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1. Introduction

In the previous paper?, effect of pore for the deformation and failure
of porous media was examined by introducing the pore compressibility and
pore shear compliance in the theory of porous media. As an application of
the theory, compaction of sedimentary rock is analyzed in this paper. Ac-
cording to Krumbein and Sloss®, compaction is defined as a reduction in
bulk volume of sediment, caused mainly by vertical forces exerted by an
increasing overburden. Further, compaction is conveniently expressed as
a change in porosity brought about by the tighter packing of the grains.
Therefore it will be supposed that the process of compaction will be equated
by that of porosity change in the porous media due to external stress. The
external stress will be caused by the own weight of rock strata and
tectonic stress if the latter exists.

The density-depth relation of sedimentary rock has been studied by
Athy®, Hedberg®, A. Matsuzawa®, and others. It has been empirically
known that the logarithm of porosity is proportional to depth of burial.
This relationship is derived from the data of oil wells whose depths are
about 2000m. In recent years, several deep wells have been drilled up
to 3000 m to 3800 m deep by the Geological Survey of Japan for the
stratigraphic investigation at the central part of sedimentary basins.
Many geological and geophysical measurements have been made both for
drilled core samples and for the well itself. Among these tests, data of
density and porosity to the deep horizon enable us to examine the func-
tional form of density-depth relation or porosity-depth relation in a wider
range of burial depth.
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In 2, compaction equation of porous media is derived. The compaction
formula is obtained by integrating the equation. Compaction coefficients
are evaluated in 3, by comparing the well data with the theoretical
formula. In 4, mechanism of compaction is discussed with respect to
development of framework, and to coefficient of deformation in geologi-
cal time scale during the process of compaction.

2. Compaction equation

Let us see the change of porosity due to stress in the theory of
porous media. Porosity n is defined as

n=V,/V,, (1)

where V,, V, denote the pore volume and bulk volume respectively. Since
n is functions of V, and V,, the total differential of » is given by

dn _dv, dv, 2)
n v, v, °

By substituting the stress-strain relationship of the form of

AV, V,=c,dé+c,d&

3
dVb/ Vbzcbdﬁ—l—csdé" ( )
into equation (2), we have the relation
dn/n=(c,—¢,)dGd =rdG (4)

where
E= (Cp —_ CD) .

¢, Cy, ¢, are the compressibilities of solid material, framework and
pore respectively. dd, dF are the differential stress of framework and
liquid respectively. Positive stress is taken as dilatative. In the dis-
_cussion of compaction, we treat the compressive stress. Let us denote
the compressive stress by », with the definition of p=—0c. Then the

equation (4) becomes
dn/n=—(c,—c,)dp=—rdp . (5)

This is a form of compaction equation. It is seen that the porosity
change depends only upon the framework stress, not upon the liquid
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stress. Since the total stress, i.e., overburden stress in the case of
sedimentary strata, is partitioned into framework stress and liquid stress,
Zequation (5) is expressed by the total stress in the form of
dnn=% dg = k(1 — B)do
do (6)
=—r(1-B)dp,
where

1—pB)=dd/do .

B is a coefficient of stress partition into liquid.
The compaction formula will be obtained by the integration of
equation (6), i.e.

S:odn/n=—§:0x<1—/3)dp, (7)

where n,, p, indicate the initial values. In order to evaluate the inte-
gration of equation (7), we must know the functional form of # and 8
with respect to stress. In general, £ and 8 may not be constants but
functions of overburden stress. However, for simplicity, if we assume «
and B as constants, we can integrate the equation (7), and we then have

n=n,e <P P70 (8)

This is a form of compaction formula with respect to compressive stress
p. In the next section, we will examine the validity of this assumption,
£ and B being constants.

On the other hand, one may suppose that « is proportional to the
reciprocal of compressive stress. In the term of bulk modulus, one may
suppose that bulk modulus becomes larger as overburden stress increases.
Under this assumption, the integral of equation (7) becomes

log (n/n,) = —a(l—p) log (p/p.) , (9)
where

E=alp .

In the next section, the validity of the above assumptions will be
examined by the well data. The overburden stress p is expressed with
respect to depth by the relation

D = Png? , (10)
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where 0,, 9,2 are mean density of rock strata, gravity constant, and
depth respectively. Then compaction formulas of (8) and (9) become

N ="n,e " ~PPmoe—20) 11)

log (n/ne)=—a(1—PB) log (2/z,) . (12)

3. Well data—the determination of compaction coefficient

In order to examine the validity of the assumption used in the pre-
ceding section, i.e. whether or not £ is kept eonstant through compaction,
let us see the porosity-depth relation by the well data. We will use the
porosity data obtained by the wells, Kambara GS-1® and Kasukabe GS-17.
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Fig. 1. Porosity-depth relation in semi-logarithmic plot in the well
Kambara GS-1, in Niigata Prefecture. (:Mudstone X : Sandstone

6) S. NAcuMoO and K. INAMI, ‘‘Velocity measurement of drilled core sample, Kambara
GS-1,” Bull. Geological Survey of Japan (in press).

7 8. Nagumo and K. INAMI, ““Velocity measurement of drilled core sample, Kasukabe
GS-1,” Bull. Geological Survey of Japan (in press).




Compaction of Sedimentary Rock—A Consideration by the Theory of Porous Media 343

KAMBARA GS-1 Porosity
| 5 10 (%) 50 100 (%}
Depth
!
m ;
500 :
|
X
100
[e]
(o)
]
[
P o
3000 5 Odi
0® X
i
10000

Fig. 2. Porosity-depth relation in log-log plot in the same
well of Fig. 1. :
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Fig. 8. Porosity-depth relation in semi-logarithmic plot in
the well Kasukabe GS-1, in Kanto plain.
QO: Mudstone, X: Sandstone, A: Tuff.




344 S. NAguMoO

In Fig. 1 and 2, the porosity-depth relations are illustrated in semi-
logarithmic plot and log-log plot for the well Kambara GS-1. In Fig. 3,
semi-logarithmic plot for the well Kasukabe GS-1. Porosities are measured
by the drilled core samples. From these illustrations, it is seen that there
is nearly linear relationship between log % and depth z with respect to
mudstone, and that there is no linear relation between log # and log z.
From these data, it is concluded that (1) compaction formula of the form
of equations (11) and (8) suits for mudstone, and that (2) the assumption
of £ being constant holds during the process of compaction.

Next, let us determine the value of £. By fitting a line for the log
n—=z relation as is shown in Figs. 1 and 3, the values of #(1—2) and =,
are determined by the equation

log,, n—log, ny=—k(1—B)p,.g9z log, e . (13)
The values are

£(1—£)=0.166X10"° C.G.8. 7,=0.567 (Kambara)
£(1l—B)=0.168x10—° ” 7,=0.570 (Kasukabe) ,

where 0,=2.3(gr/ecm’) is used. When the value of x£(1—2) is expressed
in the unit kg/em?, we have

1
£(1—7)
1
k(1—p)

since 1 kg/em® = 10~° dyne/em?®.

It is very interesting that the values of x#(1—p8) and =, are about
the same for both wells, even though the locations of well are in different
sedimentary basins. The well Kambara GS-1 is located nearly in the
center of Niigata sedimentary basin, where sedimentation has developed
with monotonous and uniform depression of geosyncline. Therefore, the
compaction coefficient obtained here will be thought of as a standard
compaction coefficient.

B is a coefficient of partition of stress into liquid stress. During the
process of compaction, £ will be thought of as very small if liquid within
pore space would finally flow out of the pore space. Therefore, the value
of compaction coefficient # is about the order of 0.17x10-® c.a.s., and
1/£=600 kg/em*=6.0X10° C.G.Ss. The value of compaction coefficient & is

=603(kg/cm?) (Kambara GS-1)

=595(kg/cm?) (Kasukabe GS-1)
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very large compared with the value of liquid or common rock samples.
This characteristic will be enhanced if the stress partition into liquid has.
a finite value.

4. A consideration of the mechanism of compaction

Ratio of elastic constant of sedimentary rock and compaction coéfficient

The values of compressibility of sedimentary rock are presented in
Table 1 of the previous paper®. In sedimentary rocks whose P-wave
velocity is 1.4 km/sec—5.0 km/see, density 2.1—2.4, and Poisson’s ratio
0.25, value of compressibility ranges from about 4.5 to 0.3x10~" C.G.S.
Since the value of k£ is about 0.17x10-® C.G.S., the compressibility of
common sedimentary rocks are smaller than the compaction coefficient
by the factor of about 10°—10~%. Namely, the ratio is approximately
given by

Compressibility of sedimentary rock _ 0 (10-2~10-)
Compaction coefficient

This will mean that sedimentary rock is more easily compressed in the
compaction process of geological time scale than in the case of laboratory
experiment. On the other hand, ¢, and ¢, are those which are defined
as elastic constants of porous media. Therefore, let us examine next
where such a great difference takes place in the process of compaction.
Since £=c¢,—c¢,, let us examine the development of ¢, and ¢, due to
compaction,

Development of framework during compaction

From the relations,

Cy=C,+NCyp (14)
Cr—Cy =K ,
we have the relations
c K K
= ) fd 1
I Tl sl g G 5
0= ¢, nKE__ MK (L+c,/nr) .

T 1-m + 1—n 1—mn)
Since ¢,=0.185x10"" for v,=6.0km/sec, 0=2.70, v=0.25, and £k=

8) S. NaGcumo, loc. cit., 1).
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0.167x10-°, the value of ¢,/x,=0(10"°). Therefore, for the ordinary
value of porosity, say »>10"%, equation (15) is approximated in the
form of

c,=k/(1—n) y
{c,,:nx/(l_n) , for »>10"* (16)
or
{kp:‘(l_‘n)kc )
ky=1—n)/n-k,, 17)

where k,=1/k, and k,, k, are bulk modulus of pore and framework
respectively. The values of ¢,, ¢, and their reciprocals as a function of
porosity are illustrated in Fig. 4.
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Fig. 4 Development of compressibility and bulk modulus with
respect to porosity.
¢p, €5 + compressibility of pore and framework
kp, ky: bulk modulus » r
K : compaction coefficient, k.=1/«

k, and k, increase as porosity decreases. [k, increases linearly with
porosity, whereas k, increases very rapidly in the range of small porosity,
being proportional to 1/n. As is seen in Figs. 4 and 5, the orders of ¢,, ¢,
and £ are the same. It is also seen that %, and k, develop during com-
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paction even though the difference ¢,—c, is kept constant. However,
the values of ¢, and ¢, in the process of compaction are still larger than
the value of sedimentary rock in the laboratory experiment.

The difference of the values of compressibility between compaction
and laboratory deformation will be interpreted as follows. Namely, the
difference may imply that the value of deformation coefficient in geological
time scale is smaller than the value obtained in ordinary laboratory ex-
periment. The analysis in this paper shows that the order of difference
in compressibility will be about 10—2—10-3,

The value of deformation coefficient during the development of geo-
logical structure is one of the basic unknown problems in the mechanics
of structural geology and tectonics. One way of estimation has been
tried by the experiment of ereep phenomena in rocks. The analysis in
this paper, however, will give another method of estimation. Since de-
formation is to be described by at least two fundamental coefficients,
compressibility and rigidity, we have to look for another way of esti-
mation for the rigidity of rock strata.

5. Summary and conclusion

Compaction of sedimentary rock is analyzed by the process of porosity
change due to external stress in the theory of porous media. Compaction
equation is derived for the differential change of porosity. The inte-
gration of the compaction equation gives the compaction formula. By
comparing the theoretical curve with data of deep well, values of com-
paction coefficients are obtained. Main results obtained are as follows:
(1) The linear relationship between log % (% :porosity) and depth or
stress is derived from the theory of porous media.

(2) The above result agrees with porosity depth relation obtained by
deep wells, which were drilled in the center of sedimentary basins to a
depth of about 3000 m—-3800 m.

(3) The value of compaction coefficient is about 0.17x10~* C.G.S.

(4) The linear relationship between log #» and depth is due to such a
mechanism that the difference ¢,—¢, is kept constant during the process
of compaction.

(5) However, both pore compressibility and framework compressibility
develop during the process of compaction.

(6) The ratio of compressibility of common sedimentary rock at labora-
tory test and compaction coefficient is about the order of 10—2—10-3.




348 Compaction of Sedimentary Rock—A Consideration by the Theory of Porous Media

(7) This result may imply that the deformation constant of geological
deformation during the geological time scale is smaller than the values
of those elastic constants which are obtained by common laboratory
experiment. A factor of reduction is about the order of 10—*—10-3,
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