds 1o -be sextended ﬂnto
the 1emperature range of 200°C because ‘many of the overpressured zones are
at depths where this is the temperature. This work also needs to be :extended
'to other types of sediments and the measured compressibility coefficients
need to be correlated with the Atterberg 1imits of the :sediment.

The variation in depth of a sediment with hydrostatic pore pressure
and constant temperature can be described by a power series function of
porosity ratio. This work also needs to be extended to include the effect
of temperature so as to give a better picture of a normally consolidated
formation.

The thermal conductivity of compressed sediment is anisotropic -and the
horizontal conductivity is greater than the verti cal conductivity. The con-
ductivity increases as the porosity ratio decreases.

The permeability of the compressed sediment has been shown to decrease
many orders of magnitude faster than the porosity ratio decreases. This

strangulation process may cause high pore pressure to develop.
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’Ko as the sediment is compressed, 4nloaded, and recompr:e's-sed.

It is dimportant to sextend this work to -include hydrofracture, because
when drilling @2 well the bore hole pressure at any nepi'h should in wgeneral
be «equal to .-:br greater than the -'F.omati-on pore *pheésure and'kss than The
pressure :thaf would cause ‘hydrofracture. This appﬁés':to 211 depths mot
protected by casing. -A matural ‘hydrofracture -is also thought to Timit pore
‘pres’sur'-és”fhat %mi':téht ,ﬂevé’]-op?‘natz;ré‘l‘]y..n Even though there “émay be several -
ways hydrofracture can occur each is believed to “involve the lateral -earth
stress .at rest, K:ow. ‘For this reason the work needs to be extended to aneas-nrze'

Finally, it is most “mportant to -extend the work to <find solutions of
the «derived governing differential equations for porosity matioc and tempera-
ture as a function «of depth and time for different boundary conditions. It

‘may ‘be that some generalized iterative technique ctan be used to solwve ihe'

- equations if analytic methods fail. As a last resort it w117 probab]l y be

possible to get mumerical solutions by :combining the Ffinite «lement and
finite difference technique. The solution to the :equations will show ‘wﬁe.ther
overpressures can be generated by thermomechanical processes @lone and if

steady state pore pressure in excess of hydrostatic pressure can exist.
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