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ABSTRACT in both the vertical and horizontal directions.

When significant subsidence does oceur, it can
The withdrawal of fluids from a reservoir can some- result in serious financial and environmental
times produce significant formation compaction and impact.

surface subsidence. In extreme instances hundreds

of well casings have been seriously damaged and
For example, from about 1935 to 1965 the surface
offshore platforms have partially submerged. The above the Wilmington oil field in California sub-

largest displacements caused by subsidence occur in sided almost 10m. The costs to elevate, protect,

the vertical direction, as indicated by amalytie ; s ?
= : and repair various facilities exceeded $100 millicn
and numerical studies, and confirmed with field by 1962.* The subsidence caused casing failure in

surveys, However, a significant number of well several hundred wells. More recently, by 1987

failures observed in the field are not caused by about 4m of seafloor subsidence was measured above
compression or buckling due to maximum vertical the Ekofisk gas field in the North Sea.”" The

deformation of the formation center, but are in- fiia :
3 5 entire project to raise platforms and protect
stead related to shear and bending deformwation. storage facilities at this important offshore

complex exceeded $400 million.® Casing failures

In this paper, analytic and numerical models are have occured in more than two-thirds of the wells.”

first reviewed to describe surface and subsurface
elastic deformation due to subsidence. Rock and

structural mechanics principles are then applied to Several researchers have described some of the
analyze potential well failure mechanisms, includ- effects of compaction and subsidence on well casing
ing exial compression, buckling, shear and bending compression and buckling failure, including Wilson
modes. Maximum compressional strains develop with- et. al.,® Bradley and Chia,® and Yudovich et. al.®
in the producing formation near the reservoir cen- But these studies have not considered well failure
ter. Maximum shear and bending deformations, how- associated with shear and bending deformations.
ever, develop within the overburden material above The purpose of this paper is to analyze a wider
the reservoir flanks. Well failures are very often range of potential well failure mechanisms, to
associated with subsidence induced shear bedding describe the locations for these failures, and to
slip or fault movement in these zones. Simple compare analytical and numerical model results with
models describing these failure processes are also field observations.

presented and compared with field observation.

SUBS1DENCE INDUCED RESERVOLR DISPLACEMENTS

INTRODUCTION

When the lateral dimensions of the reserveir are
The weight of overburden sediments above a produc- very large compared to its vertical thickness, most
ing formation is supported partially by the rock of the subsurface compression associated with fluid
matrix and partially by the pressurized fluid with- withdrawal can be assumed to occur in the vertical
in the rock porespace. When fluid pressure is re- direction. The vertical compaction, dH, of a reser-
duced, moré of the load is transferred to the rock voir may then be defined with the following expres-
matrix and the formation is compacted. This sub- sion:

surface conmpaction can sometimes also produce sur-

face subsidence, with  significant displacements dH[H = CmdP, b
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where H is the original reservoir thickness, C is
the uniaxial compaction coefficent of the material,
and dP is the change in reserveir pressure.

Subsidence refers to the surface displacement that
may be produced by subsurface reservoir compaction.
The degree to which this subsurface compaction is
transferred to surface displacement depends on the
areal extent of the reservoir and the depth of
burial. A large shallow reservoir, for example,
will produce much more extensive surface subsidence
than a small deeply buried ome with identical ma-
terial properties and pressure drawdown.

Analytic Solution

Surface displacements resulting from subsurface

compaction may be obtained by applying the nucleus

of strain concept from continuum mechanics, de~

sribed by J. Geertsma in 1973.7°% The volumetrie
Strain at a point, caused by a local reduction in
" prorg pressure, is treated as a center of compres-
"“sion in an elastic half space. This produces a cor-
responding displacement at the free surface. The
total surface deformation caused by a varying pres-
sure reduction within an arbitrarily shaped reser-
voir is then given by integrating the contribution
of all these compression points over the reservoir
volume as follows:

5=z
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z
viE—z) r(y=wp+4Y

In the expressions ‘above U and U_ are the horizon-
tal displacements and U 15 the Yertical displace-
ment at position (X ,Y ¥ on the surface as shown in
Figure 1. AP(x,v,2) dbfines the pressure drawdown
within the reserveir volume, V. The Poisson ratio
for the material, v, relates the horizontal expan-
sion to the vertical load. Except for a few cases,
these equations are difficult to solve analytical-
1y, but can be easily caleulated with summation or
numerical integration techmiques on a FC.

Equation (4) can be greatly simplified if the re-
servoir is roughly disk shaped, with average radius
R, thickness H, and and burial depth, D, at the top
of the formation. Above the center of a reservoir
with uniform pressure drawdown, 4F, the expression
for maximum vertical subsidence reduces to:

maz Uy w20a(l =V)AP (i - /T DFEY + R+ 7). (5)

The displacement pattern for a disk shaped reser-
voir, with depth of burial equal to its radial
size, subject to uniform pressure drawdown is pre-
sented in Figure 2. The vertical surface sub-
sidence is maximum at the center and falls off
to a value less than 20 percent of maximm at a
distance about twice the reservoir radius away.
The horizontal displacement exceeds 40 percent of
the maximum vertical subsidence near the reserveir
edge, where the vertical subsidence gradient is
steepest.

Finite Flement Analysis

The analytic solutions presented above are simple
to apply and can provide reasonable estimates for
surface displacements above reservoirs with uniform
material properties. Unfortunately, the analytic
expressions provide displacement information only
at the surface, not throughoant the entire vertical
section,

Finite element methods may be applied to provide
more complete information for a wider range of
reservoir geometries and pressure conditions. In
addition, the effects of compaction and subsidence
on well casings and surface structures may also be
assessed. Predictions of subsurface deformation
throughout the field may sometimes be applied to
help optimize the location and trajectory of wells
planned for subsiding reservoirs.

With the finite element method, the entire
reservoir is partitioned inte a number of discrete
small  blocks, or elements, as illustrated
schematically in Figure 3. Material properties
may vary throughout the volume. Variational energy
principles are applied to relate global displace-
ments to element deformations caused by changes im
pore fluid pressure, The level of complexity wmay
vary from simple two dimensional approximations
(assuming radial or longitudinal symmetry within
the field) to full three dimensional models with
time varying pressure distributions and non-linear
material properties.

As an illustrative example, consider the two-
dimensional finite element model for subsidence
over a relatively shallow, thick, reservoir with
properties summarized in Table 1. This analysis
was performed using the ADINA finite element code.
Pressure drawdown and field deformations are as-
sumed to be symmetric about the reservoir center.
Vertical wells of 7-in. casing diameter are located
at several horizontal positions. The resulting
deformation pattern is shown in Figure 4, with ver-
tical exaggeration. Also indicated are approximate
positions of maximum compression, shear, and bend-
ing stresses on wells.

WELL FATLURE MECHANISMS

Casing Compression and Buckling

Compression and buckling of wells may be caused by
large vertical deformation. Consider a typical
cement and casing completion depicted in Figure 5.
As the formation compacts due to pore pressure
reduction, loads are transferred from the formation
to the cement and finally to the casing. The well
casing may fail due to compressive yielding or
buckling. The cement may also be damaged due to
high shear and compressive stresses.

The most likely location for casing compression
failure is near the center of the producing inter-
val, where the vertical strain is largest. If no
slip occurs between the formation and cement and
between the cement and casing, then the maximum
axial strain, Z__, in the casing can be approxi-
mated by the tofal compaction of the producing in-
terval. Assuming most of the reserveir deformation
occurs in the vertical direction, and that the
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formation compressibility is constant, the axial
strain can be approximated by:

AH
Eipg = -}'I"-=C,-,-,QP. (6)

Critiecal strains for casing steel range from about
0.3% to 0.7%Z, depending on the grade, Using the
lower value as a conservative estimate, the criti-
cal pressure drawdown necessary to produce compres-
sive failure in the casing can be approximated as:

0.003

AP, & C

. (7)

The expression for critical drawdown given above is
very conservative because it is based on the as-
sumption that the amount of casing shortening is
equal to the total formation compaction. Shear
slip often occurs at the interface between the for-
mation and cement or between the cement and casing.
This is particularly true for unconsclidated sands.
Collar logs in the field usually indicate that ver-
tical casing strain is less than the measured for-
mation compaction. In the Wilmington field, for
example, measured axial casing strain was less than
ten percent of the total formation compaction. In
extreme instances at other locations, wellheads
have actually been left protruding in the air after
the surface subsided.®

Casing Buckling Failure

Casing instability, or buckling, may occur if the
axial load hbecomes large and there is insufficient
lateral restraint provided by the formation. As
with compressive failure, the most likely locaticn
for this problem will be near the center of the
producing formation where the vertiecal strain is
maximum. A conservative estimate for minimum buck-
ling load can be obtained by again assuming no slip
at the casing interfaces and rvelating the axial
force to the compaction strain.

F = AgEgsgx - ACECGm&P (8)

In the equation above, A  is the casing cross sec=
tional area and E_ is the casing material Young's
Modulus. A furthet conservative assumption is that
the casing is nmot rotationally constraimed at the
top and bottom of the production interval. Then
equation (8) can be comhined with a sclution for
the critical buckling force'® to yield an expres-
sion for critical pressure drawdown.

pL*
B I

2
wtl

Afer = o Tat

m? + - )i (m=1,2,3.) (9)
m
In the equation above, I is the casing moment of
jnertia and L is the length of casing within the
producing interval. The term, f, represents
the lateral formation stiffness and m defines the
number 'of half sine waves into which the casing
length will buckle at the minimum load. For
example, when no restraint is supplied by the
formation, B = 0. Then &P will be a minimum when

m = 1. This corresponds to the fundamental single
half sine buckling mode. As B increases, the for-
mation stiffness restricts lateral deformation and
forces the well casing into higher order buckling
modes with multiple sine waves.

The formation stiffness, B, has been related to the
Young's Hodulus for the formation, E_, by Wilson
and others.® In most practical situations the for-
mation stiffness falls within the range:

2By < f <SEy. (10)

The formation Young's Modulus is easily measured on
core samples, and typical values range from 10 kpsi
(69 MPa) for very soft sediments to 5,000 kpsi (34
GPa) for stiff, competent rock.

The critical drawdown pressure in equation (9) may
be minimized with respect to m, to determine a
critical buckling mode.

2 _ [ BL* (11)
Mer T Ed

The expression above is only approximate because m
has been treated as a continuous, rather than in-
teger variable. The equation becomes more accurate
as the term within the square root becomes large
compared to 1. Substituting equation (11) into (8)

yields:
2 BI
—— (12)
APr= 40V E.

This expression suggests that only moderate for-
mation stiffness is required to supress buckling
failure, a result which has been supported experi-
mentally.® 1In most situations, formation stiffness
is sufficient to restrict buckling failure. One
possible situation which can cause problems, how-
ever, is when a large vertical interval along the
casing is very poorly cemented or has developed
significant production-related cavities.

Casing Shear and Bending

The analysis provided above deals with failure
caused by vertical deformations. Horizontal defor-
mations can also cause casing failure through shear
and bending. Such failure mechanisms have not been
previously discussed in the literature. In the few
cases where finite element analysis was per=
formed," ¢ a single well was placed at the center
of an axisymmetric grid, so that only axial
compression Failure could be studied. Shear and
bending well failures are actually more common and
serious than compression and buckling failures for
several reasons:

1. Lateral forces are applied -directly to the
well casing without the slip associated with
vertical loading.

2. Bending strength of the cement layer around-

the casing is an oxder of magnitude lower than
its compressive strength.
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3. The deformed casing shape and location usually
cause more severe production problems.

Shear and bending problems most often occur towards
the flanks of the field and above the producing
interval. As shown in Figure 2, this is the gen-
eral area where the horizontal displacement mag-
nitude and the vertical displacement gradient is
maximum. While compression or buckling damage
within the producing interval may have little
obvious effect on productivity, well failure in the
overburden (casing or tubing leak) is usually more
serious, requiring major workover or abandonment.

Observations at several field have supported this
general position for well failures. According to
Poland and Davis,? shearing rupture destroyed
several hundred well casings toward the flanks of
the Wilmington oil field at depths around 1600 ft
(488 m). (The producing interval started at about
2300 ft (701 m).) In the South Belridge field in
California from 1984 to 1987, more than one hundred
wells were damaged at depths around 750 ft (229 m).
(The producing interval starts at about 1000 ft
(305 m).) Well failures generally started on the
east flank of the field and moved progressively
inward, !

Although field evidence strongly suggests a primary
failure mode is shear and bending, simple elastic
mechanics theory alone cannot explain this
phenomenon. For example, a worst-case estimate for
shear, V, and bending moment, M, on a well casing
can be determined from the maximum horizontal sur-
face displacement, U_. Assuming the well string is
restrained from rotating at the surface and is
completely fixed at the top of the producing inter-
val, simple beam theory can be applied to obtain:

12EI BETI
Consider a 7-in., (18 cm) casing (E = 30,000 kpsi
(207 GPa); 1 = 37in* (9%4cm")) from the surface to a
producing interval 1000 feet (305 m) below, sub-
jected to significant horizontal surface displace-
ment, U =8 ft (2.4 m). The shear force and bend-
ing momént predicted by equation (13) would be only
0,74 1b (3.3 N} and 4,440 in-1b (502 N-m), respec-
tively. This is well below the casing strength
capacity. If the well string rotates at the top or
bottom, then even lower values of force would be
predicted,

To explain widely-observed shear and bending fail-
ures in the field, the casings must be subjected to
severe strain localization caused by large scale
deformation of the overburden material. Non-
elastic overburden deformation may result from
material shear failure or a discontinuity in dis-
placement (bedding slip or fault movement).

Overburden Shear Failure

Reservoir compaction produces high shear stresses
in the overburden material near the flanks of the
reservoir. For example, the solid lines shown in
Figures 6 and 7 are calculated estimates of hor-
. izontal shear stress for the sample reservoir model

described in Table 1, wusing the ADINA finite
element model. Figure 6 presents the variation of
shear stress with depth at a position about 1700 ft
(518 m) from the reservoir center and Figure 7
presents the variation with lateral position at a
depth of 700 feet (213 m).

Bedding layers of sand and clay are subject to
shearing stresses caused by reservoir compactiocn
and effective vertical stress due to the weight of
overlying material minus pore pressure. Consider a
simple Mohr-Coulomb failure criteria. The material
is assumed to fail when the shear stress exceeds
the material cohesive strength, S , plus the fric-
tional restraint caused by the vertical stress:

Trr 2 So+ pos (14)

In the expression above, p represents the material
coefficient of friction. For unconsolidated sedi-
ments, S_ is close to zero. Friction coefficients
for sands are about 0.6 while friction coefficients
for shale and clay can be as low as 0.25. Assuming
a vertical stress gradient of about 1 psi/ft (0.023
MPa/m), approximate conservative failure lines for
sand and clay may be expressed as;

Taand =~ 0-63; Telay &= 0.25z . (15)

Clay zones or sand-clay interfaces are more likely
to fail in shear than sand zones. The stress mag-
nitude required for failure increases with depth
and can be compared to numerically determined shear
stresses in the overburden above & compacting for-
mation, as shown in Figures 6 and 7 for the field
model example. The dashed lines represent approxi-
mate failure criteria for shale and sand. It is
seen that the subsidence-produced stress profile
never exceeds the strength profile fer sands but
does exceed the strength profile for clays, with a
maximum at about 800 feet (244 m).

This explanation for well failures is consistent
with several field observations. For example more
than twenty casing shear failures during 1983 at
Chevron's Lost Hills field have been associated
with movement along one or more bedding planes. A
similar stress analysis by Lee!! for the Wilmington
field also matches observed shear failures of wells
in the cverburden zone.

The failure lines described above are only rough
approximations. They do not take into account
discontinuities in stress which can result from
heterogeneous material bedding layers, More
detailed failure limits may be incorporated within
finite element material property definitions.

Subsidence-Induced Fault Movement

Previously we have described the formation as act-
ing in a continuum manner. In some situations,
however, a compacting reservoir can induce movement
along faults within and above the producing forma-
tion. When the overburden structure is heavily
faulted or fractured, it camnot provide adequate
lateral support. More of the formations compaction

SPE 20058
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will be translated vertically into enhance surface
subsidence adjacent to* or between high angle
faults,

The fault movement produces severe strain localiza-
tion and will tend to shear well casings which
cross the faults, as illustrated schematically in
Figure B. This type of mechanism was responsible
for damage in mora than 50 wells in the South Pass
Block 27 oil field, offshore Louisiana,*® and for
several other well failures at the South Pass Block
78 field. Fault motion is usually gradual. But in
several instances, fluid withdrawal has induced
small-scale earthquakes up to Richter magnitude
3,5.** A very large number of well failures at
Wilmington have been associated with instantanecus
fault movement.

Since the lateral tectonic Jloads are usually
unknown, the potential for subsidence-induced fault
motion is difficult te assess. In general, longer
and higher angle faults are most susceptible to
induced motion. Faults across which pressure draw-
down is non uniform are particularly prone to move-
ment, especially when compaction occurs within the
footwall block. The best course is to recognize
and avoid these types of faults when selecting well
locations and trajectories.

CONCLUSIONS

The following conclusions are supported by this
study of subsidence induced well failure:

1. Subsidence can induce casing failure through
several mechanisms, including compression,
buckling, shear, and bending modes.

2. Finite element techniques may be applied to
determine locations at which well failures are
most likely, and can be used to help optimize
well positions and inclinationms.

3. While compression and buckling failures usual-
1y occur within the producing interval towards
the center of the field, shear and bending
failures often occur within the overburden
structure above the flanks of the reservoir.

4. Pield observations confirm that shear well
failures within the overburden are not only
very common, but are also generally more ser-
jous than compression or buckling failure
within the producing interval.

5. A large number of shear casing failures are
“related to discontinuous deformation of the

overburden material, including subsidence in-
duced bedding plane slip and fault movement.

NOMENCLATURE

Ab = Casing Cross Section Area

B = Lateral Formation Stiffness

Cm- = Uniaxial Compaction Coefficient
D - iasggvoir Burial Depth

dH = Reservoir Compaction

dP = Change in Reservoir Pressure
Ezz = Vertical Strain Component
E = Casing Material Young's Modulus

Ei = Formation Material Young's Modulus

Casing Axial Force

F

L = Casing Length

M = Bending Movement

M = Critical Buckling Mode

R = Average Heservoir Radius

r,2 = Axisymmetric Coordinates

X,¥y2 = Cartesian Coordinates

Ux' Uy. Uz = Cartesian Surface Displacements
Ur' Uz = Axisymmetric Surface Displacements
v = Poisson's Ratio

V = Reservoir Volume

T ™ Shear Stress Component

Teand Sand Shear Limit

Tclay = (Clay Shear Limit

S.:l = Haterial Cohesive Strength

ﬂPcr = (Critical Drawdown Pressure
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Table 1. Sample Reservoir Parameters

Top of Formation, D 1000 ft. (305 m) dp.
| Formation Thickness, H 1000 ft, (305 m)
Formstion Compaction Factor, Cra | 9.0 E-06/psi (1.3 E-03/MPA)
Poisson ratio, v 0.30

Pressure Drawdown, AP 500 psi (3.45 MPa)
\ |
\ |
Surface % \
I

l Reservoir Volume Subject to
2 Pressure Change AP (x, y, 2)

Figure 1 ;

Surface Displacements Above a Compacting Reservoir
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