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Résumé — Subsidence différée : observations et analyse a partir de données de champs— L’ objectif
de cet article est de décrire I’ effet différé de subsidence liée a la déplétion a partir des observations de
terrain, dans le but d’expliquer ses origines et de mieux contraindre sa moddlisation. L’ évolution non
linéaire de la subsidence en surface en fonction de la déplétion du réservoir peut étre étudiée a partir du
décalage entre le début de la production et le démarrage (différé) de la subsidence. Nous avons analysé des
données provenant de huit champs d' hydrocarbures et quantifié I’ effet de décalage entre la subsidence et la
déplétion et le temps de retard correspondant. Les temps de retard quantifiés varient de 1,6 a 13 ans. Les
champs étudiés ont été classifiés selon leur profondeur, age et type de roche. Afin d’ expliquer les
observations de terrain, les données ont é&é confrontées a quatre mécanismes :

— diffusion delapressioninterdtitielle;

— effet du recouvrement ;

— comportement du réservoir en compaction ;

— déformation du recouvrement, de labase ou del’ extension du réservair.

L’importance relative de ces mécanismes a été déterminée a partir de I"analyse des données de terrain.
Certains mécanismes peuvent étre éliminés a partir de principes théoriques de base alors que d' autres
apparaissent comme inappropriés. |1 est montré que le mécanisme de diffusion de la pression interstitielle
contribue toujours a un effet différé, mais que cet effet est trop faible pour expliquer les observations de
champ. Dans le cas de réservoirs contenant de I'argile, la surcompaction naturelle peut expliquer les
temps de retard observés. En général, les autres mécanismes de compaction des réservoirs (tels que
fluage, effet de la vitesse de chargement sur le comportement de la roche et transition éastoplastique)
peuvent également étre la cause principale del’ effet de décalage entre la subsidence et la déplétion.

Abstract — Subsidence Delay: Field Observations and Analysis — The objective of this paper isto
describe the subsidence-depletion delay from field observations with the aim to explain its cause and
congtrain its modelling. The nonlinearity in the surface subsidence response to the reservoir depletion
can be seen as a shift between the start of the depletion and the (delayed) start of the subsidence. We
have analysed data of eight hydrocarbon fields to quantify the subsidence-depletion delay effect and the
corresponding time-delay. The time-delays appeared to be in therange of 1.6 to 13 years. Thefieldswere
categorised according to their depth, age and rock type. To explain the field observations, the data was
tested against four categories of mechanisms:

— pore pressure diffusion effects;

— overburdeninertia;
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— reservoir compaction behaviour;

— deformation of the over- under- and side-burden.

The relative importance of these mechanisms was assessed from an analysis of the field data. Some
mechanisms could be rejected based on theoretical grounds and others appeared to be irrelevant. It is
concluded that pore pressure diffusion always contributes to a delay effect but that its effect is too low to
explain the field observations. For the shallow reservoirs, natural over-compaction has the potential to
cause the observed subsidence-depletion delay. In general, the other reservoir compaction related
mechanisms (such as creep, an intrinsic rate effect and an elagtic-plastic transition) could also be the

main cause of the subsidence-depletion delay effect.

INTRODUCTION

Lowering the reservoir pressure during production (deple-
tion) increases the stress carried by the load-bearing
framework of the reservoir rock. It triggers grain-scale
deformation mechanisms causing elastic (recoverable) and
inelastic (permanent) reservoir strain, which is partly time-
dependent. One of the major consequences of reservoir
compaction is surface subsidence, which can have severe
technical, safety and environmental impacts (Doornhof,
1992; Freeze, 2000). Accurate modelling of depletion-
induced subsidence requires an understanding of the
mechanica behaviour of the reservoir and surrounding rock
in response to the depletion. Laboratory experiments on core
material have provided insight in the rock compressibility
under in situ stress and temperature conditions, and this data
has been used by many oil and water production companies
to model compaction and surface subsidence.

Early models relating compaction to subsidence stem
from the pioneering work of Terzaghi (1950), Geertsma
(1973) and Geertsma and Van Opstd (1973). The “nucleus
of strain” model of Geertsma (1973) assumed linear
poroelastic rock behaviour, and both the reservoir and the
surrounding rock were considered homogeneous and having
the same materia properties. This implies that subsidence
instantaneously follows the reservoir compaction and that
there is a linear relationship between depletion and compac-
tion, and aso between depletion and subsidence. Although
linear elasticity is a highly idealised material behaviour,
linear or near-linear relationships between stress and strain
have often been observed in laboratory experiments on core,
in particular in cemented sandstone at stress states closeto in
situ stresses, far away from any yield or failure envelope
(Schutjens et al., 2000; Hettema et al., 2000; Schutjens et al.,
2001). This is confirmed by in situ compaction measure-
ments for the Groningen reservair, which also show a linear
relationship between compaction and pressure depletion
(Mobach and Gussinklo, 1994).

Models based on linear elasticity fail to explain a subtle
yet apparently consistent effect of depleting reservoirs:
subsidence may show a nonlinear dependence on reservoir
pore pressure. After a while, the subsidence versus pressure
curve becomes rather linear and quantitatively in better

agreement with compaction studies based on laboratory core
measurements. Figure 1 shows, in schematic form, that this
nonlinearity in the subsidence response to the depletion can
be seen as a shift between the start of the depletion and the
(delayed) start of the subsidence. This phenomenon will
hereafter be referred to as the subsidence-depletion delay
effect.

This phenomenon has been observed before (Merle et al.,
1976; de Waa and Smits, 1985; Boutéca et al., 1990;
McLendon, 1991). Unfortunately, only a few subsidence
fields have reliable early measurements available. This could
be dueto:

— confidentidity of the data;

— lack of early measurements, often because subsidence was
not anticipated, or

— subsidence was badly documented or not measured at al.

Our paper is structured as follows. In the next section, the
employed methodology is described. This is followed by a
short description of each field, the field data and the resulting
subsidence-depletion delays and time-delays. Then, some

Pressure depletion

“~._ Linear extrapolation

X '/ Field measurements

Subsidence-depletion
delay

Subsidence

Prognosis based on
linear elasticity

Figure1

Sketch showing a prognosis based on linear elasticity
compared to typical field measurements. The plot also shows
how the subsidence-depletion delay is determined from field
data by alinear extrapolation.
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mechanisms for the subsidence-depletion delay effect are
tested against the field data. The field datais used to limit the
number of relevant mechanisms and to quantify their
importance. The results are then discussed and finally, the
conclusions are drawn.

1 METHODOLOGY

We have analysed subsidence data from eight hydrocarbon
fields. Table 1 shows an overview of some key data of the
fields investigated in this study. The depth is the true vertical
depth subsurface. For the offshore fields (Valhall, Ekofisk
and Trall), the sub seafloor depths are given. We used both
data available in the open literature together with new dataon
the time history of subsidence, reservoir depletion pressure
and/or cumulative production.

Often initialy nonlinear behaviour is observed, when
analysing the surface subsidence from subsidence versus
time plots. This nonlinearity could be the result of several
time-dependent processes, including effects of varying
production rates and/or nonlinear depletion with time. We
regard the reservoir pressure depletion as the mechanical
parameter controlling the subsidence. To rule out effects due
to variations in reservoir pressure on the subsidence, we
determine a subsidence-depletion delay from the subsidence
versus the (average) reservoir depletion plot. The subsidence-
depletion delay and the time delay are determined in
three steps:

— A linear regression line is determined from the nearlinear
part of the subsidence-depletion curve.

— The subsidence-depletion delay is defined as the depletion
axis cut-off of the linear regression line.

— The time-delay is determined from the time at which the
reservoir depletion was equal to the subsidence-depletion
dday.

One of the objectives was to investigate a “natura” delay
phenomenon, which possibly occurs during the primary
recovery of a reservoir. Care was taken to exclude data
recorded during a secondary recovery period or after signi-
ficant production stimulation. For the investigated gas fields
this was not a problem, but some cilfields were subjected to
water flood, steam soak, steam drive or massive hydraulic
fracturing. In those cases only early field data was used,
recorded during the natural depletion period of the field.

2 ANALYSIS OF THE SUBSIDENCE-DEPLETION DELAY

2.1 The Lacq Gas Field

The Lacq gas field in southwest France is a carbonate
reservoir. The reservoir is of Upper Jurassic to Lower
Cretaceous age and isin production since 1957. We used data
from Boutéca et al. (1996) and Rolando et al. (1997) to obtain
the subsidence and the reservoir depletion data. The
subsidence data presented in Figure 2 indicate that after an
initial period, thereisalinear relationship between subsidence
and depletion. By linear extrapolation of the data to zero
subsidence, the subsidence-depletion delay is 2.2 MPaand the
corresponding time-delay is 2.2 years. However, the extra-
polation is very uncertain because there are only 3 data points
available over a 27-year period. The subsidence-depletion
delay is very senditive to the inaccuracy of the subsidence
measurements, especially to that of the first subsidence
measurement, taken 10 years after production start.

TABLE 1
Some key data of the investigated fields

Field, location Formation type Hydrocarbon produced Average depth (m Initial reservoir

, yp y p ge depth (m) pressure (M Pa)
Lacq, France Carbonate (limestone/dolomite) Gas 4400 66.1
Groningen, The Netherlands Sandstone Gas 2900 34.7
Ameland, The Netherlands Sandstone Gas 3300 55.7
Bachaquero, U od sand H i 300— 1570 13.8
Bolivar coast, Venezuela ncemented sandstone eavy ol - (at 1067 m)
Tia.Juana, M-6, Uncemented sandstone Heavy oil 610 6.3
Bolivar coast, Venezuela
Valhall, Chalk ail 2450¢ 449
North Sea, Norway
Ekofisk, Chalk oil 3000* 493
North sea, Norway
Troll East, Poorly cemented G 1150+ 158
North Sea, Norway sandstone as '

(*) Average sub seafloor depth.
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2.2 The Groningen Gas Field

The Groningen gas field in The Netherlands is a sandstone
reservoir and it is one of the largest gas fields in the world.
The reservoir is of Permean age and in production since 1964.
We used data from (Doornhof, 1992) together with data
kindly provided by The Dutch Qil Company (NAM) to obtain
the time history of subsidence and reservoir depletion. The
data presented in Figure 3 indicate that after an initia period,
there is a near-linear relationship between subsidence and
depletion. By linear extrapolation of the data to zero subsi-
dence, the subsidence-depletion delay is 0.72 MPa and
the corresponding time-delay is 3.2 years. The compaction
data (Mobach and Gussinklo, 1994) indicate also a linear
relationship between compaction and depletion. A possible

compaction delay effect cannot be assessed as the data began
to be recorded after 1974, 10 years after the start of the produc-
tion when the reservoir was aready depleted about 5 MPa.

2.3 The Ameland Gas Field

The Ameland gas field in The Netherlands is a sandstone
reservoir. The reservoir is of Permean age and is in
production since 1985. We used data kindly provided by The
Dutch Oil Company (NAM). The subsidence data shown in
Figure 4 indicate that after an initia period, there is a near-
linear relationship between subsidence and depletion. By
linear extrapolation of the data to zero subsidence, the
subsidence-depletion delay is 2.8 MPaand the corresponding
time-delay is 1.6 year.

Reservoir depletion (MPa)
0 10 20 30 40 50 60

OT\\\ T T T T T

Subsidence (cm)

6

Figure 2

Subsidence versus reservoir depletion data for the Lacq field
(datafrom Boutécaet al., 1996; Rolando et al., 1997).
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Figure 4

Subsidence versus reservoir depletion data for the Ameland
field (data from The Dutch Oil Company, NAM).
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Figure 3

Subsidence versus reservoir depletion data for the Groningen
field (data from The Dutch Oil Company, NAM).
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Figure 5

Inferred compaction versus reservoir depletion data for the
Bachaquero field (data from Merle et al., 1976).



M Hettema et al. / Subsidence Delay: Field Observations and Analysis 447

2.4 The Bachaquero Heavy Oil Field

The Bachaquero heavy oil field liesin the Balivar coast (East
Coast) of Lake Maracaibo in NW Venezuela and is of
Oligocene to Miocene age (Tertiary). Field development
started in 1936 on land, but production rates increased after
World War Two. We used data from Merle et al. (1976) to
obtain the reservoir compaction versus the reservoir depletion
in four blocks at different depths. The subsurface reservoir
compaction was cal culated from surface subsidence measure-
ments by using Geertsmas nucleus of strain model
(Geertsma, 1973; Van Opstal, 1974). According to Finol and
Sancevic (1995) p. 352, quoting earlier work by Nufiez and
Escojido (1976): “... it is evident that negligible compaction
occurs until a certain effective pressure is exceeded, and that
the value of this threshold pressure increases with reservoir
depth, and that the formation compressibility, as shown by the
slopes of the compaction curves in the figure, decreases at
greater depths...”. Figure 5 shows the calculated reservoir
compaction for the blocks at different depths. A strong non-
linear compaction is observed with amost zero compaction
up to reservoir depletion in the range 4 to 6 MPa. By
extrapolating linearly the data to zero compaction, the
compaction-subsidence delays are 4.1, 5.4, 6.6 and 7.9 MPa,
respectively, for the reservoir blocks at depths 732, 917, 1176
and 1329 m. The subsidence time-delay is estimated to be 12
years (Merleet al., 1976).

2.5 The Tia Juana Heavy Oil Field

The Tia Juana heavy ail field lies dso in the Bolivar coast
(East Coast) of Lake Maracaibo in NW Venezuela and is of
Oligocene to Miocene age (Tertiary). We used data from
McLendon (1991) and Layrisse (1999) to obtain subsidence
versus the reservoir depletion and fluid production of the

M-6 area of Tia Juana. Three production periods are reported
for thisarea

— primary production 1945-68;

— steam soak (1969-77), and

— steam drive (from 1978).

We have only used data from the primary recovery period
until 1968, and this data indicate a subsidence delay (see Fig.
6). There are only two subsidence data points available up to
1968, but a linear extrapolation of those points to zero
subsidence give a subsidence-depletion delay of 2.0 MPa or
1.5 Mm? of produced fluid. The corresponding time delay is
13 years. This number is uncertain because it was calculated
from interpolation between two pressure history data points,
assuming alinear depletion rate over time.

2.6 The Valhall Oil Field

The Vahdl ail field is a chak field in the Norwegian North
Sea. The reservoir is of Upper Cretaceous age and in
production since 1982. The reservoir consists of higher
porosity chalks in the shallower Tor formation and of lower
porosity in the deeper Hod formation. We used data from
Cook and Jewell (1996) and Pattillo et al. (1998) to obtain the
time history of subsidence, reservoir depletion and fluid
production. The reservoir pressure data are averages corrected
to a datum of 2500 m subsea from measured well pressures.
The subsidence measurements are for the Vahall platform
complex, which lies about 1 km east from the reservair crest.
Figure 7 shows the subsidence versus reservoir depletion and
fluid production. After an initial period, the data indicate a
linear relationship between subsidence-depletion and between
subsidence-fluid production. By linear extrapolation of the
data to zero subsidence, the subsidence-depletion delay is
2.2 MPa depletion or 3.5 Mm? fluid production. The
corresponding time-delay is 2.5 years.

Reservoir depletion (MPa)
0 1 2 3 4 5 6
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Subsidence (cm)
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—&— Reservoir depletion secondary recovery 1983
=+ Fluid production primary recovery

—/~ Fluid production secondary recovery

250 1 1 1
0 4 8 12 16 20 24 28 32

Fluid production (Mm3)

200

Figure 6

Subsidence versus reservoir depletion and fluid production
datafor the Tia Juanafield (datafrom McLendon, 1991).
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Subsidence versus fluid production data for the Vahall field
(data from Cook and Jewell, 1996; Pattillo et al., 1998).
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2.7 The Ekofisk Qil Field

The Ekofisk oil field is a large chalk field in the Norwegian
North Sea. The reservoir is of Maagtrichtian through Upper
Danian age (Late Cretaceousto Early Paleocene). Thefiddis
in production since 1971, but in 1974 production rates has
increased strongly. The reservoir consists of two chalk
formations, the Ekofisk formation and the Tor formation.
Water injection was initiated in the Tor formation in 1987
and in the entire field in 1994. The time history of
subsidence, reservoir compaction and reservoir depletion
were obtained from Mathiesen (1996) and Nagel (1998).
There were not reported early subsidence measurements, i.e.
before 1979, but Mathiesen (1996) reports a 1979 subsidence
of 24 cm. Figure 8 presents the subsidence versus reservoir
depletion. After aninitia period, the subsidence dataindicate
a near-linear relationship. By extrapolating linearly the data
to zero subsidence (data until 1987 when water injection
started), the subsidence-depletion delay is 13.0 MPa. This
subsidence-depletion delay value is strongly dependent on
the (modelled) early subsidence. If we take 150 cm for the
1979 subsidence (data from Jones and Mathiesen, 1993)
instead of the 24 cm used in Figure 8, the subsidence-
depletion delay would be 10 MPa. The corresponding time-
ddlay is8 years (from 1971) or 5 years (from 1974).

Reservoir depletion (MPa)

0 5
0

1971
100

200
300
400

500

Subsidence (cm)

600 -

700 -

800

Figure 8

Subsidence versus reservoir depletion data for the Ekofisk
field (data from Mathiesen, 1996).

Compaction data began to be recorded at the time when
water injection started. A possible compaction delay effect
cannot be assessed as the data began to be recorded after
1986, 15 years after the start of the production when the
reservoir was aready depleted about 20 MPa.

2.8 The Troll East Gas Field

The Troll East gasfield is a large offshore sandstone field in
the Norwegian North Sea. The reservoir is of Upper Jurassic
age and in production since 1996. At present the reservoir
has depleted about 1.4 MPa. The Troll A production platform
is monitored by global positioning system (GPS) measure-
ments and measurements of local platform settlement. The
results show that up to now (early 2002) the platform has not
yet subsided as aresult of reservoir production. For Troll, the
subsidence-depletion delay appears to be at least 1.4 MPa
and the subsidencetime delay is at least 6 years.

3 MECHANISMS FOR THE SUBSIDENCE DELAY
EFFECT

A number of possible mechanisms can cause the observed
subsidence-depletion delay effect. In order to structure these
causes we divide them into four categories, controlled by two
variables:
— thelocation of the mechanism and
— the processtype (active or reactive).

The categoriesarelisted in Table 2.

TABLE 2

Categories for subsidence-delay mechanisms

Location
Process Inside the reservoir Outside the reservoir
Driving force | I
Pore pressure depletion Overburden inertia
v
Reaction ‘ 11 . Deformation
Reservoir compaction of over-, under-
and side-burden

The driving forces are the active processes that cause the
subsidence. Due to the pore pressure depletion (1) the
effective vertical stress acting on the rock increases due to the
fact that a larger part of the overburden weight (11) is carried
by the rock. There can be a delay in both the depletion
pressure and in the actuation of the overburden weight due to
its inertia. At the reaction side, it can be the reservoir
compaction (l11) that can cause a delay, due to the
mechanical behaviour of the reservoir rock. Finaly, the
reaction of the surrounding rock mass (IV) to the pore-
pressure changes and reservoir compaction can cause a delay.
In the following sections these mechanisms are discussed
and tested against the field data.

3.1 Mechanism I: Pore Pressure Depletion

It is possible that the pore pressure depletion does not occur
uniformly throughout the reservoir. Diffusion of pore
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pressure takes time and can therefore cause time delay effects

between the local well depletion and the reservoir depletion.

Time-delay effects are considered on two length scaes:

(A) On areservoir scale, at the onset of production thereis a
transient time period during which the drainage boun-
daries will extend until the outer no-flow boundary is
reached. The surface subsidence will be less than
expected from the well pressures, because a locally
depleted region around the well can easily be supported
by the overburden stiffness due to stress arching.

(B) There can be zones of low permesbility in the reservoir.

On both scales, time is controlled by pore pressure
diffusion. For single-phase flow, the pressure diffusion

coefficient isgiven as (Fjex et al., 1992):

k

0 (PI-'(Cp +Cy )

@

Here:
D isthe pressure diffusion coefficient (m?/s)
k isthe permeability (m?)
¢ istheporosty (-)
M istheviscosity (Pa:s)
C, isthe pore compressibility (1/Pa)
C, isthefluid/gas compressibility (1/Pa).
For cause (A), the trandient production time period t , for
awell isgiven as (Golan and Whitson, 1995):

A
tp =015 @)

Here A is the average drainage area per well. For the
Venezuelan heavy oil fields, the standard well acreage is
used (see Table 3). For the other fields, the area is smply
found by dividing the total area of the field by the number of
production wells. Since this number of wells often increases
during the early development phase, time averages are used.

For the Troll East field, the production wells were drilled
from one platform, and the system is regarded as one single
drainage point. For the fractured carbonate and chalk
reservoirs, the permeability derived from well test data is
used rather than the matrix permeability. The properties used
in the calculations and the results are shown in Table 3.

Figure 9 shows the calculated transient production time
versus the observed subsidence delay time. For al fields, the
observed subsidence-delay times are at least a factor 7 larger
than the calculated transient production times.

For cause (B), there can be low-permeability zones in the
reservoir causing localy time-dependent pressure depletion.
For fractured carbonate/chalk reservoirs there are large
effective permeability differences between matrix and
fractures while for clastic reservoirs, low pore pressure
diffusion in low-permeability layers leads to a time-
dependent increase in vertical effective stress in clays and
siltstones (Fjear et al., 1992; Sneed et al., 2000). The
production-induced reduction in pore fluid pressure in
hydrocarbon reservoirs is many orders of magnitude faster
than the gradual changes in pore fluid pressure on the
geological time scale (Borchers, 1998). Initialy, therefore,
production will mainly come from the high-permeability
layers, since they provide the optimal pathway for fluid flow
towards thewells. Asaresult, gradientsin pore fluid pressure
will form between high-permeability (fast depleting) and
low-permeability (slowly depleting) zones. Flow of pore
fluid will occur along these potential gradients at a rate
controlled by the pressure diffusion coefficient. The
characteristic time for the depletion of a low-permeability
layer (shale layer or unfractured carbonate/chalk matrix
body) can be estimated by (Fjaa et al., 1992):

2
. €

D
Here T is the thickness of the shale layer (for clastic
reservoirs) or the distance between (assumed paralel)
fractures (for chak/carbonate reservoirs). The diffusion

TABLE 3

Properties (average) and results of the transient production times

) Hydrocarbon Average per meability Viscosity D A ty
Field produced (mD) (mPa-s) (m?%s) (km?) (year)
Lacq Gas 30 0.039 0.48 15 0.01
Groningen Gas 200 0.023 16 41 0.08
Ameland Gas 35 0.03 0.35 23 0.21
Bachaquero Heavy ail 1300 100 0.0017 0.053 0.1
TiaJuana Heavy ail 1500 2000 0.00009 0.053 19
Valhall Qil 65 05 0.1 81 0.25
Ekofisk Oil 100 04 0.2 14 0.023
Troll East Gas 500 0.017 14 345 0.78
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Figure9
Field-derived delay times versus cal culated transient times.
TABLE4
Characteristic depletion times for low-permesability zones
. Permeability Length scale Length scale Length scale:
Rock type Porefill
(mD) 1m 10m 50m
Shale Water 0.01 0.35 days 0.1 year 2.4 years
Shale Water 106 9.5 years 950 years 24000 years
Chalk Qil 1 0.006 days 0.6 days 15 days
Carbonate Gas 0.001 0.7 days 0.19 year 4.8 years

coefficient D is dominated by the permeability. In clastic
reservoirs, the shale and siltstone bodies have a permeability
ranging from 10°to 10° D (Best and Katsube, 1995; Horsrud
et al., 1998; Cook, 1999). The Lacq reservoir (carbonate) has
an average matrix permesbility of 10® D (Rolando et al.,
1997) and the Ekofisk reservoir has a average matrix
permeshility of 103 D (Nagel, 1998).

The calculation results in Table 4 suggests that thick shale
layers will not deplete significantly on areservoir production
time-scale. On the other hand, blocks of heavily fractured
chalk or carbonate (with gas) and relatively high-permeabi-
lity thin shale beds can be drained within days to months.
Thin, low permeability shale bodies or large (un-fractured)
carbonate blocks can deplete on the time scale of afew years
and thus can contribute to a depletion-delay effect. However,

unless these structures make up a significant part of the
reservoir volume, this effect cannot explain a subsidence-
depletion delay over the entire reservoir.

3.2 Mechanism II: Overburden Inertia

It takes time to set in motion a body with a mass by an
externa force due to its inertia. Because of the large mass of
the overburden of a reservair, there is the potential for a
significant time-delay between the application of the force
(reservoir depletion) and its actual movement (leading to
subsidence). As aresult of thisinertia, the total vertical stress
acting on the reservoir due to the weight of the overburden
becomes time-dependent. In the Appendix the inertia effect
of the overburden is determined with the use of a smple
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moddl. It is shown that the inertia effect of the overburden is
not relevant for times long compared to (from Eq. Al12):

Tr$0r$ 0 (4)
Kug

t>>

Here:
T isthethicknessof the reservoir (m).
is the initial total vertical stress at the top of the
reservoir (Pa)
., Isthe confined modulus (Pa)
g istheacceeration of gravity (m/s?).

For most reservoirs, Equation (4) gives. t << 1 second, so
the inertia effect is not relevant for times larger than a few
minutes after the start of depletion. In conclusion, the inertia
of the overburden can be ruled out as a cause for the
observed subsidence delay effect.

res

3.3 Mechanism llI: Reservoir Compaction

There are severa reservoir compaction mechanisms that can
cause a subsidence-depletion delay effect:

— natura over-compaction;

— creep of thereservair rock;

— anintrinsic rate effect;

— anédadtic-plagtic trangition.

3.3.1 Natural Over-Compaction

Natural over-compaction of a reservoir can be the result of
over-pressurisation of the reservoir or a previous deeper
burial during its geological history. For stresses below the
previous maximum effective stress the reservoir rock
deformation is dominated by elasticity while above this
previous maximum effective stress, inelastic deformation is
triggered. Figure 10 shows the effect of natural over-
compaction on reservoir compaction due to production.

Inelastic compaction mechanisms become active when
depletion has reduced the reservoir pressure such that the
maximum previous effective stress is reached. The over-
pressure of areservoir is defined as:

Pover = Preso ~Yp [@TVD +Wd) ®
Here:

Pes o= theinitial reservoir pressure (MPa)

Y, = the hydrostatic pore pressure gradient (set to
0.01 MPa/m)

TVD = the true vertical depth subsurface or sub seafloor
(m)

wd = theseawater depth (m).

The unloading of the rock during its geologica history
(from point P to Q in Fig. 10) can be caused by (a) an

Effective stress

\

\

\ Burial
\
\

Deposition

Unloading
[=]

Z

Compaction due
to production

\PA’

Production start

Compaction

Figure 10

Effective vertical stress versus compaction for a natural over-
compacted reservoir (after Merle et al., 1976). Dashed line
represents gradual over-pressurisation during natural
compaction.

increase in pore fluid pressure or by (b) a decrease in total
vertical stress. In case (a), the reservoir has followed path in
Figure 11, which gives an over-compaction stress of:

Oover = Omex = O (Ql) = Pover (6)

Here o', is the maximum effective stress that the
reservoir has seen in the past. In case (b), the reservoir has
followed path in Figure 11, which gives an over-compaction
stress of:

Oover = Omax — O (QZ) = z_z Pover @)

Here y, is the overburden stress gradient (about
0.02 MPa/m). In both cases, the maximum over-compaction
stress is proportional to the present-day over-pressurisation.
This assumes that the reservoir has not been over-pressured
gradualy to its present stress state during natural compaction.
The effect of gradual over-pressurisation is shown in
Figure 10 and Figure 11 as a dashed line and may lead to
under-compaction.

For the offshore fields Vahall, Ekofisk and Troll, the
average seawater depths are respectively 70, 73 and
303 m. Figure 12 shows the reservoir over-pressures versus
the subsidence-depletion delay. The results divides the
dataset into two groups:

— The shallow reservoirs (with a depth less than about
2 km) have a subsidence-depletion delay which is compa-
rable to their over-pressurisation.

— The deep reservoirs (with a depth range of 2450 to
4300 m) have a subsidence-delay that is much less than
their over-pressurisation.
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Stress versus depth, showing how the over-compaction stress
is related to the overburden gradient and the pore pressure
gradient. Dashed line represents gradual over-pressurisation
during natural compaction
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Reservoir overpressures versus the subsidence-depletion
delay. The labels are the reservoir depths (in meter). Dashed
lines refer to predictions based on two over-compaction
mechanisms.

3.3.2 Creep Behaviour of Rock

The subsidence delay effect could be caused by creep
behaviour of the reservoir rock, as observed in laboratory
core experiments. However, during the subsidence ddlay, the
reservoir seems to show a more stiff behaviour than
measured on core material, while creep in general will
increase the strain, causing the reservoir apparently to behave
“less stiff” (Eiksund et al., 1995; Schutjens et al., 1995;
Hettema, 1996; Critescu and Hunsche, 1997). Besides, in
laboratory experiments on core material, creep deformation
usually becomes relevant at higher stresses, close to shear
failure or pore collapse. Nevertheless, creep behaviour
cannot be ruled out as a subsidence-delay mechanism.

3.3.3 An Intrinsic Rate Effect of Rocks

Thereisalarge difference in loading rate between geological
loading rates (typically < 10* MPalyear) and field depletion
rates (1-10 MPalyear). It is possible that a “geologically
instantaneous’ increase in loading rate of severa orders of
magnitude is accompanied by a time delay effect. De Waa
and Smits (1985) have developed a mathematical model to
relate the compaction to both the geological and the
depletion-induced loading rates. The key to understanding
loading rate effects lies in the analysis of the grain scale
micro-mechanism, and more specifically, to the relationship
between loca thermodynamic driving force and kinetics of
the grain-scale deformation mechanism(s) like stress-
corrosion cracking (Atkinson, 1987) or pressure solution
(Lehner, 1995).

3.3.4 An Elastic-Plastic Transition

The in situ reservoir rock may behave upon depletion
initidly elastically with a relatively high stiffness. After the
effective stress has increased due to depletion, some plastic
compaction limit may have been exceeded to cause
compaction to occur at rates observed in the field (after the
initial period). This scenario requires that during initial
depletion, the in situ reservoir rock behaves stiffer than what
is usualy measured on core materid. It also requires a clear
transition from elastic to plastic behaviour at effective
stresses relatively close to the initial. For chalk, nonlinear
material behaviour has often been observed in laboratory
core experiments (Johnson et al., 1989). For clastic reservoir
rock, laboratory core experiments seldom show an initial
high stiffness or a clear eastic-plagtic transition. This could
be due to coring-induced damage. During the coring process
the in situ stresses are completely released and as a
consequence, micro-structural changes can alter the rock’s
mechanica properties beyond restoration (Holt et al., 1994;
Holt et al., 2000).

3.4 Mechanism IV: Deformation of the Over-, Under-
and side-burden

When areservoir is depleted, the reaction of the surrounding
rock mass to the pore-pressure changes and reservoir
compaction can be time-delayed or noninear dependent on
pore pressure. Stresses and strains in the surrounding rock
changes as the reservoir compacts. There can be an active
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tectonic stress component, the stress path can change and
stress arching can occur. To investigate these effects in depth
requires full-field geo-mechanical modelling, which is
outside the scope of this article. One possible effect of the
overburden that could cause a subsidence-depletion delay is
depletion-dependent stress arching (Adachi et al., 1997,
Papamichos et al., 2001). The geometric effect of the
overburden arch is expected to be related to the depth/width
ratio of the reservoir. The average depths are givenin Table 1
and for the widths the minimum value is used. Figure 13
shows the subsidence-depletion delay versus the reservoir
depth/width ratio for the investigated fields. The lack of
correlation suggests that the subsidence-delay is not caused
by stress-dependent arching of the overburden, but more
detailed investigations are required to rule this mechanism
out. This does not rule out other overburden-related effects,
such as compaction-induced deformation, stress path
changes, creep or pore-pressure depletion close to the
reservoir-overburden boundary.

4 DISCUSSION

The analysed data from eight fields suggest a subsidence
versus reservoir depletion relation as depicted schematicaly
in Figure 14. When depletion starts there may be a
subsidence delay. The most reliable data for the presence of
subsidence delay are those for the Groningen, Ameland and
Troll fields. After the subsidence delay period, there is a
phase referred to in the Figure 14 as near-linear subsidence,
where a linear relation is observed between subsidence and
depletion. The subsidence during this period is small, in the
order of centimetres, usually does not have operational
consequences and it is therefore often overlooked or not

measured in thefield (e.g. the Ekofisk field in Figure 8 where
the first measurement was made after 8 years of production).
After the near-linear subsidence phase, the accelerated
subsidence phase follows, characterized by a significantly
larger subsidence, often in the order of meters. When dataare
not recorded during the near-linear subsidence period it is
often assumed that there is no subsidence, which may be a
misinterpretation of the data. Thisis illustrated in Figure 14
where in the absence of early subsidence measurements, the
data during the accelerated subsidence period are extra-
polated to zero subsidence resulting in an apparent significant
subsidence delay. This is probably the case for the Ekofisk
and Venezuelan field data, which give a large subsidence-
depletion delay. For these reasons, the amount of reliable
field data on the initial part of the subsidence-depletion
relation is too limited to draw definite conclusions on the
subsidence delay issue.

It can be argued that the subsidence-depletion behaviour of
Figure 14 applies to al reservoirs provided that they are
sufficiently depleted. Depletion may produce sufficiently
large effective stresses in the reservoir to cause extensive
reservoir compaction, e.g. due to pore collapse and grain
crushing, and/or trigger other non-reversible failure mecha
nisms, such as arch collapse, activation of existing or creation
of new faults, etc. Reservoirs where the transition point has
been exceeded are characterized by significant subsidence
(e.g. Ekofisk, Valhall, Bolivar Coast). However, in many
reservoirs the depletion never exceeds the near-linear to
accelerated subsidence transition point and therefore the
subsidence remains limited (e.g. Lacg, Groningen, Ameland).

Our analysis suggests that there are two classes of
reservoirs:

— Class| of reservairs in the near-linear subsidence regime.

They are usualy well cemented, often old (older than of
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Subsidence-depletion delay versus the reservoir depth/width
ratio.
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Schematic of subsidence versus reservoir depletion relation.



454 Oil & Gas Science and Technology — Rev. IFP, Vol. 57 (2002), No. 5

Cretaceous age) and at present deep (> 2 km). Subsidence

is often small (lessthan afew decimetres).

— Class|I of reservoirsin the accel erated subsidence regime.
They are usually un-cemented or poorly cemented
granular aggregates like sand, silt, chalk and diatomite,
bounded together by small amounts of cement or capillary
forces. These are often of high porosity, young (younger
than of Cretaceous age) and presently buried at relatively
shallow depths (often < 2 km, with the exception of the
highly over-pressured chalk reservoirs). Initidly, in their
near-linear subsidence period, these reservoirs show little
compaction and subsidence. Decades of low compaction
and subsidence during production have been reported
from Venezuelan fields and the Californian diatomite
fields. During the accelerated phase, subsidence often
becomes very large (afew meters).

Data from the investigated fields do not support
conclusive evidence for the operation of one dominant
subsidence delay mechanism. Eight fields are simply not
enough to be able to separate the effects of important
parameters that are widely ranged, such as depth,
hydrocarbon type and rock type. It is, however, possible to
limit the potential effect of some mechanisms.

For al fields the transient production times appear to be
much shorter than their delay times. The Ameland field, the
TiaJuanafield, the Troll East field and the Valhall field have
calculated transient times of about 10% of their observed
delay times. It is concluded that the observed subsidence time
delays cannot be caused by pressure diffusion effects alone,
athough this effect will aways contribute to some degree.
Calculations of characteristic depletion times over low-
permeability zones (Table 4) have shown that time-delays in
the order of years can occur for realistic zone dimensions.
However, unless these structures make up a significant part
of the reservoir volume, this effect cannot explain a
subsidence-depletion delay over the entire reservoir.

There are severa reservoir compaction mechanisms that
can cause a subsidence-depletion delay effect. Natural over-
compaction can result in a subsidence depletion delay due to
high initial reservoir stiffness. Figure 12 shows that for the
shallow reservoirs, natural over-compaction, e.g. due to a
previous deeper burial of the reservoir, has the potentia to
cause the observed subsidence-depletion delay. The deeper
reservoirs are too much over-pressured to explain their
subsidence-depletion delay by over-compaction. These deeper
reservoirs are geologicaly older than the shdlow reservaoirs,
%0 that there is a larger chance that their over-pressurisation
has not occurred during a recent geological event. It is adso
possible that the over-pressurisation occurred gradually during
their natural compaction, so that the reservoir is actually
under-compacted (see dashed lines in Fig. 10 and Fig. 11).
This seems to be the case for the highly porous, over-
pressured chalk reservoirs. For sandstone reservoirs, on the

other hand, Bjerkum and Nadeau (1998) have shown that at
temperatures above 120°C, porosity loss due to quartz
cementation is capable of generating fluid overpressure. In
that case the assumed simple mechanical relationship between
over-pressurisation and over-compaction is not longer valid.
Either way, it is unlikely that the older reservoirs have
experienced the maximum over-compaction as determined
from today’s reservoir overpressures (see Fig. 12). This
explains why the deeper reservoirs show little subsidence-
depletion delay compared to their over-pressurisation.

The over-compaction mechanism and the elastic-plastic
mechanism are strongly related to each other. Both lead to a
high initia reservoir stiffness and both are intrinsicaly stress
related. The other two reservoir compaction mechanisms
(creep behaviour and the rate effects of rocks) are also
strongly related to each other, because both are intrinsically
time controlled. All four compaction-related mechanisms are
difficult to quantify from laboratory measurements, because
results are extremely sensitive to possible core damage.
Effects of natural over-compaction and the elastic-plastic
trangition can easily be erased by core damage (Holt et al.,
2000). On the other hand, for the determination of creep
behaviour and an intrinsic rate effect, coring-induced
ateration tends to overshadow the in Situ reservoir behaviour.
Micro-cracks possibly generated during coring are a source
for inelastic time-dependent deformation mechanisms
(Schutjens et al., 1995; Hettema, 1996).

CONCLUSIONS

Subsidence data of al eight fields support the existence of a

subsidence-depletion delay effect. Subsidence-depletion

delay pressures range from 0.7 to 10 MPa. The time-delays
corresponding to the subsidence-depletion delays are in the
range of 1.6 to 13 years.

The data suggests two classes of reservoirs:

— Class| of reservoirs are usually well cemented, old (older
than of Cretaceous age) and at present deep (> 2 km).
Their compaction and subsidence are usually smal (less
than afew decimetres).

— Class |l of reservairs are usualy un-cemented or poorly
cemented granular aggregates like sand, silt, chalk and
diatomite. These are often of high porosity, young
(younger than of Cretaceous age) and buried at relatively
shalow depths (often < 2 km). After an initia near-linear
period, compaction and subsidence enters the accelerated
regime, leading to alarge subsidence (afew meters).

For all fields the transient production times were found to
be much shorter than their delay times. However, the
mechanism of pore pressure diffusion always contributes to
the subsidence delay effect. This is especially important for
highly viscous oil reservoirs or for reservoirs produced with a
relatively large average drainage area per production well.
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Based on atheoretical model, time-delay effects due to the
inertia of the overburden could be ruled out as a mechanism
for the subsidence delay effect.

For the shallow reservoirs, natural over-compaction has
the potential to cause the observed subsidence-depletion
delays. The deeper reservoirs are more than enough over-
pressured to explain their subsidence-depletion delay, but due
to their long burial history they have probably not
experienced the maximum over-compaction as determined
from today’ s reservoir overpressures, because:

— they could have been over-pressured gradually during
natural compaction.

— at higher temperatures (above about 120°C), other
mechanisms of over-pressurisation and compaction may
become active in sandstone.

The reservoir compaction-related delay mechanisms are
difficult to quantify from laboratory measurements, because
the results are extremely sensitive to possible core damage.

There is no correlation between the subsidence delay
values and the depth/width ratio of the reservoirs, but more
investigations are needed to rule out stress changes and
arching of the overburden as a cause for the subsidence-
depletion delay.
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APPENDIX A:
DYNAMIC EFFECT DUE TO THE INERTIA OF THE
OVERBURDEN

In this Appendix, the time-dependent effects due to the
inertia of the overburden are determined. The model
describes the dynamic effect of the overburden on the
reservoir compaction in response to pressure depletion at a
constant rate. The most important model assumptions are;

— The model is 1D, so only the overburden directly
overlying the reservoir is considered (which is assumed to
be completely uncoupled to the rest of the Earth).

— Theoverburden isregarded as a point mass.

— The underburden isfixed.

— Linear poroelastic reservoir behaviour.

According to Newton's second law, the forces are related
to mass and acceleration by:

ZFzmﬁ (A1)

Here:
F istheforce (N)
M isthe mass of the overburden (kg)
z isthedisplacement (m).

The double dots represent the second derivative with
respect to time. For this problem the vertical displacement z
is taken at the plane between the overburden and reservoir
(downward is positive). The mass of the overburden can be
written as.

M =[pdV = A e :AE?EJL'O (A2

Here:
isthe bulk density of the overburden rock (kg/m?3)
is the volume of the overburden (mq)
isthe surface area of the top of the reservoir (m?)
isthe average bulk density of the overburden (kg/m?)
is the thickness of the overburden (m)
is the initial total vertical stress at the top of the
reservoir (Pa)
isthe acceleration of gravity (M/s?).

Note that the tota vertical stress is assumed to be solely
the result of the weight of the overburden. The forces acting
invertical direction on aplane at the top of the reservoir are;

o> <O

Q N
}

res, 0

(o]

Z F= quwn _Fup =Mg _A{Gres,o +A0-r'es +BAD] (AS)

Here:
Ao isthe change in effective vertical stressin the reservoir
rock (Pa)
B isBiot’'se€ffective stress parameter (-)
Ap s the pore pressure change (negative for depletion)
(Pa).

Initialy the system is at rest and the sum of the forces equals
zero, because the overburden weight is balanced by the
reservoir rock frame stress and pore pressure. Due to
depletion, the reservoir pore pressure decreases and the rock
stress changes according to the theory of elasticity.
Combining Equations (A2) and (A3) givesfor the forces:

S F=-Alle,K, +Bop) (A4)

Here
g, isthevertical strainin thereservair (-)

K, isthe confined modulus (Pa).

The reservoir is depleted with a constant rate: Ap = — R t.
The vertical reservoir strain can be written as: €, = ZIT, .
Combining Equations (A4) and (A2) with (A1) and rearrang-
ing gives.

g Ko Bl oBR o

Z+ =
rescres‘OE O-re;,o

(A5)

Here:

T isthethickness of the reservoir (m)
R isthe pressure depletion rate (Pals).

In this model, the compacting reservoir/overburden
system is mechanical analogue to a forced oscillation of a
body on a spring, loaded with a force increasing linear with
time. It is an inhomogeneous harmonic oscillator without
damping. The solution of the homogeneous part of the
differential equation (setting the right hand side of Equation
(A5 =0)is

z(t) = pcos(oot) + qsin(oi) (AB)
where p and g are integration constants and the circular

frequency is.
w= |9
Treso-res,o

The general solution of Equation (A5) iswritten as:

Z(t) = poos{et) + qsin(cx) + 5 gBIj)B ot —sin(cz) (A8)

res,0

(A7)

The Earth is assumed initidly (at t = 0) at rest. The initia
conditions are;

(A9)

The initial conditions give: p = 0 and g = 0. The solution
(A8) can be written as:

0 sinot)0
s

z(t)z%[ﬂ?[ﬂ%l— 5 (A10)
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Displacement of a point at the top of the reservoir during
depletion at constant rate, for the dynamic and the static
solution.

Note that this solution keeps on oscillating over time,
because the system is not damped. In reality, the oscillations
will be dlightly damped due to the internal friction of the
reservoir rock. If we do not consider dynamic effects, the
forces are balanced during compaction. From Equation (A4)
it follows directly that the static solution is:

z(t)=%DR[ﬂ

(A11)

Figure A1 shows these solutions graphically. The input
parameters are shown in the figure, giving (from Eq. A7):
w = 3.5 rad/s. Comparison of the dynamic solution (A10)
with the static solution (A11) shows that inertia effects of the
overburden are not relevant if wt >> 1, or if:

1 _ Tresores,o (A]-Z)



