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ABSTRACT:

Strength and deformation properties of clays are known to correlate with a standard geotechnical index parameter, the Plasticity
Index, | P, where these correlations are commonly used for characterising top soil or in the case of the offshore oil industry seabed
analysis for foundations of offshore structures. By their nature, these studies are generally limited to the top 100+ m of the
overburden. From atheoretical standpoint there is nothing to hinder the extension of such methods to greater depths other than the
effects of diagenesis. This hypothesisistested using drill cuttings from two North Seafields of Tertiary age to characterise the
overburden sequence. The results of the study are encouraging when compared with more conventiona techniques using borehole
log correlations suggesting that the plasticity index may offer a complimentary method for charactering overburden sequences for

the purposes of borehol e stability and reservoir compaction-seafl oor subsidence.

1. INTRODUCTION

Direct determination of strength and deformation
properties of overburden clay and shale by standard
rock mechanics testing are time consuming.
Furthermore, rock mechanics testing implies that
the relevant formations are cored; unfortunately the
coring process is expensive, often difficult to
perform and may jeopardize the drilling operation.
Nonetheless, knowledge of the strength and
deformation of the overburden may be vital to the
field development, e.g. well planning and wellbore
stability, reservoir compaction and seafloor
subsidence.

Drill cuttings are generally not used as a source for
rock property evaluation partly because most
laboratory techniques require pieces of core
materid larger than 5 mm which are of good to high
quality and partly because, in many cases, drill
cuttings are not preserved for further analysis once a
lithological description has been completed. In
those cases where drill cuttings are used the strength
and stiffness properties are generally determined
indirectly either from indentation or resonant
acoustic wave techniques [1].

Strength and deformation properties of clays are
known to correlate with a standard geotechnical
index parameter, the Plasticity Index, Ip, where
these correlations are commonly used for
characterising top soil or in the case of the offshore

oil industry seabed analysis for foundations of
offshore structures. By their nature, these studies
are generally limited to the top 100+ m of the
overburden. To date, there appears to be no
documentation on the use of such correlations for
evaluating the properties of 1000+ of overburden.
Moreover, from a theoretical standpoint there is
nothing to hinder the extension of such methods to
greater depths other than the effects of diagenesis.
In order to test this hypothesis, drill cuttings from
two North Sea fields of relatively young geologica
age (lower Paleocene & younger) were used in a
study to characterise the overburden sequence. The
results of the study were compared with more
conventional techniques using borehole log
correlations.

2. GEOLOGICAL SETTING

Field ‘A’ is a deep water gas field situated 120 km
west of the Norwegian coast (Kristiansund) and
Field ‘B’, an offshore ail field, is situated 185 km
west of Stavanger. In both fields, the overburden is
Tertiary in age ranging from the Paleocene up to the
Miocene (figure 1). The buria depths appear to be
substantially different in the two fields but this is
primarily due to water depth: Field ‘A’ has a water
depth of 800m whereas Field ‘B’ has a water depth
of 150m. The actual overburden thickness in the
two fieldsissimilar: ca. 2000 m and 1600 min
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Figure 1. Summary of overburden geology for Field ‘A’ and
Field ‘B’

Fields ‘A’ and ‘B’ respectively. This means that the
effective vertical stress, i.e the net consolidation
stress, in the two fields are comparable and only
really differ where excess pore pressures occur
(figure 2). In both cases, from drill cuttings, the
overburden is described as a mixture of soft to stiff
(consolidated) mudstones and sand layers. The
mudstones in Field ‘A’ are dominated by pelagic-
siliceous ooze sediments which are not present in
Field ‘B’ (figure 1). The relatively young age of the
overburden sequences and the fact that effective
burial depths are less than 2000 m mean that the
sediments have not experienced significant
diagenesis, i.e. sediments have experienced
mechanical compaction but very limited chemical
compaction and lithification.

3. METHODOLOGY

The magority of fine graned (uncemented)
sediments exist naturally in a 'plastic state’. The
plasticity is due to the presence of clay minerals,
very fine particles and organic material and is
largely controlled by the water content of the
sediment. The upper and lower limits of the range
of water content over which the sediment exhibits
plastic behaviour are known as the Atterberg limits
and are defined as the 'liquid limit' (w.) and the
‘plastic limit' (we) [2]. The water content range is
defined asthe 'plasticity index' (Ir) where:

Figure 2. Effective Vertical stress and Pore pressure
gradientsin the overburden of Field ‘A’ and Field ‘B’

IP=wL.wWp Q)

The Ip, wi. and wp values can either be expressed as
percentages or as decimal fractions. In the following
calculations fractional values are used.

Since the 1940s a large number of studies have
shown (empirically & semi-empiricaly) that for
many clay rich and fine grained sediments the
undrained compressive strength, compressibility,
friction angle, in-situ stress ratio and consolidation
ratio could be correlated with either the plasticity
index or the plastic or liquid limits. These
correlations are well documented in the
geotechnical literature and a number of them are
used here.

Prior to analysis the drill cuttings need to be pre-
treated as they are nearly aways contaminated with
drilling mud. For water based drilling mud this
contamination is in the form brine/salts, polymers
and fine particles such as Barite or Calcium
Carbonate — these particles are added to the drilling
mud to increase density and assist in filtercake
building. It was anticipated that the contamination
of fine particles from the drilling mud would
influence the plasticity index as they would reduce
the relative clay content for a given volume thus
reducing the material’s plasticity. Furthermore, it
was appreciated that the mud contamination would
not be constant and would vary from sample to
sample.



Measurement of the Atterberg limits on the drill
cutting samples was in accordance with
International testing standards [2]. In preparation,
the drill cuttings were soaked/washed to remove the
sadts and polymers from the mud. During the
soaking process the drill cuttings become
disaggregated assisted by occasional mechanical
agitation. The resulting slurry is passed through a
no. 40 sieve in order to remove any large fragments
and is then dried to approximately the liquid limit
by evaporation and decanting of standing water.
The liquid limit is then measured using the faling
cone penetrometer method. The plastic limit is
measured on an air-dried sub fraction of the drill
cutting sample. Known quantities of distilled water
are added to this sample until it takes on a putty like
consistency and can be rolled into a ball. The plastic
limit is then found by using the standard hand
rolling technique. The reader should refer to either

the ASTM testing standards or the generd
geotechnical literature for further details. The
degree of Dbarite and cacium carbonate

contamination in the drill cutting samples is
quantified using SEM-Microprobe analysis. A set of
reference tests, which determine how the plasticity
index varies with increasing amounts of barite or
calcium carbonate content were used to correct the
plasticity index measured on the contaminated drill
cuttings (Appendix A). The corrected values were
then used in further calculations of geotechnica
properties.

In this study a number of correlations have been
used to determine undrained compressive strength,
stiffness, friction angle and in-situ stress ratio from
plasticity index measurements on drill cuttings. The
values obtained are compared with equivalent data
caculated from borehole logs using more
conventional techniques. The correlations used in
this paper are summarized below

4. PLASTICITY INDEX CORRELATIONS

4.1. Undrained, unconfined compressive strength
Two of the more well known undrained strength
correlations are used here:

Bjerrum & Simons (1960), [3]
UC%. o = 045-(I ) ©)

Skempton & Henkel (1953), [4]
UC%. o = 0.11+0.0037- 1, ©)

where: p', — effective overburden stress (units in
MPa)

It has been found that the above equations need an
additional correction before they can be utilized.
This is because the above eguations are an
approximation of the linear Mohr-Coulomb failure
criteria and hence predict that shear strength
increases linearly with depth (increasing p'y). It is
reasonable to suppose that for most argillaceous
materials the failure criterion is non-linear,
particularly at greater effective burial depths (500
m) due to the effects dewatering of the clay-silicate
sheet structure has on friction angle. An additional,
empirical correction is therefore made to equations
2 & 3 using a quadratic function of depth. The
empirical correction is based on a best fit to UCS
values measured on core plugs taken from the
overburden.

UCS

corr :(1_a0'22+a1'z)'UCS (4)
where:

2= 0.1167 (Field *A’) & 0.1567 (Field ‘B")

a =0.1392 (Field ‘A’ & ‘B’)

4.2. In-situ Elastic moduli

From the geotechnical literature [5], the in-situ
stress-strain - modulus (equivalent to Young's
modulus) for clays and silts is found to be
proportional to the undrained strength (providing Ip
> 30%), where E (in units GPa) is given as:

E = (0.05t00.25) -UCS (5)

The proportionality constant is determined by
obtaining a best-fit to modulus values measured on
core plugs. In the case of Field ‘A’ and Field ‘B’ the
constant is found to lie between 0.095 to 0.13.

For the Poisson’s ratio the following correlation is
used (Worth 1975), [5]:

v ~0.25+0.00225- | , (6)

There are a significant number of published
correlations  for calculating in-situ  bulk



compressibility from the plasticity index or liquid
limit (e.g. [5]). Generally these expressions refer to
the compressibility index either under virgin
consolidation conditions (Compressibility Index,
Cc) or under unloading-reloading (re-Compression
Index, Cg) conditions — the latter also represent
compressibility at current in-situ conditions. It may
be argued that the re-compression index is most
rdevant  for  reservoir  compaction-seafloor
subsidence studies where, for example, the changes
in effective stress in the overburden are relatively
smal and the overburden behaves elastically in
response to the reservoir deformation. Equations 7

and 8 [5] show the re-compression index
correlations used in this study:

C, =0.000463w, G4 (7

C, =0.00194(1 , — 4.6) (8)

The compressibility indices are terms not normally
used in reservoir geomechanics so it is useful to
convert these values to a more useable stress-strain
modulus — the constrained modulus. Thisis done by

using equation 9 below [5]:
1+w,G,)o,
o= )T ©
0.435C,

where: w,- in-situ (natural) water content;
Gs- specific gravity of solids (= 2.65)

4.3. Effective Friction angle

A number of studies have investigated the
relationship between the effective friction angle for
normally consolidated clays and their plasticity.
These studies generally show that friction angle
decreases with increasing plasticity and that 80+%
of the data fall within one standard deviation of a
common trend where this trend can be defined as

[6]:
¢'=(60.6+4)-(1,)"* (10)

where: +4 - denotes the standard deviation from the
common trend.

The effective friction angle can adso be
independently determined from the effective stress
ratio (Ko) as is described in the following section.
The friction angle can be combined with cohesion
(c), derived from the UCS, in a simple Mohr-

4

Coulomb failure criterion which can be then
implemented in basic borehole stability models:

._UCS-(1-sing")

2-cosg’ (1)

4.4. |n-sSitu stressratio; Ko

The ratio of effective horizontal (c’n,) to vertica
effective stress (c’v) is expressed be a factor called
the ‘coefficient of latera effective stress or 'latera
effective stress ratio'. Of particular interest is the
special case for no lateral deformation, termed the
'lateral stress ratio at rest' (Ko), as this represents
conditions in a passive sedimentary basin. Hendron,
Brooker & Iredland (1965), and cited in [5, 6]
defined the relationship between Ko, consolidation
ratio (CR) and plasticity index which is now
commonly used in geotechnic design. For a
consolidation ratio of between 1 and 4 (normally to
lightly overconsolidated sediment) the relationship
can be defined in the following way [6]:

Ko = [In(1 5)°™ - In(CR)*® + 1]+ In(CR)**** +0.0841 (12)

where: CR - consolidation ratio which describes the
compaction history of the sediment; normal
consolidation =1, overconsolidation > 1,
underconsolidation < 1; and where [6, 7]:

Ko =71/ =(1-sing) (13)

Oy

The above relationships can be used to indicate how
the effective stress ratio varies with depth through
the overburden and, knowing the effective vertical
stress (effective overburden stress), calculate the
effective horizontal stress. From equation 12 it can
be seen that the effective stress ratio is
logarithmically proportional to the plasticity index
(and the consolidation ratio). This means that
mudstone intervals with high plasticity will have a
larger effective stress ratio and lower friction angle
- this is a common observation for dense clay and
mudstone sequences [3, 5, 6, 7 & 8].

5. LOG BASED CORRELATIONS

It is possible from arange of different borehole logs
to derive various rock mechanic properties using
either empirical or theoretical relationships. A
combination of open-hole and cased-hole sonic



velocity logs, together with Gammaray and
Density logs are available for the overburden in
field ‘A’ and ‘B’. Using these logs, rock strength
and stiffness trends have been derived from the
relationships given in the following sections.

5.1. Unconfined compressive strength, UCS

The UCS of the overburden has been determined
using two empirical techniques which utilise the P-
wave sonic log (DTCO) and Gammaray log
respectively. The two log types are respectively
linked to the porosity and clay content of the
formation and so are a good basis for compressive
strength calculations.

The UCS is calculated from the P-wave sonic log
using the following relationship where this is a
modified form of the correlation established for
shale-type materials by Horsrud et al [9]. The
modification is made to give a best-fit UCS vaues
measured on core plugs taken from the overburden.

UCS=1.184x10° - DTCO 2° (14)

where: UCS is in units of MPa and DTCO units of
pg/ft.

An dternative technique is to derive the
compressive strength from the Gammarray (y-ray)
log. This is generally a much more simplistic
scaling approach and takes the form of:

ucs=7 "~ ”’%O (15)

where the scaling factor of 20 is determined from a
best-fit to measured values on core data; UCS in
units of MPa

5.2. In-situ Elastic moduli

From Hooke's law, the Young's Modulus and
Poisson’s ratio can be derived from the P- and S
wave sonic velocities in the following way:

E=201+v) p-Vy’ (16)
2 2

Yo ~2Vs (17)
2(Vp" = Vs")

where: E isin units of GPa; Vp and Vs in units of
m/s and p in units of Kg/cc.

5

Also from Hooke's law, the Constrained Modulus,
M can be derived from the Poisson's ratio and
Y oung's modulus:

~ (1-v)E
") o

Caution is necessary when using equation 16, 17
and 18 as they are derived assuming isotropic linear
elasticity to which few natural materids truly
conform.

5.3. Effective Friction angle

The P-wave velocity has been correlated to the the
friction angle in shale sequences by La [10]. The
proposed relationship is given as follows:

V, —1000

Ve oD 19
¢ V,, +1000 19)

where: Vpin units of m/s.

5.4. In-situ stressratio; Ko

From elasticity theory the effective stress ratio, Ko
can be related to the Poisson’s ratio by the
following well known expression:

Ko =V, (20)

1-v

The Poisson’s ratio can be either derived from the
sonic logs, equation 17 or from drill cuttings,
equation 6.

6. VALIDITY OF PLASTICITY INDEX & LOG
CORRELATIONS FOR CHARACTERISING THE
OVERBURDEN

It should be remembered that the objective of this
paper is to test the hypothesis that the standard
geotechnical plasticity index (Ip) (Atterberg Limits)
can be employed to characterize the strength and
stiffness of the overburden. As such, the validity of
the method is tested against established borehole
log correlations based mostly on the sonic and
density logs. Only a quditative comparison is
therefore possible as it is not necessarily true that
the borehole log based calculations are the more
accurate or the more correct. Where core
measurements of strength and stiffness are available



then both the log based and drill cutting based
methods have been adjusted/calibrated so neither
method is truly independent. If the drill cuttings
based methods give comparable results to the log
based correlations then it can be argued that the
former can lend an additional, supportive role to the
latter for characterizing the overburden.

Figures 2 and 3 present the combined results of the
drill cutting and log based analysis — included are
the input data; i.e. the plasticity index (lp) and the
sonic and density logs. The gamma-ray log is not
shown due to the lack of space.

6.1. Input parameters— general comments

In terms of the input data, the density logs for both
fields (A’ and ‘B’) show a gradual density increase
with depth which is consistent with increasing
consolidation. The sonic logs show a similar trend —
here the sonic slowness decreases with depth
reflecting the increased sonic velocity due to
increased density. The S-wave slowness is more
sensitive to changes in lithology and demonstrates a
step profile where there is continuous data coverage
(sporadic data for Field ‘A’ due to problems with
the logging toal).

The plasticity index (Ip), as defined by the liquid
limit and plastic limit also increases with depth. The
plastic limit is defined as the difference between the
liquid and plastic limit values when expressed in
percentage terms (egn 1). For both field ‘A’ and ‘B’
the liquid limit is relatively constant with depth -
about 75% (occasionaly +15%) where this is an
overal reflection of the uniformity of the clay
mineralogy and grain size. In contrast the plastic
limit gradually decreases with depth reflecting the
increasing consolidation and this therefore resultsin
an increase in plasticity index with depth.

The main exception to the uniformly increasing
density, sonic velocities and plasticity index (Ip)
trends with depth is observed in Field ‘A’ between
1600 and 2000 mTVD. It is at the lower end of this
depth interval that the Opa A-Opa CT transition
occurs and with it a change in the consolidation of
the siliceous ooze. As described earlier, the ooze
appears softer and more friable above the transition
boundary where this appears to be reflected in the
plasticity index and log responses. Other variations
in the general depth trends occur but these can be
correlated with subtle changesin lithology.

6.2.  Unconfined Compressive Srength (UCS)

The UCS is derived from the plasticity index
measured on drill cuttings using equations 2 and 3
and from the sonic log and gamma-ray log using
equations 14 and 15 respectively.

There is generally good agreement (x1 MPa)
between the sonic, gammaray and drill cutting
(plasticity index) based strength correlations down
to depths of 2300 mTVD and 1650 mTVD for
Fields ‘A’ and ‘B’ respectively (figures 2 & 3).
There is aso generally good agreement between the
log-based and drill cutting-based methods and direct
strength measurements on core plugs (some
deviations occur and these are discussed later). The
overriding trend is one of gradua strength increase
(4 to 6 MPa) with increasing depth. Below these
depths, the gamma-ray and drill cutting strength
correlations remain in agreement but the sonic log-
derived rock strength shows a relatively marked
strength increase. A precise reason for this deviation
is not known but may either reflect:

i. asubtle diagenetic effect such as the initia
occurrence of intergranular cement - the
gammaray and plasticity index based
methods are insensitive to cementation as
they are primarily triggered by clay content
and mineralogy;

li.  achange in the pore pressure gradient in the
overburden adjacent to the reservoir. In both
Field ‘A’ and ‘B’ there is a weak
overpressure trend in the overburden but the
reservoirs themselves have near hydrostatic
pressure (figure 2). The reduction in pore
pressure immediately above the reservoir
will increase the effective stress and thus the
sonic velocity as well as the degree of
consolidation — leading to apparent (egn 14
not normalized to pore pressure) and rea
increases in strength respectively.

Measurements on core samples taken from Field
‘A’ below 2300 mTVD are in agreement with both
the sonic log and gammarray/drill cutting trends:
strength measurements made on samples of stiff-
dense mudstones agree with the sonic log strength
trend whereas measurements made on weak
claystones agree with the gamma-ray/drill cutting
trend (figure 2). Given this, it is difficult to
conclude which of the strength trends are more
correct.



In Field ‘A’ an anomaly is observed in the drill
cutting/plasticity index strength data in the depth
interval 2250 to 2350 mTVD (figure 2). The drill
cutting based data shows a sudden strength increase
in this interval relative to the sonic and gamma-ray
trends. There is no clear correlation with lithology
(no variation indicated in well site or later reports)
but the event may be related to a local variation in
clay mineralogy or clay properties (e.g. activity)
that affect the plasticity. The SEM-micro probe
analysis indicates some variation in relative
volumes of clay forming elements but there is no
consistency and the data set is too smal to say
whether or not the increase in strength and stiffness
isreal.

Another anomalous event observed in the Field ‘A’
well data occurs in the depth interval 2550 to 2600
mTVD. The gammaray based strength profile
deviates from the common trends in this interval
and show a marked reduction in strength. The event
is linked to the presence of volcanic ash, which
affects the gamma-ray signal.

In Field B, asimilar anomalous event is observed in
the depth interval 1665 to 1675 mTVD (figure 3).
Three strength measurements on core plugs were
taken in this interval and of these, two show much
higher strengths than that predicted by either of the
borehole log-based correlations or by the drill
cutting/plasticity index correlations. The core
sample from this interval is described as “highly”
heterogeneous containing repeated thin layers of
hard (cemented) mudstone, soft-reactive
(occasionaly fractured) mudstone and volcanic ash.
The stronger layers dominate the core plug
measurements simply because of the ease of
sampling. The volcanic ash layers have influenced
the gamma-ray signal causing a dip in the strength
trend based on this log. The drill cutting based
strength trend shows neither high or low strength
values and may be aresult of an averaging effect as
the drill cuttings are sampled every 10 m.

Finally, it should be noted that equations 2 and 3
provide two methods for calculating strength from
drill cuttings. Over the range of plasticity indices
measured on the drill cuttings the two equations
produce two closely spaced paralel trends. It is not
possible say which of these equations is more
correct and it would be fair to say that the relative
difference in derived strength values (0.3 to 0.5
MPa) is probably within the uncertainty range of
the overall method. It is therefore suggested that

either or both equations can be used with equal
validity.

6.3. Young's Modulus

The Young' s modulus is derived from the plasticity
index measured on drill cuttings and from the sonic
logs using equations 5 and 16 respectively.

In Field *A’, in the depth interval 1550 to 2000
mTVD, there is remarkably good agreement in the
sonic log derived Youngs modulus, the plasticity
index/drill cutting derived Young's modulus and
direct measurements on core plugs (figure 2).
Between 2000 and 2850 mTVD the correlation is
less certain as the Swave data is incomplete
resulting in large gaps in the sonic log derived
Young's modulus trend. Where there is data it
appears to be in agreement with the drill cutting
derived data The latter indicates a relatively
uniform, gently increasing, Y oung’'s modulus trend
with depth — ranging from 0.25 GPa at 1550 mTVD
to 0.5 GPa at 2000 mTVD. Below 2000 mTVD,
there is a sharp increase in the sonic log derived
Young's modulus that is consistent with the
available core plug measurements in addition to the
sonic log based rock strength (UCS). If drill cutting
data were available for 2000+ mTVD it would be
unlikely to correlate with this sonic log based data
given the fact that the drill cutting based Young's
modulus is simply a linear correlation with rock
strength (egn 5). It was noted earlier that the rock
strength trends diverge at around 2000 mTVD — see
previous section. .

In Field ‘B’ the agreement between the sonic log
based Young's modulus and the plasticity
index/drill cutting based Y oung's modulus appears
less clear (figure 3). Above 1650 mTVD, Young's
modulus derived from the plasticity index is
consistently 0.5 GPa greater than that calculated
from the sonic log (note: a better correlation can of
course be derived by adjusting the constant used in
equation 5 but of interest here is the overal
robustness of the method rather than exact
agreement). Below 1650mTVD there is good
agreement between the Young's Modulus derived
from the sonic log and drill cuttings and that
measured on core plugs. The drill cuttings based
data does not pick-out the peaks observed in the
sonic log based Young's modulus but as suggested
earlier, for rock strength, this may be a result of an
averaging effect as the drill cuttings are sampled
every 10 m.



6.4. Poisson’sratio

The Poisson’s ratio is derived from sonic logs using
equation 17 and from the plasticity index measured
on drill cuttings using equation 6.

A very consistent difference is observed in the
Poisson’'s ratio vaues derived from the drill
cutting's plasticity index and sonic logs. For both
Field ‘A’ and ‘B’ the Poisson’s ratio determined
from drill cuttings varies between 0.3 and 0.35
whereas the sonic log derivation indicates a
Poisson’s ratio value in the range 0.45 to 0.35.
Furthermore, dlightly conflicting depth trends are
observed - the sonic log based data indicates that
Poisson’ s ration decreases dslightly with depth but in
constrast, the drill cutting based data suggest a
relativly constant value (possibly dlightly
increasing trend) with depth. It should be noted that
the depth trends are weak relative to the difference
in overall magnitude. There are no measurements
on core plugs from the overburden with which to
make a judgment on which method is the more
correct. Where core measurements exist, in the
reservoir, they are in agreement with the sonic log
based trend but there is no comparable drill cutting
data.

The difference in the derived values may well liein
the origins of the correlations used. Equation 6,
relating Poisson’s ratio to plagticity index, is
empirically derived from laboratory data whereas
equation 17, the sonic log correlation, is based on
elasticity theory. Linked to this is the fact that the
sonic log is measured in-situ and may include ether
a poro-elastic component (due to the dlight
overpressure in the overburden) or a weak tectonic
component — or both. Such factors cannot be
accounted for in the simple laboratory empirical
approach. Either way, the difference in the derived
Poisson’s ratio values can result in an approximate
difference of 10% if used to calculate the horizontal
stress from the vertical stress using a uniaxial strain
model.

6.5. Constrained Modulus

The Constrained Modulus is derived from the
plasticity index using equations 7 to 9 and from the
sonic logs using equations 16 to 18. The latter
method is an extension of elasticity theory and the
former represent a pair of empirical correlations
based on laboratory data — equation 8 uses the
plasticity index (Ip) and equation 7 the liquid limit
(w ). There are no direct measurements of
constrained modulus (bulk compressibility) on
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overburden core with which to compare so it is not
known which method gives a more correct vaue. It
is therefore encouraging to see some agreement
between the two calculation methods as seen in
figures2 & 3.

In Feld *A’, in the depth interval 1 1550 to 2000
mTVD, the sonic log derived Constrained Modulus
appears to agree reasonably well with that derived
from the liquid limit (w.) using eguation 7. In
contrast, the Constrained Modulus determined from
the plasticity index using equation 8 shows much
greater variations in modulus values with depth and
therefore do not correlate well —it should be noted
that the large gaps in the sonic log data necessarily
restrict the comparison. Below 2000 mTVD, the
sonic log based Constrained Modulus shows a
marked increase corresponding to the stiffening
observed in the Young's modulus data and is a
result of a sonic velocity increase at reservoir depth
(see earlier discussions on Y oung's modulus).

In Field ‘B’, in the depth interval 1450 to 1650
mTVD, there is some agreement between the sonic
log derived Constrained modulus and that derived
from the liquid limit (egn 7) as well as the plasticity
index (egn 8). Modulus values determined from
equation 7 appear to form a lower bound to the data
trend whereas values calculated from equation 8
seem to coincide with and exhibit a similar sinuous
trend to the sonic log based data. An exact
comparison is not possible due to a lack of data
points but weak correlation is nonetheless present.
Below 1650 mTVD, the sonic log based trend
deviates from the drill cuttings based trends where
this is again a reflection of the increasing Young's
modulus and sonic velocities within  and
immediately above the reservoir.

Of the drill cutting based methods, and given the
l[imitations of the data set, the Constrained Modulus
values derived from the liquid limit measured on
drill cuttings appears to correspond best with the
sonic log derived vaues. This argument is partly
supported by observations from the geotechnica
literature where it is reported that compressibility
values determined from a clay soils liquid limit
correspond best with values measured from
laboratory tests (and some field scale plate load
tests), [3,4,5,6 & 7].

6.6. Frictionangle

The friction angle is derived from the sonic logs
using equation 19 and from the plasticity index
measured on drill cuttings using equation 10. Both



methods are empirical and based on experimental
databases of varying size and quality — the database
for the drill cutting correlation is probably the larger
and morereliable [6 & 10].

A consistent difference is observed in the friction
angle derived respectively from the plasticity index
measured on drill cuttings and the sonic log. Vaues
determined from the latter correlation are aways
lower than those derived from the former.
Furthermore, in the case of Field ‘A’ the depth
trends determined from the two correlations are
conflicting — the sonic log based friction values
shows an increase in friction with depth whereas the
plasticity index based friction decreases with depth.
For Field ‘B’ the contrast is less clear-cut. Here
again, the sonic log based correlation shows a
marked increase in friction with depth but the drill
cutting based data suggests a relatively constant
friction angle with depth

As no measurements of friction angle on
overburden core material are available from Fields
‘A’ and ‘B’ it is not possible at the present time to
say whether the drill cutting based or the sonic log
based correlations is the more reliable. From
genera reporting in the geotechnical literature, it is
usual for the friction angle to decrease with depth
for uncemented clay rich sediments as with
increasing consolidation the clay platelets
(particles) become aligned and macro laminations
and fissuring develop — the net effect of which isto
reduce the friction angle. In contrast, if the sediment
becomes cemented then the friction angle can be
expected to increase. It was stated at the beginning
of this paper that the overburden sequences in
Fields ‘A’ and ‘B’ have experienced mechanical
compaction but very limited chemical compaction
and lithification due to their relatively young
geological age and the fact that effective burial
depths (total vertical depth less water depth) are less
than 1800 m. This set of statements would therefore
suggest that the friction angle derived from the
plasticity index is more reliable than that
determined from the sonic log although it should be
pointed out that this argument is somewhat tenuous
without corroborating data from laboratory
measurements.

6.7. In-sSitustressratio, Ko

The Ko ratio is derived from the plasticity index
using equation 12 and from the sonic logs using
equation 20. The latter method is an extension of
elasticity theory and the former is an empirical
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correlation based on an extensive laboratory data set
[5, 6].

In Field ‘B’, a the top of the depth interva
investigated (1450 mTVD), the Ko ratio determined
from the sonic log is greater than that calculated
from the plasticity index. The difference in the
derived values decreases with depth as a result of
converging trend lines — both methods predict that
Ko decreases with depth where the sonic log derived
data shows the greatest reduction. The two Kpj
trends appear to coincide and show similar
amplitude variations below 1600 mTVD.

In Field A’ the comparison isless certain due to the
large gaps in the sonic log data. From initially
giving similar values at the top of the depth interval
investigated (1550 mTVD) the Ky vaues
determined from the sonic log and plasticity index
diverge where the former predict higher values.
That said, the overal depth trend in the interval
1550 to 2050 mTVD is quite similar. Both data sets
show an initial reduction in Ko down to a depth of
1700 mTVD but below this the K ratio is predicted
to increase again. Below 2050 mTVD the lack of
sonic log data makes any comparison meaningless
so none is attempted. The Ko ratio calculated from
the drill cuttings suggests a weak increase with
depth below 2050 mTVD where this is consistent
with the observed decrease in friction angle with
depth (see previous section & egns 12 & 13).

There are no direct measurements of the K ratio on
overburden core from Fields‘A’ and ‘B’ so it is not
known which of the two correlations - sonic log
correlation or the plasticity index correlation —isthe
more correct. Also, as discussed previoudly for the
Poisson’s ratio the sonic log is measured in-situ and
may therefore include either a poro-elastic or a
weak tectonic component which will affect both the
calculated Poisons' ratio and K ratio. Such factors
will not be accounted for in the empirical plasticity
index correlation and may be one reason why the
two methods do not necessarily agree.

7. CONCLUSION

A set of corrdations for determining the strength
and deformation properties of clays from a standard
geotechnical index parameter, the Plasticity Index,
Ip, have been applied to drill cuttings taken from 2
North Sea fields. The objective of the exercise has
been to test whether such correlations are valid for
characterising an overburden sequence of 1000+ m.
The validity of the results has been tested against



published correlations, theoretical and empirical, for
determining strength and stiffness from borehole
logs.

For compressive strength (UCS) and Young's
modulus good agreement is found between the
plasticity index derived values and those determined
from the borehole logs (sonic & gamma-ray). The
mutual correlation is further supported by available
laboratory measurements on core plugs taken from
the overburden sequences.

For Poisson’s ratio, Constrained Modulus, friction
angle and in-situ stress ratio, Ko, less satisfactory
agreement between the plasticity index and
borehole log derived values are observed. With
respect to Poisson’s ratio and Ko, one possible
explanation for the discrepancy is that the borehole
logs are measured in-situ and may contain a hidden
poro-elastic or tectonic component which can not be
accounted for or quantified when using the
empirical (laboratory derived) plasticity index
correlations. Generdly however, these four
parameters have not been measured in the
laboratory on relevant overburden core so it is not
certain which of the correlations, borehole log vs.
plasticity index, givesthe more correct values.

The results from the comparative anaysis suggest
that the plasticity index, and its associated
correlations, offers a vaid method for
characterising the overburden particularly where
borehole log data is absent (as demonstrated by
Field ‘A’ data). It should be noted however, that the
technique isrestricted to relatively young geological
sequences that have not been subjected to
significant diagenesis — in particular chemical
diagenesis and lithification. The advantage of the
plasticity index method is that it is simple to
perform and can be easily adapted for rig-site
analysis.

Further work is required to test the applicability and
robustness of the plasticity index technique but the
results to date are encouraging.
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APPENDIX A

The expressions given below are used to correct the
measured plasticity index for the contamination of
fine particles from the drilling mud. The relative
volume of the contaminant is determined using
SEM-Microprobe.

Correction for Barite contamination:

AIP =.0.0138 %B . 0.021 (AD)

AIP isthe change in Plasticity Index (%)
%B is the volume percentage of Barite.

Correction for Calcium carbonate contamination:

Al p==310"* Cyie — 8:107" Cyye +0.0014  (A2)
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Figure 2 Characterization of Overburdenin Field ‘A’ using Drill Cutting and Bore Hole Log data

Datais plotted with respect to total vertical depth beneath Kelly bushing (TVD RKB). Log based datais indicated by continuous line profiles whereas drill cutting based data
isindicated by open symbols. Drill cutting measurements are derived from wet drill cutting samples collected every 10 to 20m.

Input data - going from left, the first three depth-logs show the input data used in the analysis:
i) Density log (& derived in-situ water content log); ii )Sonic logs— P-wave (DTCO) and S-wave (DTS) ;

iii) Log of plasticity index parameters: Liquid limit (w,) - open diamonds; Plastic limit (wp) — open squares; in-situ (saturated moisture) content of the drill cuttings as
measured in the laboratory — coloured circles. The Plagticity Index (1p) is the difference between the liquid limit and the plastic limit and isindicated by the horizontal bar
joining the open diamonds and squares. The Plasticity Index of the drill cuttingsis corrected for Barite contamination and the magnitude of this correction is shown by
adjusting the values for the Plastic limit The adjusted val ues are shown by the solid blue squares. The corrected Plasticity Index is used in subsequent calculations.

Output data — Rock parameters cal culated from borehole logs (sonic log — dark grey line; gamma-ray log — light grey line) and Plasticity Index data from Drill cuttings (open
squares/diamonds) - going from left to right:

iv) Unconfined Compressive Strength (UCS); v) Young's Modulus (E); vi) Poisson’sratio (v) vii) Constrained Modulus (M); viii) Friction angle (¢); ix) In-situ stress
ratin (K .\
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Figure 3 Characterization of Overburden in Field ‘B’ using Drill Cutting and Bore Hole Log data

Datais plotted with respect to total vertical depth beneath Kelly bushing (TVD RKB). Log based datais indicated by continuous line profiles whereas drill cutting based data
isindicated by open symbols. Drill cutting measurements are derived from wet drill cutting samples collected every 5 to 10m.

Input data - going from left, the first three depth-logs show the input data used in the analysis:
i) Density log (& derived in-situ water content log); ii )Sonic logs— P-wave (DTCO) and S-wave (DTS) ;

iii) Log of plasticity index parameters: Liquid limit (w,) - open diamonds; Plastic limit (wp) — open squares; in-situ (saturated moisture) content of the drill cuttings as
measured in the laboratory — coloured circles. The Plagticity Index (1p) is the difference between the liquid limit and the plastic limit and is indicated by the horizontal bar
joining the open diamonds and squares. The Plasticity Index of the drill cuttingsis corrected for Barite contamination and the magnitude of this correction is shown by
adjusting the values for the Plastic limit The adjusted val ues are shown by the solid blue squares. The corrected Plasticity Index is used in subsequent calculations.

Output data — Rock parameters cal culated from borehole logs (sonic log — dark grey line; gamma-ray log — light grey line) and Plasticity Index data from Drill cuttings (open
squares/diamonds) - going from left to right:

iv) Unconfined Compressive Strength (UCS); v) Young's Modulus (E); vi) Poisson’sratio (v) vii) Constrained Modulus (M); viii) Friction angle (¢); ix) In-situ stress
ratin (K .\
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