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SUMMARY

At the request of Shell Forus, the compaction behaviour of
18 friable sandstone samples from well 31/2-4 (block 31/2),
offshore Norway has been determined. The results of these
measurements are presented in this report. Based on these results
a tentative estimate is made of the reservoir compaction and
associated sea-bottom subsidence, which is about 3 m at a
pressure drop of 100 bar.

KEYWORDS

Norway, 31/2-4, compaction, compressibility, triaxial test,
subsidence, friable sandstone, depletion.
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COMPACTION STUDY BLOCK 31/2, OFFSHORE NORWAY

INTRODUCTION

During measurements of acoustic velocitles under in-situ
stress conditions on two samples from well 31/2-1 offshore Norway
(see Fig. 1) information was also obtained on the compaction
properties of the samples. It was concluded that conditional upon
the measured compressibllities belng representative of the
reservolr, compaction/subsidence upon depletion could well amount
to several metres, which may have consequences for well
completion operations and marine riser design. After consultation
with Shell Forus, it was then decided to conduct some 30 triaxial
compaction experiments on samples from wells 31/2-4 and 31/2-5,
in order to look into the compaction behavliour of the reservoir
rock 1n block 31/2.

2. COMPACTION EXPERIMENTS
2.1 Sample selection
Core material from wells 31/2-4 and 31/2-5 was sent to KSEPL .
in the form of some 300 sealed core samples with a length of 10
cm each. These full diameter core pleces were taken at

approximately 1 m intervals over the total core lengths.
Originally, these samples were sent to KSEPL primarily for sand
failure experiments, but sufficient material was available to
select samples for the compaction study as well.

Based on the BHN profile measured on 31/2-4 cores 6-21
(gas-bearing zone) a number of full-diameter core pieces were
selected to be used for the compactlon study. They were selected
to cover the total range of BHN values over the total core
interval at a more or less constant sampling density. As the
selected intervals consisted malnly of very friable sandstone,
Just like the total core, only 18 plugs suitable for triaxial
compaction experiments could be taken. The main problems were
encountered wlth coarse-grained material. As a result, the sample
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selection 1is probably biased towards the finer gralned intervals.
Additional plugs were taken at five depth 1ntervals after
freezing the core material. The latter samples were driltled using
a liquid-nitrogen-cooled core bit. It was feared, however, that
the very weak constitution of the core material would be
disturbed by the freezling process.

As the quality of the 31/2-5 core was considerably poorer
than that of the 31/2-4 core, it was felt that samples from this
core would not be sultable to check the data obtained on the
31/2-4 core. The experiments were therefore restricted to samples
from well 31/2-4.

A description of the samples selected is given 1n Table 1.
The sample numbers correspond to those of the core pleces from
which the samples were taken. The samples that have been frozen
are marked with an additional letter F. Facles typlng has been
carrlied out by a KSEPL geologist (see"also Table 2).

2.2 Description of experimental procedures

The compactlion behaviour of friable sandstone samples 1is
measured in a trilaxlal compaction cell as shown in Fig. 2. Axial
pressure on the sample 1s exerted by means of a piston. Radilal
stress 1s applled by fluld pressure along the circumference of
the sample, which 1s enclosed by an impermeable elastomer sleeve.
Axlal and radial stress can be varied independently. The ratio is
kept at such a value that no lateral straln occurs, thus
simulating reservoir conditions. The axlal load 1s appllied at a
rate of approximately 100 bar/h. Pore pressure 1s kept
atmospheric. The samples are wet, but not 100% saturated. Axlal
pressure, radlial pressure, axial loadlng rate, radial loading
rate, axial displacement and in some experiments radial
displacement are recorded.

RKER. 82.242
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2.5 Results

Twenty triaxial compaction tests have been carried out on 18
samples from well 31/2-4. Compaction and compressibilities
obtained are presented in tables A1-A21 and computers plots
(figs. A1-A18) in Appendix A. Compaction was calculated from

e = h(Pz) - h (Pz, ref) (1)
z h (Pz,ref)
where
€, compaction at axial effective stress P,
h (P,) sample height at axial stress P,
P, = o, - Ppore axial effective stress
o, total axial stress
Ppore' | pore pressure
Pz,ref axial stress corresponding to the initial

in-situ vebtical effective stress
Pz,ref is calculated according to the empirical relation

P, rer = 0.2 (D-361) + 3.7 107% (D-361)2 - 153 + 31 (2)

?

where

P, ref initial in-situ vertical effective stress

y

(in bar)

D depth (in m bdf)

361 distance between derrick floor and sea-
bottom at 31/2-4 (in m)

153 initial reservoir pressure (in bar)

31 pore pressure at sea-bottom level (in bar)

The value of Pz,ref is given as 'reference pressure' in the
tables of Appendix A. The calculated values for the samples
tested (covering more or less the total reservoir interval) vary
between 87 and 124 bar (see also Table 1). The uniaxial
compressibility Cm, 0 is calculated from

1 d h (Pz)
°n,0 = B () ( —3 F, ) (3)
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Given the inital effective stresses and the initial reservoir
pore pressure of 153 bar, the possible range of in-situ stresses
is limited to values of 100-200 bar. The actual range that will
occur in-gsitu during production can be considerably lower
depending on the maximum amount of depletion that will be
reached.

Results obtained between O and 300 bar are presented in
Figs. A1-A18 and Tables A1-A2.

3. DISCUSSION OF EXPERIMENTAL RESULTS
The experimental results obtained are shown in Table 1 and

Pigs. 3 to 6. The following observations are relevant:

- The average uniaxial compressibilities Cp,o Vary between 0.2 -
4 107 -4 bar™' over the possible stress range during depletion
(100-200 var). The lowest compressiﬁilities (0.2 and 0.3 10™4
bar'1) have been found for the two low porosity samples
originating from carbonate streaks. If we exclude these two
samples, the average uniaxial compressibility Cm,o = 1.5 £ 0.8

10~4 bar"1 for the remaining 16 samples between 100 and 200
bar (the stress range of interest). This value is at the low
end of the range usually found for unconsolidated sands (1.5 -
4.0 10~4 bar'1) over the same stress range. This value is
considerably higher than what is considered representative of
friable to consolidated sandstones (0.5-4.0 1072 bar'1). The
average compressibility of 1.5 + 0.8 104 therefore appears to
be in agreement with the very friable nature of the rock.

- The shape of the compressibility-pressure curves for the
individual samples is rather complicated. Their characteristic
shape-as emerged from Fig. A3 and from some experiments at
higher stresses (not shown)-is depicted in Pig. 3. After a
'normal' decrease in Cm, o with increasing stress (point 1 + 2
in Fig. 3), Cm,o Starts to increase again, in most cases at
stresses above 150-200 bar, but sometimes at higher values.
These increases in compressibility can be very sharp. After

RKER.82.242
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reaching a maximum (point 3 in Fig.3) Cm,o levels off again at
higher stresses (point 3 + 4 in Fig. 3). The occurrence of the
increases and maxima in Cp,o &Te probably related to the
deterioration of cementation and/or increased grain breakage
at higher stresses. With a few exceptions, like e.g. sample
Ci3 - P 5 (Fig. A6), strong increases and maxima in cyp , are
well above the range of possible in-situ stresses. For most
samples, however, m, o increases to above 200 bar. No
correlations have been found between the stress level at which
Cm,o 8tarts to increase, the stress at which the maximum is
reached, the grain gize, sorting etc. The underlying process
is probably complex, possibly involving a large number of
interrelated parameters.

As shown in PFig. 4, some correlation appears to exist between
BHN and the average compressibility between 100 and 200 bar
(cm,o)' This correlation becomes more apparent when the
influence of facies type is taken into account.

A similar correlation appears to exist between atmospheric
porosity and m, 0 (Fig. 5), while the correlation between the
porosity at in-situ stress and Cm,0 is even somewhat better
(Pig. 6). The fact that sample C13-P5 does not fit any of
these correlations is probably related to the fact that this
sample, in contrast to the other samples, shows a large
increase in cp o below 200 bar (see Pig. A6). Pinally, it
should be noted that the correlations between porosity and

Cm, o point to higher compressibilities with decreasing
porosity, in contrast to what one would expect. Again however
this could be due to a complex relationship between porosity,
grain size, sorting, cementation, compressibility, etc.

In contrast to what was expected, no significant difference
has been found between the compaction behaviour of samples
obtained from frozen and non-frozen core material (see Figs. 4
to 6). This suggests that the core material is not disturbed
by the freezing process. This means that samples for possible
future measurements can be taken from frozen core material,
thus avoiding the problems involved in taking samplés from

RKER.82.242
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non-frozen (coarse-grained) core material (see also section
201)0

4. PREDICTION OF FIELD BEHAVIOUR

An accurate prediction of field behaviour as a function of

depletion would require a sophisticated calculation, requiring
the input of a geometrical reservoir model, the expected
depletion scheme and measured compressibilities. Considering the
existing uncertainties in the future pressure pattern and the
limited data now available, the reliability of such a prediction
would be very limited. Therefore for the time being an order of
magnitude figure for compaction and related sea-bottom subsidence
to be expected has been calculated on the following assumptions.

average initial reservoir pressure 15015ar

average initial effective stress 100 bar

maximum drop in pore pressure 100 bar

no previous deeper burial.

a one-to-one relationship between compaction and subsidence
average reservoir thickness 200 m

average uniaxial compressibility 1.6 10™4 var~!.

Using the above data in our compaction model, we arrive at a
compaction subsidence figure of the order of 3 metres (at 100 bar
pressure drop).

The assumption of a one-to-one relationship between
compaction and subsidence is approximately correct for the case
where a rigid basement underlies the reservoir. In cases where
the elasticity of the base rock is more or less the same as that
of the overburden, the subsidence is approximately half of the
reservoir compaction. In practice, the ratio of subsidence and
reservoir compaction will lie between 0.5 and 1.0. As the
assumption of a rigid basement will be approximately correct for
most situations, the assumed one-to-one relationship between
compaction and subsidence is reasonable. '

RKER.82.242
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CONCLUSIONS

An average value of cp o = 1.6 + 0.8 104 bar~! has been found
for 16 core samples from well 31/2-4 (offshore Norway)
Considerably lower compressibilities have been found for two
samples from tight carbonate streaks (cm’0=2-3 10™> bar'1).

No difference has been found between the compaction behaviour
of samples taken from frozen and from non-frozen core
material.

. When facies type is taken into account, some correlation

appears to exist between uniaxial compressibility (Cm,o)»
porosity (¢) and Brinell hardness (BHN).

Taking the above compressibilities as representative of the
regservoir, and considering the in-situ stress condition, the
reservoir compaction and sea-bottom subsidence will be of the
order of 3 m at a reservoir pressure drop of 100 bar (assuming
that a rigid basement underlies the reservoir).

RECOMMENDATIONS

As there appears to be no adverse effect of freezing on the

core material, samples for compaction experiments can be taken in

the future from frozen core material. In this way the problems

encountered in taking samples from the very friable coarse-

grained core material in block 31/2 can be avoided.

RKER.82.242
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GLOSSARY OF TERMS AND SYMBOLS

regservoir compaction - reduction of reservoir thickness by

increasing vertical effective stress.

core compaction - reduction in height of cylindrical samples

under increasing axial effective stress at zero lateral strain,

simulating reservoir compaction conditions.

uniaxial compressibility - axial strain per unit of axial stress

change as determined from a compaction test. As the lateral
strain in this test is zero, the axial strain equals the volume
strain. It thus corresponds to the relative change in porosity by
compaction if the compressibility of the rock matrix itself is
ignored.

axial effective gtress - total axial stress minus the pore fluid

pressure
BHN - Brinell Hardness Number
Cm,o0 - uniaxial compressibility as measured

during a constant loading rate experiment

D - depth
h(P,) - Sample height at axial stress P,
P, - axial effective stress ?Nt,(hydnnvhxc, ~
Py ref - initial in-situ vertical effective

stress

z - compaction
¢ - porosity
RKER.82.242
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Table 1 - Sample selection and survey of experimental results
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Sample no.
core part | depth ¢ initial ¢ in—situ BHN Cm, 0 facies

(mbdf) (%) (%) (107 bar) | (bar™!) | type

*)
C 6 P15 1392.73 24,2 31.4 3.0 1.2104| »
C 8P 1 1410.1 32,3 31.4 2.1 0.6 1074 ¢
C 8P4 1412.8 | 31.5 0.5 1.510°4| E
C 8P7 1414.9 26.0 21.6 1.4 1.9 1074 D
FC9P7 1421.8 0.5 0.2 18.4 0.3104| D
C13P5 1458.6 | 31.8 31.5 2.3 4.0 1074| D
C 13 P13 1465.5 22.2 14.8 0.6 2.210°4| 7
C 13 P15 1467.4 | 23.7 14.2 0.4 2.5 1074| F
C14 P 1 14731 27.2 23.9 0.6 1.8 1074| ¥
cC14P4 | 1475.8 | 15.6 15.1 19.5 0.2 1074 A
FC16 P 3 1487.1 29.3 28.0 1.6 0.7107°4| 7
C17 P12 |1500.0 | 28.7 26.8 0.8 1.210°4| F
C 17 P14 1501.8 28.8 26.3 1.2 13104 p
FCI8 P 5 1511.9 26.3 23.6 1.1 1.21074| F
C18 P11 1517.3 21.6 20.3 1.8 0.810°4| F
C19 P10 | 1534.6 36.8 34.2 0.5 0.91074| =E
FC20 P 2 1545.8 26.0 23.9 0.7 1.41074| &
FC21 P 3 1563.3 24.8 21.8 0.5 1.6 1074 =
*) See Table 2.
RKER.82.242
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POSSIBLE RANCE
LITHOFACIES DESCRIPTION PROCESSES OF ENVIRONMENTS
Poorly sorted, coarse sand to granular grade, Biological and hydro- WINNOWED DEPOSITS
- intensely bioturbated and shelly. Occasionally |dynamic reworking of
l pyritic, glauconitic and calcitic, sediment. High energy BASE OF CRADED
Ax v H but with relatively BEDS.
‘ slow deposition, close HICH ERERCY
to coarse supply.
SHOREFACE.
Massive to weakly cross-bedded, occasionally 'High energy', close FORESHORE TO SHELF
ripple bedded. Moderately well sorted, coarse close to coarse sand {(very high energy):
B t sands, occasionzlly shelly with deep vertical source. or NON-TIDAL CHANNEL
burrows. Often current- FILL, MOUTH BAR;
% Generally poorly consolidated. dominated. or VARIOUS COASTAL
l PLAIN ENVIRONMENTS
Cross-bedded (occasionally cross laminated), 'Sporadic deposition® SHOREFACE
low—-angle, cm to dm thick beds, rarely -2 m ‘protected’ from (vhen interbedded
" ’ in fining-upward sequences. bioturbation and closef with burrowed
c* L - e | Coarse or medjum sands, moderately well sorted,| to sand source. facies E and 7);
. 2| ©| occasionally rich in large organic clasts, Current or wave or VARIOUS COASTAL
2= J {| poorly bioturbated. energy. PLAIN ENVIRONMENTS.
~ Cross—bedded, dm scale. 'High energy’,
¢ 1. Coarse or medium sands with shell hash, with a low proportion FORESHORE
N D s 2 generslly calcite-cemented. of burrows. TO
L °¢ -% Occasionslly rich in mica and pyrite, poorly Current-dominated INNER SHELF
8 ; ‘ bioturbated. _
Medium to fine sand, rich in mica end natrix, Bioturbation rate
occasionally organics. Thoroughly bioturbated |approx. equal to or SHOREFACE
E > . - ’ (mottled), burrows approx. | cm diameter, . exceeding deposition
-<>' ‘| g ripple bedding sometimes recognisable. rate. TO
A ‘ Occasionally calcite and siderite concretions |[Relatively close to INNER SHELF
and cements. sand source.
Relatively well consolidated.
Fine to very fine sand, micaceous. Bioturbation rare
Thoroughly bioturbated (mottled), burrows approx. equal to or
T ) approximately 2-3 oo diameter. exceeding deposition LOWER SHOREFACE
<?é;’,' £ Occasionally calcite and siderite concretions |rate. TO0
L - and cements. Relatively distal to
e ‘ Well consolidated. sand source. OUTER SHLLF
'VARIABLE'
Laminated, organic-rich shales and ripple- Low-energy deposition poss-NEARSHORE
or plane-laminated fine sands. Extremely with slightly fluctua- MARINE, (UPPER
¢ micaceous with organic matter in discrete tions in bottom energy SHOREFACE TO
laminae, poorly bioturbated. conditions. COASTAL PLAIN)
Close to organic and other PROXIMAL,
source. QUIET WATER
. ENVIRONMENTS.
- — = g | Pure shales, generally not rich in organic High quantity of (UNDIAGNOSTIC)
R i Y material. suspended sediment
- ,é load.
—————
coarser
A lithofacies is made up of units of sediment which are similar in terms of
their physical, biological and chemical character. Lithofacies, so defined, have
been observed in the geological interpretation and description of core 31/2-5. These
lithofacies are similarly recognised in other cores described from the 31/2 block.
SUMMARY OF LITHOFACIES
RKER. 82. 242
Author  DWA Dr.nr. 31071A Table 2
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RESULTS OF TRIAXIAL COMPACTION TESTS
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